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Aim of the study 

To date, the clinical treatments received by patients with pancreatic cancer are not sufficient 

to inhibit the tumor growth or to increase their survival, which remains very low. Thus, the aim of 

this thesis is to demonstrate that future pancreatic cancer treatments will benefit from an approach 

based on immunotherapy, especially on anti-tumor vaccination. 

The first goal is to investigate the presence of tumor-associated antigens in pancreatic cancer with 

a view to using them as targets of the anti-tumor vaccine; moreover, defining their ability in inducing 

a robust anti-tumor immune response is also necessary. 

Secondly, pancreatic cancer is characterized by a strong immunosuppressed state and breaking 

down this condition is particularly relevant in order to enhance the immune response induced by 

the anti-tumor vaccine. For this reason, the other aim of this thesis is to evaluate the impact of 

different pharmacological treatments, with a focus on chemotherapy, on the immune response 

against pancreatic cancer. 

 

Table of contents 

The observations and data contained in this thesis support the potential of tumor-associated 

antigens (TAA) as targets of new immunotherapeutic strategies for pancreatic ductal 

adenocarcinoma. 

The first part of the work introduces ENO1 as a promising TAA and exposes the immunological 

effects of the DNA vaccine in preclinical models. The following chapter reports the published data 

regarding the role of ENO1 in adhesion, invasion and metastasis of pancreatic cancer. Besides, the 

evidence on DNA vaccination combined with other pharmacological treatments are described in a 

published review and they are deeply discussed in this thesis. Moreover, several glycolytic enzymes, 

including ENO1, can be feasible targets for immunotherapy; the relative bibliography is collected in 

a published review and the main observations are argued in a dedicated section. The next chapter 

contains the data from a published original article regarding the chemotherapy effect on TAA-

specific immune response and DNA vaccination; the relative discussion is addressed in the last 

section. Finally, in this thesis the unpublished data are presented and discussed, which describe the 

modulation of TAA-specific T lymphocyte effector response by chemotherapy and immune 

checkpoint blockade; the related materials and methods are shown at the end of the chapter. 
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Tumor associated antigen in pancreatic ductal adenocarcinoma: alpha-

enolase (ENO1) as a potential immunotherapeutic target 

 

Pancreatic Ductal Adenocarcinoma (PDA) represents the most frequent pancreatic neoplasia 

and its incidence is increasing, making it the fourth cause of cancer death [1]. PDA remains an almost 

incurable tumor with a 5-year overall survival rate of 9% [1]. This poor prognosis is due to the lack 

of early symptomatology and at the time of the diagnosis patients present an advanced tumor stage, 

which restricts the percentage of who can undergo surgery to 20% [2]. PDA is mostly resistant to 

chemotherapy (CT), despite in the last decade other chemotherapeutic agents, such as FOLFIRINOX 

and Nab-Paclitaxel, were administered alone or in combination with the standard drug Gemcitabine 

(GEM), leading to a slightly increase of PDA patients survival [3–5].  

The main reason for chemoresistance is the compositions of the typical tumor microenvironment 

(TME) of PDA: the tumor mass is surrounded by fibroblasts and pancreatic stellate cells that produce 

the extracellular matrix (ECM) elements [6,7], indeed desmoplasia can reach almost the whole 

tumor volume becoming a physical barrier to the drugs [6]. Moreover, PDA TME is poorly populated 

by leukocyte cells and in advanced stage most of them are represented by immunosuppressive cells, 

such as tumor-associated macrophages (TAM), myeloid-derived suppressor cells (MDSC), and 

regulatory T cells (Treg) [8]. Only few effector T cells (Teff) infiltrate the tumor, with no evidence of 

activation [8]. PDA is considered as a “cold” tumor for both its immunosuppressive state and its low 

rate of DNA mutations, which does not generate enough neoantigens that can be recognized by 

immune system [9]; thus the research is increasingly directed towards strategies that trigger and 

enhance the immune response to cancer cells. 

The idea behind the immunotherapy was to exploit the immune system to directly fight tumor 

progression and it was mostly based on the discovery of specific targets, such as overexpressed 

tumor-associated antigens (TAA) in cancer, compared to normal tissue [10]. Moreover, the immune 

system can specifically recognize TAA inducing an anti-tumor response without targeting normal 

cells. Thus, the crucial point of an effective immunotherapy is to identify the best tumor target to 

activate the adaptive immune response, ensuring a minimal risk of eliciting autoimmunity, or 

limiting immunosuppressive mechanisms. Many groups have looked for not yet characterized or 

more immunogenic new TAA, by developing different approaches. A methodology known as 
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serological analysis of recombinant cDNA expression libraries (SEREX) has been useful to identify 

several hundreds of TAA [11,12]. A similar technique, exploiting the presence of antibodies in the 

sera of cancer patients, coupled with a proteomic approach, is SERological Proteome Analysis 

(SERPA), which allowed to identify TAA in many kinds of tumors [13,14]. 

In a study published in 2007, the presence of autoantibodies in the sera of PDA patients was 

demonstrated using a SERPA approach, and those autoantibodies could discriminate PDA from 

healthy subjects and from chronic pancreatitis or other malignancies [14]. Among the identified 

autoantibody-related antigens, alpha-Enolase (ENO1), a glycolytic enzyme, was identified as a 

promising TAA, because both its ability to induce a high frequency of antibody responses in PDA 

patients and its very low frequency in healthy donors, chronic pancreatic and non-PDA cancer 

patients, suggesting also its diagnostic value in PDA [14]. ENO1 overexpression at mRNA and protein 

level was observed in PDA and in other different tumor types [15]. Beside PDA, ENO1 has been 

shown to induce antibody production in many types of cancers, such as cholangiocarcinoma, breast 

cancer, head and neck cancer, leukemia, lung cancer and melanoma [15]. 

Antibodies from PDA patients specifically recognized two highly phosphorylated acid isoforms of 

ENO1 (identified as ENO1,2), which were upregulated in PDA compared to normal pancreas and 

displayed phosphorylation of serine 419 [16]. Importantly, anti-ENO1,2 antibodies were found in 

PDA patients with normal levels of the diagnostic marker CA19.9, increasing its sensitivity [16]. The 

presence of anti-ENO1,2 antibodies correlated with a longer progression-free survival and a better 

clinical outcome in PDA patients treated with the standard GEM-based CT [16]. Interestingly, anti-

ENO1 antibodies increased following GEM treatment in PDA patients in which was observed also an 

increased ENO1-specific Teff response [17]. In general, phosphorylation is associated with a higher 

affinity of its peptides for human leukocyte antigen (HLA) molecules; indeed, the presence of anti-

ENO1,2 antibodies correlated with a higher frequency of the allele HLA-DRB1*8 among PDA patients 

[18]. Furthermore, peripheral blood mononuclear cells (PBMC) from HLA-DRB1*8 healthy subjects 

stimulated with phosphorylated ENO1 peptide elicited a significant CD4+ T cell proliferative 

response compared to the unphosphorylated ENO1 peptide [18]. 

 

Many TAA stimulate an integrated humoral and cellular response by activating both T and B 

cells, and this coordinate response is one of the main effector mechanisms exploitable by tumor 

immunotherapy [15]. PDA patients with anti-ENO1 circulating antibodies displayed in vitro ENO1-
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activated peripheral T cells secreting IFN- [19]. ENO1 elicited in vitro specific proliferation and 

activation of T cells also from healthy donor PBMC, as well as the differentiation of cytotoxic T cells 

(CTL) which specifically inhibited HLA-matched PDA cells but not HLA-matched normal fibroblast, in 

vitro and in vivo [19]. 

The response of T cells against ENO1 does not always lead to an effector function as ENO1- specific 

T cells could display a Treg phenotype. Ex vivo phenotypic characterization of infiltrating-tumor T 

cells (TIL) and infiltrating normal pancreas T cell from PDA patients, showed a significant increase of 

ENO1-specific Treg from TIL, compared to ENO1-specific Treg from healthy pancreatic tissue [20]. 

By contrast, T helper1 (Th1) and T helper17 (Th17) cells showed an anti-tumor effector function and 

were found increased in healthy pancreatic mucosa compared to PDA tissue, suggesting that 

recruitment of anti-tumor Th17 cells to the tumor site is impaired by Treg immunosuppressive 

function [20]. Moreover, in PDA patients, circulating ENO1-specific T cells shared the same 

repertoire of the T cell receptor Vβ chains (TCRB) with ENO1-specific TIL, suggesting the possibility 

of recirculation between the periphery and the tumor [21]. Despite the existence of ENO1-specific 

TIL, the intensity of the anti-tumor immune response remained limited, indeed T cells showed 

mostly a regulatory phenotype [20,21]. By contrast, in vitro re-stimulation with recombinant ENO1 

could trigger the ENO1-specific T cells from PBMC, with a more pronounced Th1 than Treg 

phenotype [21]. In PDA patients CT could induce in ENO1 in vitro-stimulated PBMC a shift from Treg- 

to Teff-like phenotype [17]. Finally, PDA patients with a higher number of peripheral ENO-specific T 

cells showed significantly longer survival, underlying the importance of ENO1-specific response to 

improve PDA patient anti-tumor immunity [21].  

Tumor vaccination is one of the most studied immunotherapeutic approach which directly target 

the TAA; several clinical trials exploited the vaccination to elicit the immune response, using 

peptides of overexpressed or mutated proteins, such as MUC1 [22], Telomerase [23], survivin [24], 

and KRAS [25]; or with whole tumor cells, such as the GVAX which is composed by granulocyte-

macrophage colony-stimulating factor (GM-CSF)–secreting tumor cells [26,27]. A recent phase I 

study investigated the activity of chimeric antigen receptor (CAR)-modified autologous T cells 

redirected against mesothelin in solid tumors, including PDA [28].  

