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 Finally, in this thesis the unpublished data are presented and discussed, which describe the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



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-



activated peripheral T cells secreting IFN-y [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 helperl (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 VB 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 Thl 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 |
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



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 Thl 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, TNFa and IFN-y
cytokines. Yellow circles and cylinders indicate the complement system and the membrane attack complex, respectively,
involved in the CDC. Circles represent cytokines.



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
mADb-treated MDSC increased IFN-y and IL-17 secretion and decreased IL-10 and TGFp 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-y 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.



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 | 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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Abstract

Background: We have previously shown that in pancreatic ductal adenocarcinoma (PDA) cells, the glycolytic enzyme
alpha-enolase (ENOT1) also acts as a plasminogen receptor and promotes invasion and metastasis formation. Moreover,
ENO1 silencing in PDA cells induces oxidative stress, senescence and profoundly modifies PDA cell metabolism.
Although anti-ENO1 antibody inhibits PDA cell migration and invasion, little is known about the role of ENO1
in regulating cell-cell and cell-matrix contacts. We therefore investigated the effect of ENO1 silencing on the
modulation of cell morphology, adhesion to matrix substrates, cell invasiveness, and metastatic ability.

Methods: The membrane and cytoskeleton modifications that occurred in ENO1-silenced (shENO1) PDA cells
were investigated by a combination of confocal microscopy and atomic force microscopy (AFM). The effect of
ENOT silencing was then evaluated by phenotypic and functional experiments to identify the role of ENO1 in
adhesion, migration, and invasion, as well as in senescence and apoptosis. The experimental results were then
validated in a mouse model.

Results: We observed a significant increase in the roughness of the cell membrane due to ENO1 silencing, a
feature associated with an impaired ability to migrate and invade, along with a significant downregulation of
proteins involved in cell-cell and cell-matrix adhesion, including alpha v/beta 3 integrin in shENO1 PDA cells.
These changes impaired the ability of ShENO1 cells to adhere to Collagen | and IV and Fibronectin and caused
an increase in RGD-independent adhesion to vitronectin (VN) via urokinase plasminogen activator receptor (UPAR).
Binding of UPAR to VN triggers integrin-mediated signals, which result in ERK1-2 and RAC activation, accumulation of
ROS, and senescence. In shENO1 cancer cells, the use of an anti-uPAR antibody caused significant reduction of ROS
production and senescence. Overall, a decrease of in vitro and in vivo cell migration and invasion of ShENO1 PDA cells
was observed.

Conclusion: These data demonstrate that ENO1 promotes PDA survival, migration, and metastasis through cooperation
with integrins and uPAR.

Keywords: Pancreatic cancer, ENO1, Integrin, Atomic force microscopy, Invasion
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Background

Pancreatic ductal adenocarcinoma (PDA) is one of the
most lethal forms of cancer with a 5-year survival rate of
less than 8% [1]. No early detection tests are currently
available and, as a result, most patients (80-85%) are not
diagnosed until late-stages of the disease, when the
cancer has metastasized to other organs [2—4]. In recent
years, many proteins have been proposed as new im-
munological and molecular targets for PDA [5-7] and
among these, one of the most promising is alpha-enolase
(ENO1) [8].

In PDA and other tumors, ENO1 has a multifunctional
role depending on its localization [8, 9]. In addition to its
well-known enzymatic function during glycolysis, ENO1
acts as a plasminogen receptor on the cell surface [8, 10]
promoting metastatic cancer invasion [11-15]. We have
previously demonstrated that the injection of adenovirus
expressing ¢cDNA coding for monoclonal antibody that
block the binding of ENO1 with plasminogen-inhibited me-
tastases formation of PDA cells in vivo [12]. Many meta-
bolic enzymes, including ENOI, are known to interact with
cytoskeletal proteins (e.g., F-actin, tubulin), and these asso-
ciations provide ATP to promote the migration of tumor
cells [16, 17]. Although the roles of ENOL1 as a glycolytic
enzyme [18, 19] and as a plasminogen receptor [12, 20]
have been well characterized, its role in the regulation of
cytoskeleton reorganization, particularly in PDA cells, has
not been fully clarified. Integrins regulate adhesion-
dependent growth and invasion of tumor cells and the
integrin alpha v/beta 3 has been reported as a mediator of
anchorage independence [21], and its expression has been
associated with an aggressive form of disease in different
human tumors including PDA [22-27]. In this study, we
employed biochemical and functional approaches to inves-
tigate molecules involved in cell adhesion and migration of
ENO1-silenced (shENO1) PDA cells. AFM (atomic force
microscopy) was employed to investigate the nanostruc-
tural properties of ShENO1 PDA cells. In addition, as cell
adhesion, survival and migration are dependent on integrin
binding to the extracellular matrix (ECM), and subsequent
signals, the roles of alpha V/beta 3 and alpha 5/beta
1 integrins, as well as uPAR (an ECM receptor) were
evaluated in shENO1 PDA cells. Moreover, the impact
of ENOL1 silencing in the in vitro and in vivo invasion
and spreading of PDA cells was evaluated. Results
from this study indicated that ENO1, by cooperating
with integrins and uPAR, is a key regulator of cell
survival, adhesion, and motility in PDA.

Methods

Cell culture

Human pancreatic cancer cell lines used were: CFPAC-1
(from ECACC), PT45, and T3M4. Cell lines were cul-
tured in DMEM (Lonza, Milan, Italy) supplemented with
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10% FBS (Lonza), L-Glutamine (GE Healthcare, Milan,
Italy) and 50 pg/ml of gentamicin (Gentalyn 40 mg/ml,
Essex Italia, Segrate, MI, Italy) at 37 °C in a 5% CO,
atmosphere. Cells were detached using a 1 mM EDTA
solution in phosphate-buffered saline (PBS).

Silencing of ENO1 in PDA cell lines
ENOL1 was silenced in PDA cell lines using a short hair-
pin RNA (shRNA), as previously described [12].

Quantitative PCR

Total RNA was extracted using the RNeasy Mini kit
(Qiagen, Milan, Italy) and reverse transcription was per-
formed from 1 pg of total RNA using the iScript cDNA
synthesis kit (BioRad, Segrate, MI, Italy), according to
the manufacturer’s instructions. Quantitative RT-PCR
was performed using SYBR Green dye (Life Technolo-
gies, Monza, Italy) on a Thermal iCycler (BioRad). PCR
reactions were performed in triplicate, and the relative
amount of cDNA was calculated by the comparative
CT method using B-actin RNA sequences as a con-
trol. Data are represented as mean + SEM (standard
error of the mean) of three independent experiments.
Oligonucleotide primer sequences for Sybr Green
qRT-PCR are in the Supplementary Materials and
Methods (Additional file 1: Table S1).

CAT microscopy

Images of PDA cells were acquired by using CAT (con-
focal-atomic force-total internal reflection fluorescence)
microscopy, which is a combination of an advanced
scanning probe microscope (Bioscope Catalyst, Bruker
Inc. USA), a confocal microscope (LSM 700, Zeiss
Germany), and a total internal reflection fluorescence
microscope (Laser TIRF 3, Zeiss). These devices were
mounted on an inverted microscope (Zeiss ObserverZ1,
Zeiss). In this study, CAT was used to evaluate topog-
raphy on living cell surfaces through AFM and
internal organization of fibers into cytoskeleton by
confocal LSM.

AFM imaging

For topography acquisition, cells were cultured in plastic
Petri dishes (Corning by Sigma-Aldrich), as previously
described, and were left to grow until 70-80% confluent.
Immediately before performing measurements, cells
were washed with PBS solution and the medium was re-
placed with 5 ml of Lebovitz culture medium (L15,
Sigma-Aldrich). Topographic and deflection images were
acquired on living cells for up to 2 h in contact mode, as
previously described [28]. By using V-shaped silicon ni-
tride cantilevers (MSNL-10 VEECO, USA), probes were
chosen on the basis of a low range of elastic constant
value (nominal constants from 0.01 to 0.03 N*nm™).
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Topographic images were acquired at high resolution
(512%512 points*line) on a 50*50 pm? area, and were
used to calculate the roughness values using the Nano-
scope Analysis Software. Prior to calculating the rough-
ness, all images were firstly treated with a second order
planefit, then with a second order flattening for deleting
every bow and minimizing sample three-dimensionality
effects. The roughness was evaluated on 25 areas of
1 um*1 pm, separately acquired on nuclear regions and
cytoplasmatic regions. The mean value and its standard
deviation were obtained in this way.

Confocal microscopy

For the confocal microscopy study, sS\ACTRL and shENO1
cells were seeded at 4 x 10* cells/chamber well and were in-
cubated at 37 °C in a humidified 5% CO, atmosphere. After
24 h, the medium was removed, and cells were washed
three times with PBS. Finally, cells were fixed with 4% para-
formaldehyde in PBS for 20 min at room temperature and
permeabilized with 0.1%Triton X-100 in PBS for 5 min at
room temperature. Cells were incubated with anti-ENO1
mAb at a dilution of 1:1000, followed by an Alexa Fluor
488-conjugated goat anti-mouse IgG (H+L) (Life Tech-
nologies) at a dilution of 1:250, each for 1 h at room
temperature. For actin staining, Phalloidin—Tetramethylr-
hodamine B isothiocyanate (TRITC) (Sigma-Aldrich) was
used at a dilution of 1:1000 for 30 min at room
temperature. Cells were then washed with PBS, and sam-
ples were covered with a glass slide using Fluoroshiel with
DAPI (Sigma-Aldrich) as a mounting medium. DAPI was
used for nucleus staining. Samples were kept at 4 °C in the
dark until microscopic examination. Confocal acquisitions
were performed by using a 100x, 1.46 numerical aperture
oil immersion objective. Laser beams with 405, 488, and
555 nm excitation wavelengths were used to detect the blue
fluorescence from DAPI, green fluorescence from
AlexaFluo 488, and red fluorescence from TRITC, re-
spectively. Finally, confocal data files were processed
using ZEN software (Zeiss).

Adhesion assay

For cell attachment to matrix assays, Vitronectin, Fibro-
nectin, Collagen I, and IV (all from Sigma-Aldrich) were
diluted to 10 pg/ml in PBS and adsorbed onto 96-well
dishes at 4 °C overnight and then blocked for 2 h at 37 °
C with 2% BSA in PBS. Wells were then washed three
times with PBS before adding cells. PDA cells, either
shCTRL or shENOI, were harvested, centrifuged briefly,
then resuspended at a density of 5x10* cells/ml in
DMEM with 2% FBS. Cells were then seeded onto the
coated wells and allowed to adhere for 1 h at 37 °C in
the presence or absence of anti-human CD61 (beta3
integrin-Santa Cruz Biotechnology) at a concentration of
10 pg/ml. Non-adherent cells were removed by rinsing
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with PBS three times. Cells were then fixed with 2% glu-
taraldehyde (Sigma-Aldrich) in PBS for 20 min and
stained with crystal violet (Sigma-Aldrich). Stained cells
were washed with PBS, and the dye was solubilized with
10% acetic acid (Sigma-Aldrich) for 5 min on a rocker.
Attachment was quantified by measuring the absorbance
at 570 nm.

Western blot analyses

PDA cells were harvested, lysed, resolved, and trans-
ferred to nitrocellulose membranes, as previously
described [29]. Membranes were incubated overnight at
4 °C with the following antibodies (all diluted in TTBS
with 5% BSA): mouse anti-human integrin alpha v
(1:500, clone L230 made in-house), mouse anti-human
FAK (1:1000, made in-house), mouse anti-human integ-
rin alpha 5 and rabbit anti-human Src (both at 1:1000,
Santa Cruz Biotechnology by D.B.A. Italia, Segrate, MI,
Italy), mouse anti-human integrin beta 1 (1:500, BD Bio-
science, Buccinasco, MI, Italy), mouse anti-human
RACI (1:1000 Millipore by D.B.A Segrate, MI, Italy),
rabbit anti-human ERK1-2 (1:500, GeneTex by Prodotti
Gianni, Milan, Italy); rabbit anti-human integrin beta 3,
rabbit anti-human uPAR, rabbit anti-human phospho
ERK1-2, rabbit anti-human Paxillin, rabbit anti-human
phospho Paxillin, rabbit anti-human phospho FAK, rabbit
anti-human p38MAPK, rabbit anti-human phospho
p38MAPK and rabbit anti-human phospho Src (all
1:1000, Cell Signaling Technology by EuroClone, Pero,
ML, Italy).The mouse anti-human ENO1 (clone 72/1 [30])
and rabbit anti-human beta-actin antibody (Sigma Al-
drich, Milan, Italy), both at a dilution of 1:2000 in T'TBS,
were incubated for 1 h at room temperature. Membranes
were then washed with TTBS and probed for 1 h at room
temperature with an HRP-conjugated anti-mouse IgG
(Santa Cruz Biotechnology) or an HRP-conjugated goat
anti-rabbit IgG secondary antibody (Sigma Aldrich), ac-
cordingly, at a dilution of 1:2000. Immunodetection was
carried out by enhanced chemiluminescence using ECL
PLUS (GE Healthcare).

Flow cytometric analysis

A total of 1x10° cells were incubated with primary
antibody: mouse IgG1 anti-human CD51/61 (alpha v/
beta 3 integrin, BD, Milan, Italy), mouse IgG2a anti-
human CD41/61 (alpha IIb/beta 3 integrin, BioLegend
by Campoverde, Milan, Italy), mouse IgG1 anti-human
betal integrin (Santa Cruz Biotechnology) or an
isotype-matched negative control IgG1 or IgG2a anti-
body (Ab) accordingly (Dako, Milan, Italy), all at doses
of 10 pg/ml for 30 min at 4 °C. After incubation with
primary Abs, cells were then incubated with a secondary
APC goat anti-mouse IgG Ab (BioLegend) for 20 min at
4 °C. Following this, cells were resuspended in PBS,
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acquired with a BD Accuri C6 Flow Cytometer (BD) and
analyzed using FlowJo 7.5 software.

RAC GTPase activation assay

To perform the RAC assay, cells were washed twice on
ice with PBS and then lysed in 50 mM Tris, 150 mM
NaCl, 1% NP40, 10% glycerol, 10 Mm MgCl,, and
10 pg/ml each of leupeptin, pepstatin, and aprotinin.
Equal amounts of cell extracts were incubated at 4 °C
for 1 h with glutathione-coupled Sepharose 4B beads
(GE Healthcare) bound to recombinant GST-PAK CRIB
domain. Bound proteins were eluted in 2x Laemmli-
reducing sample buffer and immunoblotted for RACI.