DNA-based vaccines may also represent a suitable and efficient option for immunotherapy, 

displaying several advantages: they do not contain viral proteins that could down-regulate the 

immune system or elicit neutralizing antibodies, they are stable and safe, as mutations arising from 
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a putative integration event are extremely rare [29]. A necked plasmid, pVax vector, approved by 

the FDA for clinical use, was used to express full length human ENO1 and to vaccinate PDA mouse 

models, that had been genetically engineered to spontaneously develops PDA due to the pancreas-

specific expression of a Cre recombinase that cuts off a STOP cassette before the mutated KRAS 

and/or TP53 genes [30]. Based on the expression of mutated KRAS alone, or in combination with 

mutated TP53, mice are called KC or KPC [30]. ENO1 vaccination induced an integrated humoral and 

cellular response that efficiently prolonged KC and KPC mouse models survival [31]. Furthermore, 

ENO1 vaccination of KC mice efficiently decreased the tumor size also if the vaccine was received at 

8 months, when adenocarcinomas were well established resembling the advanced stage in human 

PDA at the diagnosis [31]. 

Several tumor protective immunological mechanisms induced by the ENO1 vaccine were observed, 

namely high levels of anti-ENO1 IgG able to mediated the complement-dependent cytotoxicity 

(CDC) of PDA cells, activation of specific Th1 and Th17 cells, a large recruitment of CD3 cells into the 

tumor, an important decrease of both circulating MDSC and a lower presence of Treg TIL [31,32] 

(Figure 1).  

 

Figure 1. ENO1 DNA vaccination effects in PDA mouse model. Activation of B cells produced anti-ENO1 antibodies (Ab) 

that affect tumor cells and MDSC invasion and endothelial adhesion (vessels are shown as transparent red tubes). The 

vaccine induces CDC of tumor cells (grey cells) and T cells, specially Th1/Th17 cells that release IL17, TNFα and IFN- 

cytokines. Yellow circles and cylinders indicate the complement system and the membrane attack complex, respectively, 

involved in the CDC. Circles represent cytokines. 
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The crucial role of anti-ENO1 antibodies was confirmed by the observation that ENO1-vaccinated 

mice showed B cells organized in dense aggregates, the so-called tertiary lymphoid tissue (TLT), 

correlating with an increased recruitment of T lymphocytes [33]. TLT correlated also with a better 

prognosis and with a greater infiltration of CD8+ T cells in PDA patients [33]. These observations 

suggest the induction of TLT as a strategy to favor mobilization of immune cells in PDA. 

Anti-ENO1 antibodies also targeted the immunosuppressive function of MDSC, which in PDA 

patients expressed high levels of ENO1 [34]. Both in vitro and in vivo MDSC migration was inhibited 

by anti-ENO1 monoclonal antibody (mAb); moreover, activated T cells in the presence of anti-ENO1 

mAb-treated MDSC increased IFN- and IL-17 secretion and decreased IL-10 and TGFβ secretion 

compared to control MDSC [34]. 

In KC mice models, treatment with GEM prior to ENO1 DNA vaccination unleashed CD4 anti-tumor 

activity and strongly impaired tumor progression compared with mice that were vaccinated or GEM-

treated alone [17]. The ENO1-specific antibodies and IFN- secreting T cell induced by ENO1 vaccine, 

were further increased in combination with GEM-based CT treatment; of note, ENO1 vaccination 

showed an antigen spreading effect since were detected also antibodies and Teff    specific for 

another glycolytic enzyme, glyceraldehyde 3-phosphate dehydrogenase (G3P) [17]. 

Overall, ENO1-DNA vaccine elicits an integrated humoral and cellular response to counteract tumor 

growth, which not only affects the tumor cells themselves but also stromal and reactive cells. 

 

ENO1 is a glycolytic enzyme that catalyzes the conversion of 2-phosphoglycerate to 

phosphoenolpyruvate and together to the others glycolytic enzymes, such as G3P, resulted 

overexpressed in PDA cancer cell compared to normal pancreatic tissues [35]. Due to the hypoxic 

TME, PDA cells display an altered glucose metabolism resulting in its increased uptake; the higher 

glycolytic rate leads to lactate accumulation and the consequent acidification of the TME results in 

immunosuppression [35]. The effectiveness of glycolytic enzyme targeting in combination with CT 

is under investigation in ongoing clinical trials in cancer patients whose survival outcomes are not 

yet known [35]. These molecules constitute a potential platform of onco-immunology targets both 

as TAA and because of their role in the reprogrammed cellular metabolism of cancer. This 

assumption will be discussed in a later chapter. 
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The role of ENO1 in pancreatic ductal adenocarcinoma adhesion, invasion, 

and metastasis 

 

The specific ENO1 overexpression in PDA cells together with the presence of ENO1-

antibodies in PDA patients, support ENO1 as an eligible target for PDA immunotherapy. 

Beside the involvement of ENO1 in inducing an immune response and in the alteration of cancer cell 

metabolism, ENO1 overexpression has been correlated with size, disease stage, metastasis and 

prognosis for many tumors [36]. ENO1 was found also on the cell membrane where it acts as a 

plasminogen receptor; thus, the pro-invasive function of ENO1 seems mainly linked to its role in 

facilitating the binding of high plasminogen concentrations, which in turn promotes ECM 

degradation [36]. At the cell surface, ENO1 is part of a multi-protein complex including the urokinase 

plasminogen activator receptor (uPAR), integrins and cytoskeletal proteins, responsible for 

adhesion, migration and proliferation [36], while in the cytoplasm, ENO1 interacts with the 

cytoskeleton to promote migration of tumor cells by providing ATP [37]. 

 

In the study of Principe et al. published in 2017 titled “Alpha-enolase (ENO1) controls alpha 

v/beta 3 integrin expression and regulates pancreatic cancer adhesion, invasion, and metastasis” 

[38] was investigated the effect of ENO1 silencing on the modulation of cell morphology, adhesion 

to matrix substrates and cell invasiveness, demonstrating that ENO1, through its role of 

plasminogen receptor, actually promoted invasion and metastasis formation. The figures 

mentioned in this chapter refer to the attached article Principe et al. 2017 [38]. 

The expression of adhesion and cytoskeletal proteins was found altered in ENO1 silencing (shENO1) 

PDA cells (Figure 1). A down-regulation of proteins involved in cell-cell and cell-matrix adhesion was 

observed, including alpha v/beta 3 integrin, in shENO1 PDA cells (Figure 4A). The membrane 

nanostructure analysis revealed a significant increase in the roughness of the cell membrane in 

shENO1 PDA cells (Figure 2). 

This morphological feature was associated with an impaired ability to migrate and invade, since 

shENO1 PDA cells displayed a reduced adhesion to fibronectin and collagen I and IV, by contrast an 

increased adhesion to vitronectin (VN) was observed (Figure 3). 

The binding to VN by shENO1 was likely maintained via uPAR, indeed its expression was found 

upregulated in shENO1 PDA cells (Figure 4B). Analysis of uPAR signaling in shENO1 PDA cells resulted 
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in ERK1-2 and RAC activation, suggesting that the binding of uPAR to VN triggers integrin-mediated 

signals (Figure 5). 

Accumulation of reactive oxygen species (ROS) and senescence were observed in shENO1 cells and 

the use of an anti-uPAR antibody caused significant reduction of ROS production and senescence, 

confirming the role of uPAR in shENO1-dependent oxidative stress and senescence in PDA cells 

(Figure 6). Finally, the impairment of cell migration and invasion due to ENO1 silencing was 

confirmed also in vivo, since a reduced ability to form lung metastasis was observed in shENO1 PDA 

cells intravenously injected mouse model (Figure 7). 

 

In conclusion this study has shown that ENO1 silencing inhibits adhesion, invasion, and 

metastasis in PDA cells, due to changes in actin cytoskeleton organization, integrin profile and uPAR 

expression, confirming the role of ENO1 as a promising target in PDA treatment. 
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Combined treatments with the DNA vaccine to increase its effectiveness in 

pancreatic ductal adenocarcinoma 

 

ENO1 DNA vaccine gave promising results in PDA models, although did not completely 

eradicate the tumor which, after an initial growth inhibition, returns to proliferate again. This led to 

developing possible strategies for combinatorial treatments aimed to broaden and sustain the anti-

tumor immune response elicited by DNA vaccination. In the review by Cappello et al. published in 

2018 titled “Next Generation Immunotherapy for Pancreatic Cancer: DNA Vaccination is Seeking 

New Combo Partners” [32], were discussed the biological bases of a list of possible approaches to 

use in combination with DNA vaccine, namely chemotherapy, PI3K inhibitors and TAM inhibitors. 

 

Accumulating evidence indicates that multiple anticancer agents, including classic 

chemotherapeutics, stimulate tumor-specific immune response either by inducing immunogenic 

cell death or by engaging immune effector mechanisms (Figure 2).  

 
Figure 2. Effects of ENO1 DNA vaccination and chemotherapy combination. Transparent Treg represent inhibited cells; 

triangles= TAA; violet symbols= DAMP and DAMP receptors. 
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CT affects cancer cells impairing cell replication, particularly inducing DNA damage and in addition 

to the typical processes of cell death, namely necrosis and apoptosis, some CT agents induce an 

immunogenic cell death in which cancer cells express damage-associated molecular patterns 

(DAMP). These molecules are detected by receptors on a variety of innate immune cells, such as 

macrophages and neutrophils, but also on antigen presenting cells (APC). 