ROS measurement

PDA cells were cultured for 24 h in presence or absence
of 10 pg/ml anti-uPAR antibody (clone 3C6, Sigma-
Aldrich). ROS measurement was performed as previ-
ously described [19].

Analysis of SA-B-galactosidase activity

For the senescence assay on extracellular matrices, vitro-
nectin, and collagen I (from Sigma-Aldrich) were coated
onto 96-well dishes, as described above. 3 x 10* cells/
well PDA cells, plus either shCTRL or shENOI1, were
plated onto coated wells for 72 h in presence or absence
of 10 pg/ml anti-uPAR antibody (clone 3C6, Sigma-
Aldrich). Images were taken at microscope with x10
objective. The SA-B-galactosidase activity was analyzed
as previously described [19].

Apoptosis assay

PDA cells were cultured for 48 h in presence or absence
of 10 pg/ml anti-uPAR antibody (clone 3C6, Sigma-
Aldrich), and apoptotic cells were analyzed using
Annexin V Apoptosis Detection Kits (eBioscience by
Prodotti Gianni, Milan, Italy).

Scratch wound healing assay

PDA cells (1x105), plus either shCTRL or shENO1, were
seeded into each well of ibidi Culture-Inserts (Ibidi by
Giemme, Milan, Italy) and grown to confluence. After
12 h, a cell-free gap of about 500 um was created after
removing the Culture-Insert, and cells were washed
twice with serum-free medium to remove any floating
cells. Cells which had migrated into the wounded area
or protruded from the border of the wound were visual-
ized and photographed under an inverted microscope at
each time point over a period of 24 h.

In vitro chemo-invasion assay

The invasive potential of the PDA cell lines was deter-
mined using a modified two-chamber invasion assay, as
previously described [12].
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In vivo experiments

ShCTRL or shENO1 CFPAC-1 cell lines were harvested,
washed three times, and resuspended in PBS. NOD-
SCID IL2Rgamma™" (NSG) mice (provided by the
animal facility of the Molecular Biotechnology Center,
University of Turin, Italy) were injected into the tail vein
(i.v.) with 1x10° PDA cells (in 0.1 ml PBS). After 28 days,
mice were euthanized, necropsied, and examined for the
presence of tumor masses. For the in vivo experiments,
five mice were used in each group.

Tissue samples and histopathology

Tumor masses and main organs of mice were fixed in
4% (v/v) neutral-buffered formalin (Sigma-Aldrich) over-
night, transferred to 70% ethanol, followed by paraffin-
embedding. For histological analysis, 5-um formalin-
fixed paraffin-embedded tissue sections were cut and
stained with hematoxylin-eosin. Tumor/normal tissue
ratios were evaluated with Image] software.

Statistical analysis

The Student’s ¢ test (GraphPad Prism 5 Software, San
Diego, CA) was used to evaluate statistically significant
differences in in vitro and in vivo tests. Values were
expressed as mean + SEM.

Results

Altered expression of adhesion and cytoskeletal proteins
in shENO1 PDA cells

The CFPAC-1 PDA cell line was silenced with a lenti-
virus that delivered a short hairpin RNA targeting ENO1
3'UTR (shENOL1), or a scrambled shRNA (shCTRL) as a
control [12]. Previous LC-MS/MS semi-quantitative
proteomic analysis using LTQ-Orbitrap on shENO1
CFPAC-1 cells showed significant alterations in the
expression of 17 proteins involved in cell adhesion and
cytoskeleton organization [19]. Four of these proteins
[actin related protein 2/3 complex subunit 4 isoform a
(ARPC4), capping protein actin filament muscle Z-line
alpha 2 (CAPZA2), secreted phosphoprotein 1 isoform a
(SPP1 also named Osteopontin), and breast cancer anti-
estrogen resistance 1 (BCARI also named pl30cas)]
were upregulated, and 13 [AHNAK nucleoprotein iso-
form 1 (AHNAK), anterior gradient protein 2 (AGR2),
catenin, delta 1 isoform 1ABC (CTNND1), hypothetical
protein LOC64855 isoform 2 (MINERVA), Galectin 3
(LGALS3), catenin alpha 1 (CTNNA1), integrin alpha v
isoform 1 precursor (ITGAV), Galectin 4 (LGALS4),
Golgi apparatus protein 1 isoform 1 (GLG1), mucin 5AC
(MUC5AC), serine or cysteine proteinase inhibitor clade
B ovalbumin member 5 (SERPINb5), PDZ and LIM do-
main 1 (PDLIM1), and cysteine-rich protein 1 intestinal
(CRIP1)] were downregulated [19].
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Herein, we studied whether the previously observed
protein modulation also occurred at the RNA level.
Quantitative real-time PCR analysis in shENO1 CFPAC-
1 cells indicated that, of the four upregulated proteins,
only BCAR1 (p130cas) showed a significant increase in
mRNA expression, while the other three proteins had
unchanged mRNA expression (Fig. 1). Among the 13
proteins that were downregulated after ENO1 silencing,
the expression of mRNA was significantly reduced in
nine of them, namely, AGR2, MINERVA, LGALS3,
CTNNA1, ITGAV, LGALS4, SERPINSb5, PDLM1, and
CRIP1. The mRNA expression was unchanged in three
of the remaining four proteins (AHNAH, CTNNDI, and
GLG1) or was upregulated (MUC5AC) (Fig. 1).

Morphological and nanostructural modifications in
shENO1 PDA cells

Semi-quantitative proteomic and mRNA expression ana-
lysis of PDA cells concordantly revealed downregulation
of nine cell-ECM adhesion-related proteins after ENO1
silencing (Ref. [19] and Fig. 1), and we therefore investi-
gated the impact of ENO1 silencing on the actin cyto-
skeleton organization and morphology, by confocal
analysis. The majority of ENO1 protein (green fluores-
cence) in shCTRL cells is localized to the cytoplasm
(Fig. 2a left panels), while after ENOL1 silencing, green
fluorescence was lost, as expected (Fig. 2a right panels).
Analyzing actin organization (red fluorescence) showed
a loss of fluorescence close to the cell membrane in
shENOL1 cells, with a concomitant increase of cytoplas-
mic actin with a perinuclear accumulation. Additional
experiments performed with lower cell confluence and
with images taken at the level of the apical surface
showed that shCTRL cells possess well-defined actin
filaments (red fluorescence Fig. 2b upper panel), while
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Fig. 1 mRNA expression of modulated proteins in CFPAC-1 shENO1
cells. Using real-time PCR, mRNA expression of different proteins was
investigated in CFPAC-1 shENOT1 cells. Values are expressed as
relative expression compared to control cells. A representative of
three independent experiments is shown. Data are mean + SEM.
*p < 0.05, **p < 0.01, ***p < 0.001 relative to control cells
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shENOIL cells showed a loss of cytoskeleton organization
and orientation (red fluorescence Fig. 2b lower panel).
These confocal microscopy results were then combined
with cell surface analysis in atomic force microscopy
(AFM). Three-dimensional AFM highlighted that cell-
cell junctions were impaired in shENO1 cells (Fig. 2c
lower panels) compared to shCTRL cells (Fig. 2c upper
panels). The 2-D AFM analysis of the cell surface
showed that shCTRL cells had a smooth and intact cell
surface and cell membrane ultrastructural components
were uniformly distributed (Fig. 2d upper panels). By
contrast, shENO1 cells displayed an altered surface
morphology with more evident membrane ultrastructure
(Fig. 2d lower panels). Quantification of the nanostruc-
tural parameters revealed an increase in the cell surface
roughness (Fig. 2e) of shENO1 cells, in line with the
modification of the expression of proteins involved in
the remodeling of the cytoskeleton and adhesion (Ref.
[19] and Fig. 1).

shENO1 PDA cells display reduced adhesion to
fibronectin and collagens and increased adhesion to
vitronectin

As we showed that the proteins involved in ECM cell
adhesion were downregulated in shENO1 cells, we evalu-
ated the adhesive ability of shCTRL or shENO1 PDA cells
on fibronectin (FN), collagen I (Col-I), collagen IV (Col-
IV), and vitronectin (VN). Compared to shCTRL cells,
shENO1 PDA cells (CFPAC-1, PT45 and T3M4) showed a
significantly lower adhesion to FN, Col-1, and Col-1V, and a
greater adhesion to VN (Fig. 3 and Additional file 1: Figure
Sla-b). We then evaluated the expression levels of alpha 5/
beta 1 and alpha v/beta 3 complexes, the integrins most
involved in binding on these extracellular matrices, in
shCTRL and shENO1 cells. Alpha 5 integrin was strongly
upregulated by shENO1, both at the mRNA (Fig. 4a) and
protein levels (Fig. 4b), while the mRNA, protein, and cell
surface levels of beta 1 were unchanged (Fig. 4a—c). mRNA
and protein levels of alpha v and beta 3 integrins were de-
creased by shENOL1 (Fig. 1, Fig. 4a and b, respectively).
Consistently, the surface expression of the complex alpha
v/beta 3, evaluated by a specific Ab that recognized the
whole complex, was decreased on ShENOL1 cells compared
to control cells (Fig. 4c). To identify the mechanism
involved in the increased VN adhesion mediated by ENO1
silencing, we also analyzed the expression of the other VN
receptor alpha IIb/beta 3 integrin. However, no surface ex-
pression of this complex was detected in either shENO1 or
control cells (Fig. 4c). To understand the involvement of
beta 3 integrin in the adhesion to VN, a specific anti-beta 3
Ab was employed. In beta 3-expressing shCTRL cells, the
anti-beta 3 Ab significantly decreased the adhesion to VN,
while in shENOL1 cells that did not express beta 3, it had no
effect (Fig. 4d). The increase in adhesion to VN in shENO1
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Fig. 2 Morphological analysis and roughness measurements of shENO1 cells. a shCTRL and ShENO1 CFPAC-1 cells stained for nuclei (DAPI, blue fluorescence),
actin (Phalloidin-TRITC, red fluorescence), and ENO1 (anti-ENO1 mAb followed by anti-mouse FITC, green fluorescence). Panels represent images taken at the
level of nuclei. b Images taken at the level of the cell surface. ¢ Three-dimensional topographic images of shCTRL and shENO1 CFPAC-1 performed through
the AFM technique (three representative images for each group) (scan size: 50 um; Z scale 4 um). d Topographic images of shCTRL and shENO1 CFPAC-1
performed through the AFM technique. Left panels: height parameter; central panels: deflection parameter; right panels: magnification of deflection
panel. e Histograms represent roughness analysis. A representative of three independent experiments is shown. Data are mean + SEM. ***p < 0.001
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cells with a concomitantly reduced expression of the major
integrins usually involved in its binding suggested the in-
volvement of other receptors. As uPAR binds VN through
the Somatomedin B (SMB) domain [31, 32], its expression
in shENOL1 cells was evaluated. Quantitative PCR (Fig. 4a)
and western blot (Fig. 4b) analysis showed that uPAR ex-
pression was markedly increased in shENO1 cells. These
data indicated that the lack of ENO1 caused a decrease in
the expression of the main integrins affecting cell adhesion.
However, ShENOL1 cells maintained the ability to bind VN
by upregulating uPAR.

Analysis of signaling pathways in shENO1 PDA cells

It is known that uPAR, despite lacking a cytosolic
domain, activates an intracellular signaling pathway
through the interaction with beta 1 and beta 3 integrins,
independently of their interaction with VN [33-35]. As
beta 1 expression was unchanged at the cell surface
of shENOL1 cells (Fig. 4 b—c), and it can trigger acti-
vation of the ERK1-2/RAC pathway [33, 36], the ef-
fect of ENOL silencing on this pathway was analyzed.
Western blot analysis revealed a strong increase in
activation of both ERK1-2 (Fig. 5a) and RAC (Fig. 5b)

16
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1 h on fibronectin (a), collagen | (b), collagen IV (c), and vitronectin (d). Adherent cells were fixed with 2% glutaraldehyde in PBS and visualized
by staining with crystal violet. For quantitative analysis, cells were treated with 10% acetic acid and elutes were read with a microplate reader at a
wavelength of 570 nm. Results are expressed as AOD (optical density) units = (OD substrate adherent cells)-(OD plastic adherent cells). A representative
of three independent experiments is shown. Data are mean + SEM. **p < 0.01, ***p < 0.001 relative to control cells
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Fig. 5 Analysis of uPAR/integrins pathways. Western blot analysis on total lysates of ShENO1 and shCTRL CFPAC-1 cells was carried out to investigate
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total AKT, (f) phospho- and total FAK and (g) phospho- and total Paxillin. Histograms represent the ratios between the phosphorylated and total form
of each protein. A representative of three independent experiments is shown

in shENO1 cells compared to control cells. To better
clarify the effect of ENOI1 silencing on integrin-
dependent signaling cascades, other key proteins such
as the Src, p38MAPK, AKT, FAK, and Paxillin were
evaluated. In ENO1-silenced CFPAC-1 cells, the phos-
phorylation of Src was increased (Fig. 5c) whereas
phosphorylation of p38MAPK were downregulated
(Fig. 5d). No significant difference was observed in
AKT, FAK, and Paxillin (Pax) phosphorylation
(Fig. 5e—g). Thus, ENOL1 silencing increases Src acti-
vation supporting downstream signals via ERKI1-2/
RAC signaling.

uPAR blockade in shENO1 cells causes a reduction of ROS
and inhibition of cell senescence

Our previous work demonstrated that ENO1 silencing
increased reactive oxygen species (ROS) mainly gener-
ated through the sorbitol and NADPH oxidase pathways,
which affect cancer cell growth and induce senescence
[19]. As ERK1-2/RAC activation leads to an increase of
ROS and senescence [37], we investigated if uPAR is also
involved in these phenomena. ROS were analyzed by
measuring intracellular 5-(and-6)-chloromethyl- 2',7'-
dichorodihydro-fluorescein diacetate (DCFDA) fluores-
cence. Treatment with the anti-uPAR antibody blocked

18
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the binding of uPAR to beta 1 integrin and specifically
reduced the production of ROS in shENOL1 cells, but not
in shCTRL control cells (Fig. 6a).