Several studies have demonstrated the positive effect of CT on the anti-tumor immune response in 

PDA. The number of circulating CD14+ monocytes increase in PDA patients underwent CT and in 

adjuvant CT-treated PDA patients the TAM density at the stroma-tumor interface was associated 

with a better prognosis; by contrast in surgical resected patients TAM showed a predominant M2-

like immunosuppressive phenotype (M2-TAM) correlating to a worse prognosis. Moreover, GEM 

synergized in vitro also with the cytotoxic effect of M1-TAM and inhibited the pro-tumor effect of 

M2-TAM. 

In the orthotopic PDA mouse model, treatment with 5-Fluorouracile (5-FU) combined with IFN-α 

increased the number of natural killer cells (NK) in the tumor with a higher cytotoxic capability. In 

addition, combined GEM treatment with a dendritic cells (DC)-based vaccine led to the elimination 

of metastasis and recurrence, increasing the overall survival of orthotopic PDA mouse models. 

The role of CT in promoting the formation of neoantigens has yet to be explored, while the effect of 

CT in inducing in PDA novel TAA, or enhancing already established TAA such as ENO1, to enhance 

the efficiency of DNA vaccination will be deeply discussed in a later chapter. 

 

 Phosphoinositide 3-Kinases (PI3K) regulates different pathways involved in cell survival, 

differentiation, apoptosis, senescence and DNA repair, and in the last years PI3K inhibitors are being 

used in clinical settings of onco-hematology disease.  

PI3K are heterodimers formed by a constitutive catalytic subunit and a regulatory subunit which 

determines the subclassification into class IA (PI3K-α, -, -) and class IB (PI3K-). The catalytic 

subunit interacts with the regulatory one inhibiting its activity, while in the presence of specific 

molecules, such as chemokines, growth factors and cytokines, PI3K are recruited to the cell 

membrane where they are activated. The review focuses on PI3K- which is expressed in leukocytes 

and especially in myeloid cell compartments. 
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In PDA preclinical model selective genetic deletion and pharmacological inhibition of PI3K- 

significantly impaired tumor growth and metastasis by affecting myeloid cell functions (Figure 3), 

mainly through the PI3K--dependent activation of Bruton tyrosine kinase (BTK). 

 

Figure 3. Phosphoinositide 3-Kinase (PI3K) inhibitor (left) and Trabectedin (right) effects on immune cells. CD8 

recruitment depends on the M1-TAM switch of TAM and MDSC after PI3K inhibition is represented. Caspase-8 

activation and cytokine production induced by Trabectedin in TAM, IFN production by T cells and IL10 inhibition in 

Treg are shown 

 

 
Moreover, tumor suppression and increased mouse survival induced by PI3K- inhibition has been 

directly associated with the activation of CD8+ T cells and with the switch from M2-TAM into a more 

anti-tumoral M1-TAM. The evidence of anti-tumor immune restoring effects strongly suggests PI3K-

 inhibitor as a suitable powerful combinatorial partner to enhance the anti-tumor efficacy of ENO1 

vaccination. 

 

In PDA patients the elevated number of both infiltrating CD4+ and CD8+ T cells was 

demonstrated to correlate with a better outcome and the presence of ENO1-specific T cells was 

detected both in the tumor and in the blood of PDA patients. However, ENO1-specific TIL were 

frustrated in their Th1 and Th17 functions. Since also TAM or MDSC could influence the status of T 

cells in cancer, the effect of depletion of TAM in modifying TIL epigenetic profile was investigated. 

Trabectedin is a sponge-derived drug that specifically targets mononuclear phagocytes by activating 

the caspase 8 cascade via TRAIL receptors. When TAM were depleted by Trabectedin treatment in 

PDA mouse model, CD4+ TIL displayed a higher production of IFN-, and much less IL-10, compared 
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to the same population in untreated tumors (Figure 3); this was confirmed by epigenetic profile of 

CD4 T cells that showed a significant enrichment of the active mark H3K4me3 at the T-bet promoter 

and a decrease of the repressive mark H3K4me3 at the Il10 promoter. In presence of Trabectedin in 

vitro generated macrophages up-regulated IL-2, IL-12, IL-17 and TNF-α production, which are 

involved in T cell activation. All these effects render Trabectedin a suitable component for 

combinatorial therapies, moreover it may lead to epitope spreading thanks to its cytotoxic effect on 

tumor cells and the combined antigen-specific vaccination could enhance T cell reactivity. 

 

Therefore, ENO1 vaccination may benefit from the combined treatments: from CT which 

induce a progressive increase of antibody and effector response to many TAA, from the 

effectiveness of the PI3K- inhibition to unleash anti-tumor responses, and from the TAM depletion 

by Trabectedin which epigenetic reprograms TIL into anti-tumor effector cells. As all these 

approaches utilize drugs or compounds that are used or already approved for clinical purposes, they 

represent an evaluable springboard for developing a more efficacious protocol for PDA 

immunotherapy based on DNA vaccination. 
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Glycolytic enzymes as novel tumor-associated targets for immunotherapy 

in pancreatic ductal adenocarcinoma 

 

The review by Curcio et al. published in 2021 titled “The glycolytic pathway as a target for 

novel onco-immunology therapies in pancreatic cancer” [35], analyses the role of emerging 

glycolytic enzymes (GE) with their related genetic background, in the tumor progression and 

metastasis, focusing on how they could represent feasible therapeutic targets to counteract PDA.  

One of the main characteristics that causes aggressiveness in PDA is aberrant glucose metabolism. 

Indeed, in PDA cells, most of the glucose molecules are quickly transformed into lactate, and glucose 

becomes the main energy source for the tumor. This mechanism is known as the Warburg effect or 

aerobic glycolysis, whereby cancer cells favor metabolism via glycolysis to satisfy the increasing 

needs of nucleotide, lipid and protein synthesis required for cell replication [39]. The enhanced 

glycolysis and the consequent decrease in oxidative phosphorylation leads to higher lactate 

production, triggering an acidic and immunosuppressive TME (Figure 4). In this context, the 

glycolysis rate of T cells is reduced in the tumor niche resulting in inhibition of T cell proliferation 

and cytokine production, favoring tumor immune evasion.  

 
Figure 4. Schematic comparison of metabolic pathways between a not transformed cell and a cancer cell. The 

enzymes, transcription factors, oncogenes involved in aberrant glycolysis and correlated pathways are highlighted in 

red and are discussed in detail in the text. 
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Constitutive KRAS activation drives high proliferation of PDA cells and enhances transcription of 

several GE, leading to both an increased glycolytic activity and lactate production. KRAS activation 

in PDA cells was demonstrated to promote inflammatory response, tumor growth and regulation 

of tumor stroma, through IL-6 and TGF- secretion. In PDA was studied the effect of mAb to 

neutralize mutated KRAS. Unfortunately, 30% of PDA cases were able to escape KRAS inhibition, 

thus targeting KRAS peptides containing different mutations could be a favored strategy. In 

gastrointestinal malignancies the vaccination targeting KRAS different mutated peptides is under 

investigation in clinical trials. 

 

Table 1. Schematic summary of potential glycolytic targets in Pancreatic ductal adenocarcinoma (PDA) therapy. 

 

GAPDH= G3P; CT= chemotherapy; PD= progressive disease; M= metastasis; *= preclinical mouse model; Ab= antibody; 
IHC= immunohistochemistry; WB= Western blot; qPCR= quantitative PCR; 2-DE= 2-dimensional electrophoresis. 
Reference numbers correspond to review’s bibliography. 
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All the GE listed in the review were found overexpressed in PDA tissues and cell lines compared to 

normal ones (Table 1). Interestingly, GE higher expression was correlated with a lower survival of 

PDA patients, and it was also associated with the presence of metastasis and/or the progression 

disease condition, suggesting the role of GE also as prognostic biomarkers. Many GE when 

overexpressed were also associated with the resistance to CT in PDA patients or in PDA cell lines. 

Interestingly, antibody response against several GE, namely ALDOA, TPI, G3P, PGK1, ENO1 and 

PKM2, was detected in PDA patients [14] with a greater extent after GEM treatment [17] (Table 1). 

An increased Teff response was also detected against ENO1 and G3P in PDA patients after CT [17]. 

These observations support their role as TAA in immunotherapy-based strategy.  

 

Targeting approaches through silencing, knockdown, inhibitor molecules or mAb were 

deeply in vitro and in vivo investigated against GE demonstrating a decreased cell proliferation and 

a reduction in tumor growth due to a lower glycolytic activity. In addition, the block of several GE 

restored the CT sensitivity of PDA cells. GE blockade not only resulted in glycolysis inhibition, but 

also in hypoxia-inducible factor 1 alpha (HIF-1α) suppression, protecting cancer cells from apoptosis 

and suggesting a feed-forward loop in which HIF-1α induced expression of glycolytic enzymes and 

vice versa. In cancer cells GE overexpression promoted also the vascular endothelial growth factor 

(VEGF) signaling, one of the pathways involved in invasion, extravasation and colonization at distant 

organs. HIF-1α inhibitor led to a lower expression of VEGF as well a reduced expression of GE, 

resulting in a prolonged survival on a PDA xenograft model, supporting the connection between GE, 

hypoxic stress, and metastasis. 

Beside their GE glycolytic upregulation also their cellular localization may affect tumor metabolism. 