As uPAR directly binds vitronectin, we observed that
the anti-uPAR blocking antibody inhibited senescence of
shENO1 cells plated on vitronectin (Fig. 6b upper
panel), but not that of sShENOL1 cells plated on collagen I
(Fig. 6b lower panel) suggesting that the senescence can
be induced by VN/uPAR downstream effects. The anti-
uPAR blocking antibody slightly increased the apoptosis
of ShENO1 PDA cells (Annexin V positive cells Fig. 6¢).

ENO1 silencing impairs in vitro and in vivo PDA cell
migration and invasion

Considering the cytoskeleton and integrin pathway alter-
ations in shENO1 cells, we investigated their migration
and invasiveness by wound-healing scratch and Matrigel
cell invasion assays, respectively. While control cells re-
sulted in more than 60-80% of the wound being closed at
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15 h, and 100% after 24 h, there was no wound-healing
evident on the shENOL1 cell lines (CFPAC-1, PT45, and
T3M4), even after 24 h (Fig. 7a and Additional file 1:
Figure Slc). Cell invasion through Matrigel also demon-
strated a significantly lower ability of ShENOL1 cell lines to
invade compared to control cells (Fig. 7b and Additional
file 1: Figure S1d).

To assess the effect of ENO1 silencing in metastasis
formation in vivo, sShENO1 or shCTRL CFPAC-1 cells
were injected intravenously into NSG mice. After
28 days following injection, mice were sacrificed and
lungs were excised and checked for the presence of me-
tastasis. Post-mortem observations confirmed that in-
jection with shENO1 cells resulted in a significant
reduction of the tumor area in the lungs compared to
mice injected with control cells (Fig. 7c). These data
confirmed that changes in the adhesion, migration, and
invasion ability observed in vitro in ShENO1 cells
markedly compromised their ability to spread and form
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Fig. 7 ENO1 silencing affects in vitro and in vivo cell migration and
invasion. a Migration ability was evaluated in terms of capacity to
close the wound of shENO1 CFPAC-1 cells compared to shCTRL
control cells. Representative images are shown for each condition. b
Invasive potential of ShENO1 and shCTRL cells were tested through
a Matrigel invasion assay, after 48 h of culture. For quantitative analysis,
invasive cells were fixed, stained with crystal violet, treated with acetic
acid and elutes were read at a wavelength of 570 nm. Results are
expressed as OD. ¢ Lung metastatic area was evaluated after 28 days
from iv. injection of shCTRL or ShENO1 CFPAC-1 cells in the tail vein of
NSG mice. The histogram represents the percentage of metastatic area
compared to the total lung (left panel). Representative images of the
lung are shown for each group of mice (right panels). For the in vivo
experiments, five mice per group were used. A representative of three
independent experiments is shown. Data are mean + SEM. *p < 0.05
relative to control cells

metastasis in vivo, demonstrating that ENO1 may exert
a crucial role in invasion and metastasis.

Discussion

In our previous report, we demonstrated that ENO1 cell
surface expression is important for plasminogen-dependent
invasion, and that targeting of ENO1 with a monoclonal
antibody inhibits the invasiveness of pancreatic cancer cells
[12]. These data correlate well with previous observations
in follicular thyroid carcinoma [38], glioma [13], non-small
cell lung cancer [14], and endometrial cancer [15], again
supporting the emerging role of ENO1 as a promising
target for cancer treatment. However, although blocking
surface ENO1 impaired the ability of PDA cells to migrate
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in vitro and form more metastasis in vivo [12], little is
known about the role of ENO1 in regulating cell-cell and
cell-matrix contacts. Proteomic analysis of silenced ENO1
in PDA cells revealed a profound modification in their
metabolism, which was associated with an increase of
oxidative stress and senescence [19]. In addition, although
silenced PDA cells also displayed alterations in many mole-
cules involved in adhesion, as well as cytoskeletal proteins,
this study aimed to investigate more thoroughly the role of
ENOI1—a multifunctional protein involved in cell-matrix
adhesion, motility and migration, invasion and metastasis
in vivo, as well as in survival and senescence.

By employing a combination of confocal and AFM-
assisted nanostructural approaches, we investigated the
phenotype and morphology of the PDA cells in the pres-
ence and absence of ENOI. Profound morphological
changes in shENO1 PDA cells were observed, due to the
modification of the cytoskeleton organization. Control
cells exhibited smooth topography, while the shENO1
cells displayed a rough surface. The increase in surface
roughness was consistent with the topographical changes
observed with the AFM images. Cell nanostructural
parameters, such as elasticity or roughness, may reflect a
reorganization of the actin cytoskeleton, which in turn
affects cell growth, morphology, cell-cell interactions,
cytoskeleton organization, and interactions with the ECM
[39]. It is known that ENO1 knockdown induces a dra-
matic increase of the sensitivity to microtubule-targeted
drugs (e.g., taxanes and vincristine) in different tumor cell
lines, due to ENO1-tubulin interactions [40], suggesting a
role for ENO1 in modulating the cytoskeletal network.
Consistently, we demonstrated that ENOI critically
contributed to the organization of the actin cytoskeleton.
Indeed, in control cells, actin was organized into filaments
that were mostly distributed close to the cell surface, while
in shENOL1 cells, the organization of the actin filaments
was lacking, and actin prevalently relocalized close to the
nuclei. This actin modification suggested a profound
reorganization of cytoskeleton regulatory proteins, sug-
gesting that ENOL1 silencing reduced the ability of PDA
cells to adhere to ECM and migrate. This is in agreement
with our previous proteomic analysis, which showed that
ENOL1 silencing downregulated many proteins involved in
motility pathways [19].

Consistent with the proteomic data, ShENO1 PDA cells
showed a decreased adhesion to FN and Cols, and a re-
duction in migration and invasion. Of the proteins down-
regulated after ENO1-silencing, we highlight alpha v/beta
3 integrin, a crucial protein involved in spreading and me-
tastasis, the increased expression of which correlates with
a poor clinical outcome in PDA [21-23]. EN is recognized
by either alpha 5/beta 1 or alpha v/beta 3 complexes,
which cooperate in promoting cellular attachment and
spreading [41]. Our data show that ENO silencing
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downregulates alpha v/beta 3 but increases alpha 5/beta 1
expression. Considering that alpha 5/beta 1 determines
adhesion strength through its binding to FN, while alpha
v/beta 3 mediates reinforcement of the adhesion through
its connection with the actin cytoskeleton [42, 43], we
speculate that in ShENO1 cells, while the alpha 5/beta 1
complex begins the adhesion process, there is a reduced
adherence to FN due to the lack of reinforcement signals
controlled by the alpha v/beta 3 complex. Surprisingly,
ENOL1 silencing is also associated with an increase of
adhesion to VN. In cancer, VN interacts with different
members of the integrin family (alpha v/beta 1, alpha v/
beta 3, alpha v/beta 5, and alpha IIb/beta 3) through the
RGD motif [44, 45]. As alpha v and beta 3 subunits were
shown to be downregulated in ShENOL1 cells, none of the
abovementioned complexes can be considered to be re-
sponsible for the increased adhesion of ShENOLI cells to
VN. This suggests that a non-integrin receptor is involved
in the binding of VN. As uPAR binds VN through a
different binding site from that of integrins [34, 46, 47],
we hypothesized that uPAR plays a major role in VN
binding in shENO1 cells.