The KRAS-dependent inactivation of TP53 supported glycolysis by impairing the nuclear 

translocation of G3P, whose levels increased in the cytosol. However, the inhibition of oxidative 

stress could induce the nuclear translocation of G3P in PDA cell lines, upregulating autophagy-

related genes. Indeed, tumor aggressiveness and the higher activity of anabolic pathways seem to 

be supported by autophagy, since the genetic ablation of autophagy in preclinical models showed 

impaired cancer progression and invasiveness, demonstrating that autophagy-based strategy could 

be clinically relevant in PDA treatment.  
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Several reports have shown that targeting the glycolytic pathway can effectively counteract 

tumor progression. Moreover, increasing needs of nutrients and glucose in tumors could shift 

immune cells (Figure 5) and stromal cell metabolism towards glycolytic behavior. Cancer associated 

fibroblast with a glycolytic phenotype supported oxidative phosphorylation in cancer cells and, 

consequently, tumor survival and invasive ability. Cytokines secreted by pro-tumoral macrophages 

induced aerobic glycolysis in PDA cells, promoting tumor survival. In addition, in a glycolytic 

environment, ENO1 was directed towards the cytoplasm, rather than in the nucleus where it 

prevented FOXP3 expression and the consequent suppressive phenotype. 

Glucose metabolism also plays a pivotal role in suppressive functions and stability of 

immunosuppression compartment in the TME. In PDA the overexpression of GLUT1 and ENO1 was 

observed in Treg, and their activation was due to glucose uptake. By contrast, in Teff aerobic 

glycolysis is required for clonal expansion, cytolytic activity and cytokine secretion. Cytotoxic NK 

activity was inhibited by PDA cell secreted lactate and in CD8+ T cells, the altered metabolism 

impaired their effector function, promoting tumor progression. Moreover, in PDA patients, CD8+ 

TIL were negatively correlated with GE expression.  

Overall, high glycolytic cancer cells strongly consume glucose available in the TME and in 

return they produce massive quantities of lactate. TME acidification and lack of nutrients, together 

with the higher cancer-dependent ROS production, impair the activation of Teff.  

 

In conclusion, the overexpressed state of GE in PDA and their involvement in tumor 

progression supports them as a target-group in a novel immunotherapeutic strategy based on the 

vaccination against one or more GE-related TAA. 
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Figure 5. Metabolism of activated T cells and the effect of cancer induced TME acidification on T cell response. Red 

arrows indicate the effects of altered cancer metabolism on T cell activity and black arrows indicate the involved 

pathway in T cell activation. 
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Chemotherapy increases tumor associated antigens specific immune 

response and potentiates DNA vaccination in pancreatic ductal 

adenocarcinoma 

 

Has been already demonstrated that CT has immune-modulating properties; particularly CT 

induces cancer cells DNA damage and cellular stress resulting in cell death. Moreover, these 

alterations could result in aberrant gene expression and the proteins with abnormal production, in 

quantity or quality, could be recognized by immune cells as TAA. In the study titled “In pancreatic 

cancer, chemotherapy increases anti-tumor responses to tumor-associated antigens and 

potentiates DNA vaccination” published by Mandili et al. in 2020 [17], was investigated the effect 

of GEM in anti-tumor effector responses to TAA in PDA. The figures mentioned in this chapter refer 

to the attached article by Mandili et al. 2020 [17]. 

 

Sera of 28 PDA patients before and after GEM-based CT were profiled by SERPA to evaluate 

the presence of autoantibodies specific for proteins from the proteome of CFPAC-1, a human PDA 

cell line (Figure 1A). In CT-treated patients was observed the enhancement of the IgG-specific 

response in both the number and intensity of recognized spots, with each spot corresponding to a 

protein isoform (Figure 1A-B). Interestingly, PDA patient sera after CT showed a higher CDC 

capability toward PDA cell lines (Figure 1C).  

GEM-treated CFPAC-1 modified the expression of several proteins, of which 12 in common with 

those more recognized by IgG following CT. Moreover, many recognized proteins corresponded to 

overexpressed genes in The Cancer Genome Atlas (TCGA) PDA, supporting their role as TAA. 

Among TAA with high frequency recognition by patients, four TAA were selected to represent 

metabolic pathways, cytoskeletal and transcription factor; in detail ENO1 and G3P, keratin, type II 

cytoskeletal 8 (K2C8) and far upstream binding protein 1 (FUBP1) (Figure 2). A positive correlation 

between anti-G3P and anti-K2C8 antibodies and patient survival was observed (Figure 3A-B). Data 

from ELISA confirmed both that PDA patients displayed a significantly higher level of antibodies to 

all four TAA compared to healthy subjects, and the significant increase of antibodies to ENO1, K2C8 

and G3P after CT (Figure 3C). 

PBMC from 13 of the same PDA patients were in vitro stimulated with each of the four selected TAA. 

Evaluation of cytokine production allowed us to monitor regulatory (IFN-/IL-10 ratio <1), effector 



34 

 

(IFN-/IL-10 ratio >1), or null cytokine responses (no production of either IFN- or IL-10). The TAA-

specific proliferation was evaluated indicating the proliferative response with a Stimulation Index 

(S.I.) ≥ 2; the number of T lymphocyte proliferative responses to selected TAA were significantly 

increased after CT rounds (Suppl. figure 3A). Analysis of the IFN-/IL-10 ratio revealed that CT 

treatment shifted T cell responses to the four TAA from regulatory to effector, and the concomitant 

proliferative response increased after CT (Table 2). 

A significant increase of the ratio between the percentage of CD8 and Treg after CT rounds was also 

observed in TAA-stimulated T lymphocytes from PDA patients (Suppl. figure 3B). 

 

To investigate if CT could enhance the anti-tumor efficiency of ENO1 vaccination, mice that 

spontaneously developed PDA were treated with a suboptimal dose of GEM and inoculated with a 

ENO1 DNA vaccine. Both ENO1 and GEM+ENO1 treatment induced a significant reduction of PDA 

and PanIN lesions compared to untreated mice, but GEM+ENO1 treatment further reduced tumor 

lesions compared to ENO1 alone (Figure 4B). 

Combined treatment further increased anti-ENO1 IgG antibodies and ENO1-specific IFN--secreting 

splenocytes (Figure 4C,E). Of note, GEM+ENO1 treatment caused an increase also of both IgG 

production and IFN- secreting splenocytes specific to G3P, enhancing the preexistence epitope 

spreading effect of ENO1 (Figure 4D,F). 

Finally, only GEM+ENO1 caused a significant increase of tumor-infiltrating CD4+ and CD8+ T cells 

(Figure 4G-H); however, depletion of CD4+ T cell, but not of CD8+ or B cells, completely reverted the 

anti-tumor effect of the combined treatment (Figure 4L). 

 

The profiling of the immune response in patients with PDA, together with the preclinical 

mouse model validation, provide a proof-of-concept that CT combined with TAA vaccination may 

offer a promising solution for novel PDA treatments. 
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Supplementary Figure 3. A. Bar plot representing the percentage of proliferative responses (SI2) from 13 PDA 

patients’ PBMC stimulated with ENO1, G3P, K2C8 and FUBP1 before and after one and two CT cycles. B. Ratio 

between CD8 and Treg (CD4 and FoxP3 double positive) evaluated by flow cytometry on five PDA patients’ PBMC 

stimulated with ENO1, G3P, K2C8 and FUBP1 before (12 responses), after one (9 responses) and two (6 responses) 

CT rounds. 
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Chemotherapy, but not immune checkpoint blockade, enhances tumor 

associated antigens specific T lymphocyte effector response in patients with 

pancreatic ductal adenocarcinoma 

 

Beside the active immunotherapy, many studies exploited the treatment with immune 

checkpoint blockade (ICB) in PDA, since important results were obtained in other types of cancer 

such as melanoma, increasing the survival depending on a strong induction of anti-tumor T cell 

response [40]. In PDA patients with deficient mismatch repair, resulting in a high number of somatic 

mutations, anti-PD1 has proven effective; unfortunately, these PDA patients represent only a small 

percentage [41]. Clinical trials with both anti-PDL1 and anti-CTL4 were not able to substantially 

increase the survival of PDA patients [42,43]; therefore, the need to find new strategies is 

increasingly urgent.  

CT treatment was already demonstrated to elicit a T cell response to a given TAA [17]. Nevertheless, 

no data are available regarding the combination of CT with ICB as a feasible approach to unleash 

and sustain anti-tumor TAA-specific T cells underwent exhaustion. Thus, the purpose of this study 

is to investigate the Teff response of PBMC stimulated with recombinant proteins of the four 

preselected TAA (ENO1, FUBP1, K2C8 and G3P) in the presence or not of ICB (anti-PD1 plus anti-

CTLA4 mAb) in PDA patients before and after CT treatment. 

The ICB effect on the proliferative and cytokine response was evaluated in a cohort of 18 patients 

through in vitro TAA-stimulated PBMC before and after CT and in 13 healthy subjects. Clinical data 

of patients are reported in Table 2; only one round after CT was analyzed, indeed most of these 

patients were not unable to continue the CT treatment because of their poor performance status 

or due to their demise. 
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Table 2. Clinical data of PDA patients. 