uPAR expression is elevated in many human cancers, in
which it frequently indicates poor prognosis [48]. uPAR
regulates proteolysis by binding to the extracellular prote-
ase urokinase-type plasminogen activator (uPA) [49] and
also activates many intracellular signaling pathways [50].
Exploiting the above functions, uPAR regulates important
functions such as cell migration, proliferation, and survival,
and thus makes it an attractive therapeutic target in various
different types of cancer [36]. Here, we observed the upreg-
ulation of uPAR in shENOI1 cells, which have a reduced
ability to invade and form metastases, and an increased
senescence, suggesting that uPAR may contribute in a dif-
ferent way in this setting. uPAR, lacks a cytosolic domain,
and thus signals through its association with integrins,
which can also be independent of direct integrin/matrix
interactions, in a ligand-independent manner, to promote
migration [34]. The major downstream uPAR/integrin sig-
naling (especially beta 1 and beta 3) involves the activation
of Src, PIBK/AKT, and MEK/ERK1-2 pathways [50]. In
shENO1 PDA cells we observed the activation of Src. The
effect of increased Src activity in cells is pleiotropic [51]. In
particular, cells with activated Src are characterized by a
loss of actin reorganization and reduced cell-ECM
adhesion [51], phenomena that perfectly match our
observations.

In NSCLC, the downregulation of ENO1 decreased pro-
liferation, migration, and invasion through a FAK-mediated
PI3K/AKT pathway [14]. Clustering of integrins activates
FAK results in the formation of a complex with Src, and
increased phosphorylation of the targets of the FAK-Src
complex, such as paxillin [52]. In pancreatic cancer we did
not observe an altered phosphorylation of FAK and Paxillin
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as well as AKT. Instead, in our study, we observed that
ENOL silencing leads to uPAR overexpression that, in turn,
triggers Src and ERK1-2 activation, concomitantly with an
inactivation of p38MAPK. The activation of ERK1-2 can
promote senescence, in accordance with Cagnol et al. [53].
Conversely, activation of p38MAPK can promote apoptosis
in cancer cells, including pancreatic cancer [54]. We ob-
served that ShENOL1 cells, due to the decrease in phosphor-
ylation of p38MAPK concurrently with ERK1-2 activation,
slightly inhibit PDA cell apoptosis and favor senescence, in
line with our previously reported results [19].

ERK1-2 activation, due to the uPAR-beta 1 integrin inter-
action is required for RAC activation [36, 55-59]. RAC is a
downstream signaling molecule of beta 1 and contributes
to the regulation of actin cytoskeleton dynamics, adhesion,
and migration and induces cellular reactive oxygen species
(ROS) through NAPDH oxidase activation [37]. Expression
of the constitutively active RAC1 mutant induces cell cycle
arrest, apoptosis, and senescence [37]. We have previously
demonstrated that ENOL1 silencing induces ROS, mainly
through the sorbitol and NADPH oxidase pathway and
senescence [19]. Here we demonstrate that, in the absence
of ENOI, the upregulation of uPAR leads to an increased
activation of the ERK1-2/RAC pathway, which contributes
to ROS generation and induces PDA cell senescence, rather
than an invasive phenotype. Moreover, the anti-uPAR anti-
body prevented ROS production and senescence although
PDA cell apoptosis was only slightly promoted. These re-
sults suggest that a combinatory strategy to simultaneously
target ENO1 and uPAR could be effective to inhibit PDA
tumor progression and invasion.

Conclusions

Our study has shown, by in vitro and in vivo experiments,
that ENOL1 silencing can inhibit adhesion, invasion, and
metastasis in PDA cells, due to changes in actin cytoskel-
eton organization, adhesion proteins, and integrin profile
expression. ENO1 silencing had a major impact on the
alpha v/beta 3 integrin, which accounts for the inability of
ENO1-silenced cells to adhere to the ECM matrix and pro-
mote PDA invasion. We have reported that, in the absence
of ENOI, the upregulation of uPAR does not promote an
increase of migration or invasion. These data show that
there is an interplay of ENO1 with integrins and uPAR,
which critically controls PDA progression.

Additional file

Additional file 1: Table S1. Oligonucleotide primer sequences for
SybrGreen qRT-PCR. Figure S1a-d Adhesion, migration and invasion
ability of PT45 and T3M4 shENO1 PDA cells. Adhesive potential of
ShENO1 PT45 (a) and shENO1 T3M4 (b) compared to relative shCTRL
control cells was evaluated by culturing cells for 1 h on FN, Col-l, Col-IV
and VN. Adherent cells were fixed with 2% glutaraldehyde in PBS and
visualized by staining with crystal violet. For quantitative analysis, cells
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were treated with 10% acetic acid and elutes were read with a
microplate reader at a wavelength of 570 nm. Results are expressed as A E
OD (Optical Density) units = (OD substrate adherent cells) — (OD plastic
adherent cells). (c) Migration ability was evaluated in terms of ability to close
the wound with shENO1 PT45 and shENO1 T3M4 cells compared to shCTRL
control cells. Representative images are shown for each condition. (d) Invasive
potential of ShENOT PT45 and shENO1 T3M4 were tested by a Matrigel
invasion assay, after 48 h of culture. For quantitative analysis, invasive cells
were fixed, stained with crystal violet, treated with acetic acid and elutes were
read at a wavelength of 570 nm. Data are mean + SEM of at least three

independent experiments. *p < 0.05, **p < 001, **p < 0001 (DOCX 326 kb)
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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-a
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 (PI13K-a, -3, -8) and class IB (PI3K-y). 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-y 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-y
significantly impaired tumor growth and metastasis by affecting myeloid cell functions (Figure 3),

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

PI13ky inhibitors Trabectedin

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-y 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-
v 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-y, 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 1110 promoter. In presence of Trabectedin in
vitro generated macrophages up-regulated IL-2, IL-12, IL-17 and TNF-a 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-y 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.
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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-f3 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.
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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, TPIl, 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-1a) suppression, protecting cancer cells from apoptosis
and suggesting a feed-forward loop in which HIF-1a 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-1a 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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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
guantity 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 1gG 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 Il
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-y/IL-10 ratio <1), effector
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(IFN-y/IL-10 ratio >1), or null cytokine responses (no production of either IFN-y or IL-10). The TAA-
specific proliferation was evaluated indicating the proliferative response with a Stimulation Index
(S.I.) =2 2; the number of T lymphocyte proliferative responses to selected TAA were significantly
increased after CT rounds (Suppl. figure 3A). Analysis of the IFN-y/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 PanlIN 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-y-secreting
splenocytes (Figure 4C,E). Of note, GEM+ENO1 treatment caused an increase also of both IgG
production and IFN-y 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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In pancreatic cancer, chemotherapy
increases antitumor responses to tumor-
associated antigens and potentiates

DNA vaccination
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ABSTRACT

Background Pancreatic ductal adenocarcinoma (PDA)

is an almost incurable tumor that is mostly resistant

to chemotherapy (CT). Adaptive immune responses to
tumor-associated antigens (TAA) have been reported, but
immunotherapy (IT) clinical trials have not yet achieved
any significant increase in survival, confirming the
suppressive environment of PDA. As CT has immune-
modulating properties, we investigated the effect of
gemcitabine (GEM) in antitumor effector responses to TAA
in patients with PDA.