Patient Gender Age Surgery Stage Metastasis CT Response 
Survival 

(months) 

6 F 69 Yes III No GEM PD 5.2 

7 F 69 No IIB No GEM PD 3.9 

11 M 54 No IV Yes GEM + 5FU PD 9.5 

16 F 51 No IV Yes GEM PD 2.2 

20 M 59 No IV Yes GEMOX SD 11.8 

24 F 74 No IV Yes GEM PD 9.8 

29 M 59 No III No GEM PD 13.4 

31 F 70 No IV Yes GEM PD 3.4 

32 F 73 Yes IIB No GEM PR 11.9 

35 M 62 No IV Yes GEM SD 8.2 

37 F 67 Yes IV Yes GEM PD 11.8 

50 M 46 Yes IIB No GEM SD 20.3 

51 F 49 No IV Yes GEM PD 3.1 

83 M 55 Yes IIB No GEM SD 51.7 

85 F 64 No III No Bevacizumab+RT+CAP PR 35.7 

143 F 79 No III No GEM SD 15.0 

158 M 55 No IIB No GEM PD 10.3 

184 F 73 Yes IV Yes GEM PD 9.7 

163 M 63 Yes IIB No GEMOX PD 12.4 

186 F 73 Yes IV Yes GEM PD 34.3 

10 F 74 No IV Yes GEMOX SD 16.4 

99 M 96 No IV Yes Folfirinox SD 9.1 

117 F 74 No III No GEM+other SD 15.2 

GEM= Gemcitabine, 5FU= 5-fluorouracil, GEMOX= GEM + Oxaliplatin, RT= radiotherapy, CAP= capecitabine, PD= 

progression disease, SD= stable disease, PR= partial response. PBMC from underlined patients were analyzed for TRCB 

sequencing. 
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Effect of ICB on T lymphocyte proliferation in response to TAA before and after CT 

 

To better investigate the role of ICB, the proliferation rate to TAA was subdivided in two 

categories. S.I. between 2 and 3 referred to a “low” proliferative response, whereas proliferation 

was considered “high” with S.I. ≥ 3. The proliferative response < 2 was considered as “null” (Figure 

6). 

 

Figure 6. Effect of ICB on proliferation of TAA-activated PBMC. Stimulation Index (S.I.) of PBMC in vitro stimulated with 

TAA (ENO1, FUBP1, K2C8 or G3P) in presence of ICB from A. n. 16 PDA patients before and after CT (n. 14 patients in 

presence of ICB) and B. n 13 healthy subjects. 

 

PBMC from 16 patients before CT were stimulated with ENO1, FUBP, K2C8 or G3P and among the 

64 expected responses, 13% were low and 16% were highly proliferative. When 14 patients’ PBMC 

before CT were stimulated in presence of ICB the expected responses were 56; while the low 

proliferative responses were slightly increased, the high responses were 42% reduced compared to 

the absence of ICB. After CT 16% of responses were low and 13% were high; in the presence of ICB 

the low proliferative responses remained univariate, but the high responses were 43% reduced. 

In 13 healthy subjects the PBMC stimulation with TAA at basal condition showed, out of 52 

responses, only 10% of both low and high proliferative responses. In the presence of ICB low 

proliferative responses remained at 10%, while high responses were halved to 4%. 
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The proliferation of PDA patients’ PBMC to ENO1, FUBP, K2C8 and G3P was heterogeneous. PBMC 

showed proliferation to different numbers of TAA depending on CT time and/or the presence of ICB 

(Figure 7A). 

 
 

Figure 7. ICB effect on the number of TAA recognized by PBMC from PDA patients before and after CT. A. 

Representation of the proliferative response (S.I. ≥ 2) to the four TAA (ENO1, FUBP1, K2C8 and G3P) by each patient 

before and after CT, in presence or not of ICB; frequencies and percentage of proliferative responses are indicated. B. 

Correlation between the number of recognized TAA for each patient and the time survival (months); statistic was 

calculated with Spearman correlation. 

 

In particular it was possible identify four categories of patients: i) those that did not show any 

increase in the number of TAA recognition following CT or with ICB addition; ii) those that displayed 

increased number of TAA recognition only in presence of ICB before CT; iii) those that displayed an 

increase of recognized TAA number after CT alone or in the presence of ICB, and those which 
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increased the number of TAA recognition only after CT alone. By contrast, only one among all the 

healthy subjects increased the number of recognized TAA in the presence of ICB (not shown). 

The recognition of TAA number before CT alone or in presence of ICB did not display any correlation 

with patients’ survival and the same was observed after CT in presence of ICB (Figure 7B). By 

contrast, a positive correlation between the number of TAA recognized by PBMC recovered after CT 

and the patients’ survival was observed (Spearman R= 0.6298, p value= 0.0107). 

These data indicate that CT did not significantly alter the proliferative response of TAA-stimulated 

PBMC, but ICB reduced high proliferative response in PDA patients. Of note, only patients that 

recognized more TAA after CT had a better survival.  
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Effect of ICB on IFN- production in response to TAA before and after CT 

 

IFN- is a cytokine with a well-known anti-tumor effect produced by CTL and Th1 cells [44]. 

To measure the effect of ICB on anti-tumor effector response against the four TAA, the secretion of 

IFN- was also evaluated. The IFN- production by TAA-stimulated PBMC was categorized as null, 

low (< 100 pg/ml), intermediate (≥ 100 < 1000 pg/ml) and high (≥ 1000 pg/ml) (Figure 8A). 

 

Figure 8. ICB effect on IFN- production from TAA-activated PBMC. A. IFN- levels (pg/ml) in supernatant of TAA-

activated PDA patients’ PBMC before and after CT (n. 18), and in presence of ICB (n. 16); null responses: no detection, 

low responses: < 100 pg/ml, intermediate responses: ≥ 100 < 1000 pg/ml, high responses: ≥ 1000 pg/ml. B. Percentage 

of null, low, intermediate and high responses before and after CT, in presence or not of ICB; statistics was calculated by 

Chi-square test. C. IFN- levels (pg/ml) of TAA-activated healthy subjects’ PBMC in presence or not of ICB (n. 13). 
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Before CT the percentage of null responses was 39% and significantly raised 59% in the presence of 

ICB (Figure 8B). The percentage of low IFN- responses significantly decreased from 28% to 11% 

when ICB was added, whereas it did not affect the percentage of intermediate responses, since 

before CT they were about 26% with or without ICB. Instead, the high production of IFN- was halved 

from 7% to 3% in the presence of ICB before CT. 

The percentage of high IFN- response increased significantly after CT compared to before CT, from 

7% to 18%. No differences were found after CT for the null, low and intermediate IFN- response, 

since 44%, 19% and 18% response were detected respectively, and 51%, 22% and 20% of responses 

in presence of ICB. High IFN- responses after CT were significantly reduced from 18% to 6% in the 

presence of ICB. 

PBMC from healthy subjects in response to TAA showed a prevalence of null responses (68%), while 

the low, intermediate and high IFN- responses were 25%, 6% and 2% respectively (Figure 8C). The 

addition of ICB did not result in any significant differences with 21%, 12% and 0 responses 

respectively, and the null responses remained at 67%. 

These data demonstrate that in PDA patients the high production of IFN- in response to TAA is 

better induced after CT and particularly in the absence of ICB. 
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Effect of ICB and CT on immunological tone of TAA-stimulated PBMC: classification in 

subgroups of responses 

 

To understand the immunological tone of the TAA-stimulated PBMC, the production of IL-10 

was also measured and the ratio between IFN- and IL-10 production was evaluated, allowing to 

evaluate the effects of CT and ICB on the balance between functional and regulatory tone. 

The predominance of IFN- was considerate as an effector like response (IFN-/IL10 ratio > 1 in red); 

while the regulatory like response was characterized by the predominance of IL-10 (IFN-/IL10 ratio 

< 1 values in blue) (Figure 9). 

 

 

Figure 9. Hierarchical clustering analysis of IFN- and IL10 ratio of TAA-activated PBMC from PDA patients before and 

after CT, in presence or not of ICB. Cytokine production was detected by ELISA and the ratio between IFN- and IL-10 

was measured. Heat map representing the ratio of cytokine response of patients’ PBMC stimulated with ENO1, G3P, 

K2C8 and FUBP1 (#PT_TAA) in absence of ICB (18 patients: 72 responses) and in presence of ICB (16 patients: 64 

responses), before and after the CT treatment. IFN- predominant production is shown in red, whereas blue indicates 

more abundant IL-10 production. 
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Clustering analysis of the immunological tone identified three groups of responses: i) “No 

responders” that displayed a greater regulatory tone, that in some cases could be decreased by ICB; 

ii) “Exhausted” that displayed a greater functional tone before CT, maintained with ICB addition in 

some cases but decreased after CT; iii) “CT responders”, that displayed a greater functional tone 

mostly after CT (Figure 9). 

Before CT the 17% of patients (pt 6, 31 and 35) displayed an effector response against all the four 

TAA; 22% of patients against three (pt 7, 11, 29 and 85) and two (pt 24, 37, 143 and 184) TAA; 11% 

of patients (pt 16 and 51) against only one TAA and PBMC from 28% of patients (pt 20, 32, 50, 83 

and 158) did not showed an effector response to any TAA (Table 3). 

Table 3. Number of TAA with effector and shifted to effector responses by PDA patients’ PBMC before and after 

CT, in presence or not of ICB. 

 Effector response  Shift to effector response 

Patients Before CT  ICB only CT only CT+ICB 

6 4  1 2 3 

7 3  2 2 2 

11 3  1 3 0 

16 1  1 1 3 

20 0  1 1 0 

24 2  2 3 1 

29 3  2 0 0 

31 4  2 0 0 

32 0  0 1 1 

35 4  1 1 1 

37 2  1 2 3 

50 0  0 2 1 

51 1  0 2 0 

83 0  1 3 0 

85 3  NA 3 NA 

143 2  NA 4 NA 

158 0  0 1 3 

184 2  1 2 2 

 

69% 

(11/16) 

13% 

(2/16) 

69% 

(11/16) 

% of patients with one or more 

responsive TAA 

% of patients with the greater 

number of responsive TAA 

 

The effect of ICB and/or CT was evaluated considering the shift of immunological tone to a more 

intense effector response, namely when the IFN-/IL-10 ratio increased compared to before CT, and 

the higher number of responsive TAA for each patient is reported in bold in Table 3. The 13% of 

patients (pt 29 and 31) displayed a higher number of responsive TAA adding the ICB before CT. By 

contrast the percentage of patients who achieved the greater number of responsive TAA after CT 

was 31% (pt 11, 24, 50, 51 and 83) and 25% if ICB was added (pt 6, 16, 37 and 158). Patients 32 and 

184 showed the same number of responsive TAA after CT and in combination with ICB, but still 
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higher compared to the only ICB. Whereas patients 7, 20 and 35 did not display any differences in 

the number of responsive TAA between ICB only and after CT. PBMC from patients 85 and 143 were 

not tested in ICB condition, however CT could increase the effector tone to three and four TAA 

respectively. 

To summarize, CT alone or in combination with ICB could shift the PBMC effector response to a 

greater number of TAA in 69% of the patients, significantly higher compared to the 13% of patients 

with ICB only (p value=0,0012 CHI square test). 
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Profiling of ENO1-specific clonotypes by TCRB sequencing of PBMC in PDA patients before and 

after CT 

 

Together with the proliferation also the potential role of CT in modifying the expansion of 

TAA-specific clones was investigated. PBMC from 6 PDA patients before and after CT were in vitro 

stimulated with ENO1. The profiling of the TCRB was performed by the NGS approach on mRNA 

extracted from PBMC. Patients’ clinical data are reported in Table 2. 

Each clone, characterized by a different CDR3 region, is indicated as “clonotype” and it corresponds 

to a specific V(D)J rearrangement; of note, more than one clonotype can correspond to the same 

V(D)J rearrangement. 

The frequency of each clonotype present with ENO1 stimulation (ENO1) was compared to the 

frequency measured in the basal condition (medium) by subtraction of the clonotype proportion. 

Only the clonotypes with a significant variation were considered.  

One representative patient is shown in Figure 10. Patient 10 displayed only two clonotypes with a 

significant ENO1-dependent variation both before and after CT (underlined in green), one clonotype 

shifted from an ENO1-contracted to ENO-1-expanded trend, whereas the other one maintained the 

same ENO1-expanded trend but with a greater extent after CT. In addition to those in common, 

before CT were observed three clonotypes with significant differences (underlined in black), two 

were ENO1-contracted and one was ENO1-expanded. After CT instead six significant different 

clonotypes (underlined in red) were found, only one was ENO1-contracted and five were ENO1-

expanded. Globally patient 10 showed 7 clonotypes with a grater expansion after CT (red arrows), 

and only one clonotype before CT (black arrow). 
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Figure 10. Difference in the frequency of significant TCRB clonotypes with ENO1 stimulation before and after CT. Bar 

plots show for each clonotype the normalized proportion every 10000 clones from the representative patient 10. 

Statistically significant ENO1-dependent expansion or contraction are indicated. Statistics were calculated with Chi-

square test. 

 

The other patients 32, 186, 163, 99 and 117 showed respectively thirteen, four, eight, six and six 

clonotypes with significant ENO1-dependent expansion before CT; whereas after CT were observed 

respectively seven, zero, eight, zero and five significant ENO1-expanded clonotypes (Figure 11, Table 

4). Before CT in the same patients were observed respectively zero, two, eight, zero and ten 

clonotypes with significant ENO1-dependent contraction, while after CT they showed respectively 

zero, one, seven, eight and four significant ENO1-contracted clonotypes (Figure 11, Table 4). 
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Figure 11. Statistically significant ENO1-dependent expansion before and after CT. List of clonotypes significantly 

expanded following ENO1 stimulation before and after CT. Each circle represents a unique V(D)J rearrangement, and its 

dimension indicates the delta of clones’ number between ENO1 stimulation and medium. 
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Table 4. List of unique clonotypes from PBMC following ENO1-stimulation in 6 PDA patient before and after CT.  

 
ENO1-dependent expansions are indicated in red and significant values in dark red; ENO1-dependent contractions are 
indicated in green and significant values in dark green. Common V(D)J rearrangements and CRD3 regions are 
highlighted in bold. 