Methods The IgG antibody repertoire in patients with
PDA before and after CT was profiled by serological
proteome analysis and ELISA and their ability to

activate complement-dependent cytotoxicity (CDC) was
measured. Peripheral T cells were stimulated in vitro

with recombinant TAA, and specific proliferation, IFN-y/
IL-10 and CD8*/Treg ratios were measured. Mice that
spontaneously developed PDA were treated with GEM
and inoculated with an ENO1 (o—Enolase) DNA vaccine.
In some experimental groups, the effect of depleting CD4,
CD8 and B cells by specific antibodies was also evaluated.
Results CT increased the number of TAA recognized

by IgG and their ability to activate CDC. Evaluation of

the IFN-y/IL-10 ratio and CD8+/Treg ratios revealed

that CT treatment shifted T cell responses to ENO1, G3P
(glyceraldheyde-3-phosphate dehydrogenase), K2C8
(keratin, type Il cytoskeletal 8) and FUBP1 (far upstream
binding protein 1), four of the most recognized TAA, from
regulatory to effector. In PDA mice models, treatment
with GEM prior to ENO1 DNA vaccination unleashed CD4
antitumor activity and strongly impaired tumor progression
compared with mice that were vaccinated or GEM-treated
alone.

Conclusions Overall, these data indicate that, in PDA, CT
enhances immune responses to TAA and renders them
suitable targets for IT.

BACKGROUND

Pancreatic ductal adenocarcinoma (PDA)
is very challenging to treat, with only 8% of
patients being cured. Gemcitabine (GEM)
and FOLFIRINOX are currently considered

.2 Francesco Novelli ® 2

the chemotherapeutic standard of care for
treating advanced PDA.

Targeting the immune system is an active
area of research for treating cancer, especially
following recent successes obtained with
immunotherapy (IT) in many solid tumors.'™
Although immune checkpoint inhibitors
represent an important breakthrough in the
field of IT, they have not yet achieved tumor
regression in patients with PDA.*® Significant
improvements in IT clinical outcomes cannot
be achieved without novel strategies that
involve better comprehension of the tumor
microenvironment, as well as identifying
novel immunological targets.

PDA has a pronounced desmoplasia as
a histological hallmark, which is derived
from pancreatic stellate cells that are acti-
vated to proliferate and produce collagens,
laminin, and fibronectin, which differen-
tially shape the stroma.’ This is also believed
to contribute to tumor hypoperfusion and
hypoxia’ and harbor infiltrative macrophages
and inflammatory cells with the potential to
suppress antitumoral immune mechanisms.®
In addition to reactive fibroblasts and M2
macrophages, the PDA microenvironment
also contains y8-T cells, which are a source
of IFN-y, and are associated with a poor
prognosis.”

We have previously shown that DNA vacci-
nation that targets o-Enolase (ENOI1), a
tumor-associated antigen (TAA) that is upreg-
ulated in PDA, effectively prolongs survival in
mice that spontaneously develop PDA."” This
increased survival results from the induction
of specific antibodies to ENO1 that activate
complement-dependent cytotoxicity (CDC);
a decrease in tumor infiltration by regulatory
T cells and myeloid-derived suppressor cells

BM)
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(MDSC);"! inhibition of migration and invasion of PDA
cells;]2 1% and an increase in tumor-infiltrating T cells'’
that relocalize into tertiary lymphoid tissue."*

Considering the immune modulating effects of chemo-
therapy (CT) in a clinical setting,""” we decided to
evaluate whether combining CT with IT can increase ther-
apeutic efficacyin PDA. Here, we observed that, in patients
with PDA, CT enhances adaptive immune responses to a
number of TAA including ENO1, G3P (glyceraldheyde-3-
phosphate dehydrogenase), K2C8 (keratin, type II cyto-
skeletal 8) and FUBP1 (far upstream binding protein 1).
Notably, combining ENO1 DNA vaccination with GEM
treatment significantly enhanced antitumor responses
and efficacy to counteract tumor progression compared
with mice which were vaccinated or GEM-treated only.
These data indicate that—in patients with PDA—CT
enhances immune responses to TAA and renders them
suitable targets for IT.

METHODS

Patients

From 2005 to 2011, 28 patients with newly diagnosed
PDA were enrolled in the study approved. Inclusion
criteria consisted of an ECOG performance status 0-2,
signing of a written informed consent form and no
previous CT or radiotherapy. Exclusion criteria consisted
of a lack of ability to perform follow-up (1 year) and any
previous malignant tumors, with the following exception:
adequately treated basal/spino-cell carcinomas, cervical
carcinoma in situ, and patients affected by other malig-

nancies, but disease-free for at least 5 years at the date of

enrollment.

In this cohort, 14 patients had been subjected to total
surgical resection, 4 patients had received palliative
resection only, and 10 patients had not been resected.
All patients were treated with CT, 26 with GEM-based CT
(GEM or GEM plus oxaliplatin) and 2 with capecitabine
and bevacizumab (table 1).

Peripheral blood mononuclear cells (PBMC) and sera
samples were isolated from venous blood before CT, and
after each round of CT, and stored until use.

Cell culture

PDA cell lines CFPAC-1, CAPAN-2, DT6606, and K8484
were cultured at 37°C in a humidified 5% CO, atmo-
sphere in DMEM (Invitrogen, San Giuliano Milanese,
Italy) supplemented with 20 mM glutamine (Invitrogen),
10% certified fetal bovine serum (FBS) (Invitrogen), and
40 pg/mL gentamycin (Schering-Plow, Milan, Italy).

Proteomics studies

For proteomics studies, CFPAC-1 cells were untreated or
treated with 0.25 pg/pL GEM for 24 hours. Procedure
details are described in the online supplemental file.
For serological proteome analysis (SERPA), CFPAC-1
cells were solubilized and proteins were quantified to
perform two-dimensional electrophoresis (DE) and

Coomassie staining, as previously described." '’ 2-DE
gels were transferred to nitrocellulose membranes and
incubated with sera from patients before and after CT.
Detailed procedures are described in the online supple-
mental file.

Complement-dependent cytotoxicity

CFPAC-1 or CAPAN-2 cells were seeded in 96-well plates
(5x10* cells/well). Cells were washed with warm PBS,
incubated with sera diluted in PBS (1:1000) for 1 hour
at 4°C, then washed again, followed by incubation with
fresh reconstituted human complement (Cedarlane,
Euroclone, Milan, Italy) diluted at 1:10 in PBS for 1 hour
at 37°C. The CytoTox 96 non-radioactive cytotoxicity
kit (Promega, Milan, Italy) is based on the ELISA, and
detects the release of lactate dehydrogenase (LDH) after
4 hours of incubation from cells that have lost membrane
integrity (lysed cells). A LDH positive control was added
to empty wells of each plate, and all tests were performed
in triplicate.

Antibody detection

The quantity of total IgG in 12 patients was measured
using an ELISA kit before and after CT (Bethyl Labora-
tories, Montgomery, Texas, USA), following the manu-
facturer’s instructions. TAA (ENOI1, FUBP1, K2C8, and
G3P)-specific IgG responses of sera from 28 healthy
subjects and 28 patients with PDA, before and after each
round of CT, were analyzed by ELISA (see online supple-
mental file). Anti-ENO1 and anti-G3P IgG in mouse sera,
at different weeks of age, were measured by ELISA using
ENOI or G3P, as previously described.