TRBV10-3*01 or TRBV10-3*02 or TRBV10-3*04_TRBJ1-2*01 AISESPGVYGYT

AIRQDLSGNTIY

AIRQDLSGNTIY

TRBV11-1*01_TRBJ1-1*01 ASSLEHNEAF

TRBV11-1*01_TRBJ1-2*01 ASSLAGNGYT

TRBV11-2*01_TRBJ1-1*01 ASSLGENTEAF

TRBV11-2*01_TRBJ1-4*01 ASSLWSTNEKLF

ASSSQLSGTPEGVYNSPLH

ASSPRGSSYNSPLH

ASSLDLTGNTEAF

ASSLDLTGNTEAF

ASSLDLTGNTEAF

ASSLDLTGHTEAF

ASSLDPTGNTEAF

ASSPDSYGYT

ASSPYTYGYT

ASSFGGASGYT

TRBV12-3*01 or TRBV12-4*01_TRBJ2-5*01 ASSLAGGEETQY

TRBV12-5*01_TRBJ1-2*01 ASGLVPGQTHGYT

ASSPPLGFNTEAF

ASSQDYGRDTEAF

ASSRERLTGNTEAF

TRBV14*01 or TRBV14*02_TRBJ1-2*01 ASSPSGQGYGYT

TRBV14*01 or TRBV14*02_TRBJ1-4*01 ASSPVNDDEKLF

TRBV14*01 or TRBV14*02_TRBJ1-6*02 ASSQDSDWRGYGNSPLH

TRBV14*01 or TRBV14*02_TRBJ1-6*02 ASSATGTIVPNSPLH

TRBV15*02_TRBJ1-2*01 ATSRDIQGGGYT

TRBV15*02_TRBJ1-5*01 ATSRDPAGDQPQH

ASSPERGRTEAF

ASSPRQGAGAATEAF

ASSPAGTEAF

ASSPDMNTEAF

ASSPLGSKNTEAF

ASSPLAGTAEAF

ASSAGTANTEAF

TRBV18*01_TRBJ1-2*01 ASSPGLSLYGYT

TRBV18*01_TRBJ1-6*02 ASSPGMDNSPLH

TRBV18*01_TRBJ2-2*01 ASSPAGTGELF

TRBV18*01_TRBJ2-3*01 ASSQRFTDTQY

TRBV19*01_TRBJ1-1*01 ASSVGHTNTEAF

TRBV19*01_TRBJ1-2*01 ASSRNYGYT

TRBV2*01 or TRBV2*02_TRBJ1-6*01 ASSSYGGSPLH

SATGGTEAF

SAQPENTEAF

SAVREDGGYGYT

SARDWDRRSGYT

TRBV20-1*04 or TRBV20-1*05 or TRBV20-1*06_TRBJ1-5*01 SARDPGTGNNQPQH

TRBV23-1*01_TRBJ1-5*01 ASSRPIQGVGQPQH

TRBV25-1*01_TRBJ1-1*01 ASTKLTEAF

TRBV25-1*01_TRBJ1-1*01 ASSSDRVNTEAF

TRBV27*01_TRBJ1-1*01 ASSSTAAAEAF

TRBV27*01_TRBJ1-2*01 ASSLLPDPANYGYT

TRBV27*01_TRBJ1-3*01 ASSYRGGNTIY

ASSLSFGRRYSNSPLH

ASSFTYARDRNGSPLH

TRBV27*01_TRBJ2-7*01 ASSPTVAWEQY

TRBV28*01_TRBJ1-5*01 ASSFQGSGHNQPQH

TRBV28*01_TRBJ1-6*02 ASSPQDTRSYNSPLH

SAKRQVNTEAF

SVDREQGEESTEAF

SVVGARRVAEAF

SVSLNTEAF

SVQINTEAF

SVPGPGQREAF

SVERGGRVNTEAF

SVEEEENTEAF

SLQGLSNTEAF

SGGEEEAF

TRBV29-1*01 or TRBV29-1*03_TRBJ1-2*01 SVLTGTAGYT

TRBV29-1*01 or TRBV29-1*03_TRBJ1-2*01 SAPYGGLFNYGYT

TRBV29-1*01 or TRBV29-1*03_TRBJ1-3*01 SAPSGNTIY

TRBV29-1*01 or TRBV29-1*03_TRBJ1-4*01 SVEYSATNEKLF

SVAGQLDQPQH

SVGLRGGNQPQH

TRBV29-1*01 or TRBV29-1*03_TRBJ2-2*01 SVELGLSTGELF

TRBV29-1*01 or TRBV29-1*03_TRBJ2-2*01 SGRGPSGELF

ASSQMGRENTEAF

ASSQGGNTEAF

ASSQGRGYEAF

ASSHRTGEKLF

ASSQSEKLF

TRBV3-1*01_TRBJ1-6*02 ASSQGLDNSPLH

TRBV4-1*01 or TRBV4-1*02_TRBJ1-1*01 ASSQVNTEAF

TRBV4-1*01 or TRBV4-1*02_TRBJ1-5*01 ASSLYQSVDSMYSNQPQH

TRBV4-2*01_TRBJ1-2*01 ASSQSQGEFDGYT

ASSLVRPHTEAF

ASSRQGGEAF

ATKLQGSTEAF

ASSYKQGTGELF

ASSEGASNTGELF

TRBV5-4*01 or TRBV5-4*03_TRBJ1-1*01 ASSFRDTEAF

TRBV6-1*01_TRBJ1-1*01 ASSEGGVVEAF

TRBV6-2*01_TRBJ1-2*01 ASSYGGRSSGYT

TRBV6-5*01_TRBJ1-1*01 ASSRQGTTEAF

ASRLQGFGGYT

ASSYRRDYGYT

TRBV6-6*01 or TRBV6-6*03_TRBJ1-1*01 ASGGVDDEAF

TRBV7-2*01 or TRBV7-2*04_TRBJ1-5*01 ASSLGGASNQPQH

TRBV7-2*02_TRBJ1-4*01 ASSLLGRDEKLF

TRBV7-8*01_TRBJ1-1*01 ASSLGGRLNTEAF

TRBV7-9*01 or TRBV7-9*02 or TRBV7-9*03_TRBJ1-1*01 ASSSGSGNEAF

TRBV7-9*01 or TRBV7-9*02 or TRBV7-9*03_TRBJ1-6*01 ASSQDGTGGSPLH

TRBV20-1*01 or TRBV20-1*02_TRBJ1-2*01

TRBV27*01_TRBJ1-6*02

Significant ENO1-induced T cell expansions

Significant ENO1-induced T cell contractions

TRBV29-1*01 or TRBV29-1*03_TRBJ1-5*01

TRBV3-1*01_TRBJ1-1*01

TRBV3-1*01_TRBJ1-4*01

TRBV5-1*01_TRBJ1-1*01

TRBV5-1*01_TRBJ2-2*01

TRBV6-5*01_TRBJ1-2*01

TRBV29-1*01 or TRBV29-1*03_TRBJ1-1*01

CDR3

TRBV14*01 or TRBV14*02_TRBJ1-1*01

TRBV18*01_TRBJ1-1*01

TRBV20-1*01 or TRBV20-1*02_TRBJ1-1*01

TRBV12-3*01 or TRBV12-4*01_TRBJ1-2*01

V(D)Jrearrangement

TRBV10-3*01 or TRBV10-3*02 or TRBV10-3*04_TRBJ1-3*01

TRBV11-2*01_TRBJ1-6*02

TRBV11-3*01 or TRBV11-3*02 or TRBV11-3*04_TRBJ1-1*01

CT before after before after before after before after before after before after

13 7 8 8 4 0 2 7 6 0 6 5

0 0 8 7 2 1 3 1 0 8 10 4

32 186 99 117163 10
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Interestingly, also if a lower number of clonotypes was expanded after CT, these clonotypes are 

mostly different compared to before CT. This observation suggests the presence of T cell clones 

unresponsive to ENO1 stimulation which could be restored after CT. Conversely, the evidence of the 

significant contraction following ENO1 stimulation could indicate the apoptotic or exhaustive state 

of those ENO1-specific T cell clones. 

Considering all the patients, 67 clonotypes showed a significant expansion before or after CT, and 

among these, two clonotypes with the same CDR3 region were found in more than one patient 

(Table 4). Moreover, patients showed nine common V(D)J rearrangements with an analogue trend 

of ENO1- expansion, suggesting that certain rearrangements could have higher affinity to ENO1 

stimulation (Table 4). 

Overall, CT seemed to reprogram the ability to significantly expand ENO1-specific T cell clones since 

different a pattern of clonotypes was observed before and after CT. 
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Conclusions 

 

The evaluation of the ICB effect before and after CT, allowed to verify the hypothesis that 

CT-dependent increased anti-tumor immune response could be influenced by the action of the ICB. 

The results obtained both from the proliferation and from the IFN- production support the thesis 

that generally the immune response of PDA patients does not benefit from the addition of ICB. 

However, a moderate effect can be observed in the reduction of regulatory tone. Immunological 

tone analysis identifies subgroups of PDA patient and different T cell clones expand in response to 

ENO1 before or after CT, supporting the need to further direct the future research towards 

personalized medicine in PDA patients. 

 

 

Materials and Methods 

 

Patients: From 2005 to 2011, 18 patients with PDA (Table 1) were enrolled in this study and 

provided sera and PBMC. The protocol was approved by the local research ethical committee 

(Azienda Ospedaliero-Universitaria Città della Salute e della Scienza di Torino, IT) and investigations 

were performed according to the Helsinki Declaration principles. All participants in the protocol 

signed a declaration of informed consent. PBMC samples were collected from venous blood before 

and after one cycle of CT. PBMC were separated by Ficoll-Hipaque (Sigma-Merck, Darmstadt DE) 

and frozen and stored in liquid nitrogen until use. 

 

PBMC culture: PBMC were thawed and cultured at 5x105 cells/ml in 96-well round bottom 

plate with RPMI (Gibco-ThermoFischer, Waltham MA) plus 5% Certified FBS (Gibco-ThermoFischer, 

Waltham MA) in the presence or not of 5 µg/ml each recombinant protein, ENO1 (Sigma-Merck, 

Darmstadt DE) FUBP1, K2C8, G3P (Origene, Rockville, MD) and in the presence or not of a mixture 

of mAb anti-PD1 (10 µg/ml, Biolegend, San Diego, CA) plus mAb anti-CTLA4 (5 µg/ml, Yervoy-

ipilimumab). 

 

Cytokine evaluation: At three days of culture supernatant from TAA-stimulated PBMC was 

collected and stored at -20°C until the use. Supernatant were diluted 1:4 in assay diluent and tested 

in ELISA for the presence of IFN- and IL-10 following the manufacturer’s instruction (Biolegend, San 

Diego, CA). Optical Density (OD) at 450 nm (reference wavelength: 570 nm) was detected with 

VICTOR® Nivo™ Multimode Microplate Reader (PerkinElmer, Waltham, MA). 
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Proliferation: At four days of culture BrdU was added at final concentration of 10 μM. After 

18h the specific proliferation of TAA-stimulated PBMC was evaluated by Cell Proliferation ELISA 

BrdU incorporation, following the manufacturer’s instruction (Roche-Merck Darmstadt DE). OD at 

450 nm (reference wavelength: 690 nm) was detected with VICTOR® Nivo™ Multimode Microplate 

Reader (PerkinElmer, Waltham, MA). Stimulation Index (S.I.) referred as the OD ratio between the 

BrdU incorporation in the presence of TAA and BrdU incorporation control medium condition. 

 

TRCB sequencing: PBMC were thawed and cultured in presence or not of ENO1 as previously 

describe. At five days PBMC were harvested, pelleted, and processed to mRNA extraction following 

the manufacturer’s instructions with Maxwell® RSC simplyRNA Cells Kit compatible with Maxwell® 

RSC Instrument (Promega, Madison, WI). The concentration of mRNA was evaluated with 

QuantiFluor® RNA System (Promega, Madison, WI). RT-PCR was performed with SuperScript™ III 

Reverse Transcriptase (Invitrogen-ThermoFischer, Waltham MA) to obtained cDNA; concentration 

of cDNA was assumed the same as the mRNA used. Manufacturer’s instructions of LymphoTrack® 

TRB Assay – MiSeq® (Invivoscribe, San Diego, CA) were followed to generate the library pool which 

was sequencing with MiSeq™ System (Illumina, San Diego, CA) using the MiSeq Reagent Nano Kit v2 

(500-cycles) (Illumina, San Diego, CA). 

 

Statistics and bioinformatics analysis: Hierarchical clustering analysis of IFN-/IL10 ratio was 

performed with Cluster 3.0 using Euclidean distance as similarity metric; data were log2 transformed 

then normalized. Heatmap figure of immunological tone was presented with Prism 8.0. Analysis of 

TCRB sequencing was performed with the online tool IMGT® System starting from the fastq files and 

the list of unique clonotypes was generated. Only clonotypes with >2 counts were considered in the 

following analysis. Normalized proportion = n. of clonotype counts / n. of total counts x 10000. The 

difference in proportions between ENO1 and medium was statistically analyzed with Chi-square 

test. 
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Discussion 

 

PDA is a very dismal disease with a low overall survival since most PDA patients receive the 

diagnosis when the tumor has an advanced stage; moreover, PDA is mainly resistant to CT. To try 

increasing the outcome of PDA patients, in this thesis are proposed several combinatorial 

approaches based on immunotherapy, in particular DNA vaccination against TAA. For this reason, 

the identification of multiple TAA as effective targets is required. 

ENO1 overexpression has been correlated with prognosis in PDA patients and the presence of ENO1-

specific autoantibodies support its role as target for immunotherapy. ENO1 involvement in PDA 

invasiveness is demonstrated in the study of Principe et al., since ENO1 silencing inhibited adhesion, 

invasion, and metastasis in PDA cells, due to changes in actin cytoskeleton organization, integrin 

profile and uPAR expression. The interplay between ENO1 with integrins and uPAR critically 

controlled PDA progression, indeed the absence of ENO1 in PDA cells promoted cellular stress and 

senescence in a uPAR-dependent manner, confirming the role of ENO1 as a promising target in PDA 

treatment. 

From an immunological point of view, ENO1 vaccine elicited an integrated humoral and cellular 

response to counteract tumor growth without affecting normal tissues, and several anti-tumor 

immunological mechanisms induced by the ENO1 vaccine were demonstrated in preclinical models. 

ENO1 vaccination may also benefit from the combined treatments: the next generation 

immunotherapy of PDA will take advantage of evidence on the CT effects to extend TAA-specific 

antibody and T cell response, as well as on data demonstrating the effectiveness of the PI3K- 

inhibition to unleash anti-tumor responses. Moreover, Trabectedin effectively depleted TAM and 

epigenetic reprogrammed TIL into anti-tumor Teff. Finally, also the pharmacological inhibition of 

ENO1 may contribute to reducing the proliferative and invasive ability of PDA cells. 

ENO1 belongs to the GE group and proteomic analysis of PDA patients’ sera revealed the presence 

of a specific antibody response for many GE, which constitute an interesting platform of target for 

immunotherapy. The overexpressed state of GE in PDA and their involvement in tumor progression 

support them as a target-group also to reprogram aberrant cancer metabolism and to shrink tumor 

aggressiveness. 
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Of note, CT increases TAA-specific immune response in PDA patients. CT induced a 

progressive increase of antibodies to many TAA indicating a robust antigenic spreading; to support 

this observation evidence from GEM+ENO1 treatment in the mouse model showed antibody and 

cellular response to another TAA aside from ENO1. The positive correlation between survival and 

the increased antibody response to G3P and K2C8 suggest the utility to boost or induce an immune 

response to PDA-related TAA in patients. TAA-specific antibody production could be stimulated or 

potentiated through CT, and the interaction with PDA cells can induce a stronger CDC, as the study 

of Mandili et al. demonstrated. Future immunotherapy based on the TAA vaccination may also 

synergize with CT to render the antibodies an effective tool against tumor cells. 

The combination of CT with ENO1 vaccination elicited a strong anti-tumor activity in KC mice, 

although seemed to be much more effective in reducing PanIN lesions rather than invasive PDA. 

However, vaccines against multiple TAA plus CT have yet to be studied in mouse models, maybe 

exploiting also combinatorial treatments to potentiate the effectiveness against advanced PDA. 

The pivotal role of CD4+ T cells in the PDA model is shown by the depletion of CD4+ T cells in 

untreated mice which led to overly aggressive growth of tumors. While some reports showed that 

effective tumor immunity can occur in the absence of CD4+ T cells, most indicated that CD4+ T cells 

are important for generating tumor specific CD8+ T cells. Indeed, most of the identified TAA were 

intracellular and loaded onto HLA-II by APC after phagocytosis of dying PDA cells exposed to CT. 

Generation of CD4+ T cells specific for TAA favors the production of specific IgG by B cells (and favors 

CDC) and the generation of CTL by CD8+ T cells.  

In PDA patients CT increased TAA-induced Teff responses, supporting the idea that despite the 

tumor stage selected patients could benefit from a combined therapy of CT and TAA vaccination, 

since the study of Mandili et al. showed the presence of T cells responsive to TAA in the patients’ 

peripheral blood mainly after CT. The evaluation of TAA-specific TIL remains an interesting feature 

to investigate. However, the immunosuppressed PDA microenvironment and the typical 

consequent T cell exhaustion play a role in immune resistance. Indeed, not in all the patients was 

observed an effector response to a specific antigen, for this reason a multiple targeting approach 

could be considered developing a vaccine toward more than one TAA. 

 

Data from a second cohort of PDA patients indicated that CT did not significantly alter the 

proliferative response of TAA-stimulated PBMC, but high production of IFN- in response to TAA was 
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better induced after CT. A proliferative response to at least one TAA was observed for all patients, 

considering the four conditions in which PBMC were tested (before CT, after CT, +/-ICB), suggesting 

that the studied TAA could be considered as potential vaccine targets for many PDA patients at some 

point of their therapeutic path. Of note, only patients that recognized more TAA after CT had a 

better survival. This evidence could underline an effective implication of CT-dependent immune 

response against TAA in slowing tumor progression. 

Evaluation of the IFN- production following TAA stimulation gives a better understanding of the 

TAA-specific effector response compared to proliferation alone. Of note, the prevalence of IFN- 

high responses showed a low proliferative response, suggesting the possible memory phenotype of 

those T cells. Evidence from literature showed that CD8+ T memory cells rapidly produced cytokines, 

such as IFN-, following TCR stimulation [45], and they could have a lower proliferation rate than 

Teff that will be derived from their progeny [46]. The presence of circulating T memory cells were 

found also in PDA patients [47]. 

As opposed to CT, ICB reduced the high proliferative and high IFN- responses in PDA patients both 

before and after CT, suggesting that it suppresses T cell activation. The same trend was observed in 

healthy subjects, also if the high responses were underrepresented compared to PDA patients. 

However, ICB increased the number of recognized TAA in some PDA patients but not in healthy 

subjects, whose PBMC are generally not in an exhausted state. The evaluation of IFN- production 

indicated a negative ICB effect before CT, as the null responses increased, while the group of low 

responses was reduced, suggesting that exhausted lymphocytes characterized by weak IFN- 

production were not rescued by the addition of ICB. It must be considered that the effect of the ICB 

was studied only in vitro, and we cannot rule out that treating patients with ICB in combination with 

CT prior to a multiple TAA vaccination, may affect the tumor progression. Anyway, the addition of 

ICB did not favor a proliferative expansion, but on the contrary decreased the number of highly 

proliferative and effector responses both before and after CT; this suggests that in PDA patients’ 

peripheral blood the expected effect of the ICB, in rescue the T cell response from 

immunosuppressive mechanisms, is not possible to achieve. 

The inefficacy of ICB could be due to molecular expression signature of T cells since the addition of 

ICB occurred in vitro, thus outside the typical immunosuppressive state of PDA tumor 

microenvironment. The function of ICB in tumor immunotherapy is based on the higher expression 

of immune checkpoint molecules, such as PD1 and CTLA4, in T cells. The previous observations could 
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suggest that peripheral T cells from PDA patients did not express PD1 or CTLA4 molecules, as 

expected from healthy subjects, since generally in both groups ICB failed to raise a relevant 

proliferative and effector response. So far data on the expression of PD1 or CTLA1 have been 

reported only in immune cells infiltrating the tumor but not in the peripheral blood of PDA patients. 

However, data from non-small-cell lung cancer and breast cancer showed higher expression of PD1 

also in peripheral T cells in cancer patients compared to healthy donors [48,49]. 

Of note, recent evidence showed that other molecules play a central role, more relevant that PD1, 

in establishing T cell exhaustion, such as TCF-1, which supports the exhausted T cell precursor 

development by antagonizing Teff-like cell differentiation through multiple transcription factors 

[50]. The comprehension of active immune checkpoint signaling, together with novel involved 

transcription factor, in PDA patients’ peripheral T cells is an interesting field to investigate; thus, 

PBMC gene expression analysis through mRNA next generation sequencing (NGS) is currently in 

progress in a subset of PDA patients before and after CT.  

The analysis of IL-10 production was added to IFN-, to allow a view of the immunological tone of 

the immune response, which can be mainly effector (prevalence of IFN-) or regulatory (prevalence 

of IL-10). Despite ICB did not induce a relevant effector response, the adding of ICB (mainly after CT) 

could moderate the intensity of regulatory response via the impairment of IL-10 production. These 

observations suggest a potential role of ICB in affecting Treg functions, which should be deepened. 

Three groups of responses have been clustered on the base of the greater effector response: before 

CT, after CT and under no circumstances. This clustering highlights the possibility to stratify patients 

in subgroups with similar characteristics for the major number of TAA. In some PDA patients TAA-

specific T cells showed up a strong effector phenotype already at the diagnosis, which was 

subsequently lost suggesting their exhaustive state. However, the exhaustion may be due to a 

molecular pathway different from PD1 and CTLA4, since the adding of ICB did not generally 

potentiate the effector response. Other PDA patients instead benefited from CT (in some cases also 

with the in vitro addition of ICB) which recovered or boosted the effector response of TAA-specific 

not exhausted T cells. This observation corroborates the previous results on the effect of CT in 

shaping the immune system of PDA patients in response to TAA. However, several patients cannot 

even receive a proper CT treatment due their clinical poor condition and multiple combined 

treatments need to be fine-tuned for these patients. 
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Finally, CT reprogrammed the pattern of ENO1-specific T cell clones, in some patients only before 

CT the PBMC maintained the ability to significantly expand ENO1-specific clonotypes. These data 

support the previous observations in which before CT patients showed TAA-specific T cells, that lost 

the ability to be activated after CT due to their state of exhaustion. By contrast, after CT other 

different ENO1-specific clonotypes appeared expanded, pointing out the CT effect in unleashed the 

activation of certain TAA-specific T lymphocytes. However, molecular expression profiles of before 

or after CT-related clones need to be further studied. 

 

In conclusion, the profiling of immune response in patients with pancreatic cancer, together 

with the preclinical mouse model validations, provide a proof-of-concept that multiple TAA 

vaccination is a cornerstone for novel precision PDA treatments and its anti-tumor efficacy can be 

increased by the combination of DNA vaccine and specific pharmacological approaches such as CT. 
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Abbreviation list 
PDA: Pancreatic Ductal Adenocarcinoma 
CT: Chemotherapy 
GEM: Gemcitabine 
TME: Tumor Microenviroment 
ECM: Extracellular Matrix 
TAM: Tumor-Associated Macrophages 
MDSC: Myeloid-Derived Suppressor Cells 
Treg: Regulatory T Cells 
Teff: Effector T Cells 
SERPA: SERological Proteome Analysis 
TAA: Tumor-Associated Antigens 
PBMC: Peripheral Blood Mononuclear Cells 
TIL: Infiltrating-Tumor T Cells 
Th1: T helper1 cells 
Th17: T helper 17 cells 
TCRB: T cell receptor Vβ chains 
CDC: Complement-Dependent Cytotoxicity 
VN: Vitronectin 
ROS: Reactive Oxygen Species 
DAMP: damage-associated molecular patterns 
APC: antigen presenting cells 
ICB: Immune Checkpoint Blockade 
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