T cell responses

After thawing, PBMC from 13 patients, before and after
each round of CT, were cultured at a density of 5><104/
well in RPMI (Invitrogen) plus 5% of FBS in 96-well
microplates with 5 pg/mL of ENOI, FUBP1, K2C8, or
G3P. At day 3, supernatants were collected and IFN-y
and IL-10 levels were measured by ELISA (BioLegend,
Campoverde, Milan, Italy), following the manufacturer’s
instructions. Specific production of IFN-yand IL-10 in the
supernatants was calculated by subtracting the concentra-
tion of each cytokine in the medium only from that in
PBMC stimulated with TAA. These specific concentration
values were pseudocounted (+1) and then expressed as
an IFN-y/IL-10 ratio. At day 5, proliferation was evaluated
using a tritiated-thymidine (3H-TdR) incorporation assay
(see online supplemental file). Stimulation index (SI) T
cell proliferation was calculated by dividing the cpm from
PBMC stimulated with each antigen by the cpm of PBMC
cultured in medium only. PBMC from five patients were
cultured 5x10° in 48-well plates in the presence of each
TAA, as described above, and at day 3, cells were collected
and stained with anti CD4-PercP, CD8-APC, and FoxP3-
FITC to perform flow cytometer analysis (see online
supplemental file).
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Table 1 Characterstics of patients

Apge at Surgical Survival
Patiant Gandar diagnosis resaction Stage CT {I round) CT (Il round) {months)
142 F 45 Yas ]2} GEM (2 cyclas) GEM (3 cyclas) 38
141 M GE fas =] GEM (3 cyclas) GEM (8 cycles) 35
135 M 66 Mo v Gamox (6 cycles) Gemox (6 cycles) 11
110 F 57 Yas e GEM (3 cycles) GEM (8 cycles) 27
104 M 60 Mo IV Gamox (6 cycles) Gemox (12 cycles) 13
103 F 62 ‘fas 1]=} GEM (3 cyclas) GEM (8 cycles) 18
a8 M 51 Mo in GEM (3 cyclas) GEM 8
a0 M 71 Palliative v GEM (3 cyclas) GEM (8 cycles) 12
a7 M 54 fas & GEM Gemox (6 cycles) 46
85 F G4 Mo n Bavacizumab+ Bevacizumab+ <
Capecitabine (8 Capecitabine {3
cycles) cyclas)
54 F 78 Palliativa in GEM (3 cyclas) GEM (8 cyclaes) 20
83 M 55 ‘fas 1]=} GEM {4 cycles) GEM (8 cycles) 53
&8z M 74 Mo 1) Gemox (6 cycles) Gemox (12 cycles) 12
a1 F &1 No in Bavacizumab+ Bevacizumab+ 53
Capecitabine Capecitabina
v M T4 No in GEM (3 cyclas) GEM (5 cycles) 10
T2 M 53 Mo i Gemox (8 cycles) Gemox (12 cycles) 14
50 M 45 fas B GEM (3 cyclas) GEM (8 cycles) 21
41 F 56 fas [1]=] GEM (3 cyclas) GEM (6 cycles) 30
36 F G5 No v GEM (3 cyclas) GEM (8 cycles) 14
30 F 72 fas 1]=} GEM (3 cyclas) GEM (8 cycles) 39
27 M 65 Palliative 1) Gemox (6 cycles) Gemox (11 cyclas) 16
25 M T2 Palliativa 1] GEM (3 cycles) GEM (6 cycles) 21
19 F 55 fas B GEM (3 cyclas) GEM (8 cycles) 25
13 F 71 fas [1]=] GEM (3 cyclas) GEM (6 cycles) 25
11 M 54 No v GEM+ GEM (8 cycles) 10
5-Fluorouracil
(2 cycles)
10 M 72 fas 1]=} GEM (3 cyclas) GEM (8 cycles) 28
5 F 58 fas B GEM (3 cyclas) GEM (8 cyclas) az
4 M 85 Yoz 1A GEM (3 cyclas) GEM (3 cyclas) 14

In vivo experiments

Pancreatic cancer-prone KC mice were generated by
crossing single-mutated KrasG12D with C57BL/6 mice
expressing Cre recombinase (see online supplemental
file). KC mice were treated twice at week 8 by i.p. injec-
tion with GEM (on Monday and Friday) using 1 mg/
injection/mouse. The ENOI1 vaccine was administered
at 9 weeks of age, and every 2 weeks for a total of three
rounds of vaccination (see online supplemental file).
Mice were sacrificed at 24 weeks of age, and pancreases
were fixed in formalin and embedded in paraffin for
analyzing tumor lesions and immunohistochemistry (see
online supplemental file). Different experimental groups

of mice were depleted of CD4, CD8 or CD20 (Bioxcell,
West Lebanon, New Hampshire, USA) every 3 days (200
pg/mouse/injected i.p.) until the week after the final
vaccination. At 14 weeks, depleted mice were sacrificed,
and pancreases were fixed in formalin and embedded
in paraffin for evaluating tumor lesions and anti-ENO1
antibody titers. To test the effectiveness of GEM+ENO1
vaccination on established tumors, C57BL/6 mice were
injected subcutaneously with pancreatic tumor cells in
the right flank (K8484, 1x10° cells/mouse) and treated
with GEM+ENOI1 vaccination when tumors reached 0.2
cm in diameter, as described above.
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Figure 1 Analysis of the reactivity of sera from patients with PDA to recognize the PDA cell proteome and of their ability to
induce CDC before and after CT. (A) Recognition of the proteome 2-DE map of the CFPAC-1 cell line by a representative PDA
serum before and after CT. (B) Quantitative evaluation of increased IgG autoantibody recognition before and after CT. Results
represent the mean of the percentage of all recognized spots. (C) Bar graph of LDH release measured as OD by damaged
CFPAC-1 (black bars) and CAPAN-2 (white bars) cells subjected to CDC by patient sera before and after CT. All graphs
indicate mean+SEM from 28 patients with PDA analyzed, and statistical significance is shown. CDC, complement-dependent
cytotoxicity; CT, chemotherapy; LDH, lactate dehydrogenase; OD, optical density; PDA, pancreatic ductal adenocarcinoma; 2-

DE, two-dimensional electrophoresis.

Enzyme-linked immunosorbent spot assay (ELISpot)
Splenocytes from treated or untreated mice were stimu-
lated in vitro for 4 days in the presence of 10 pg/mL of
selected TAA proteins. Recovered T cells were seeded at
a density of 1x10°/well in triplicate and stimulated with
DT6606 cells (with a stimulator/effector ratio of 1:100)
or 5 pg/mL TAA for 48 hours to evaluate specific IFN-y
production by ELISpot assay (see online supplemental
file).

Statistical analysis

Data from SERPA experiments, protein differential
expression, overall survival, immunohistochemical and
FACS staining, ELISA, and ELISpot were analyzed, as
described in the online supplementary file.

RESULTS

Analysis of the autoantibody response to TAA in patients with
PDA before and after CT

Circulating IgG from the sera of 28 patients with PDA
before and after one or two rounds of CT were profiled by
SERPA. In CT-treated patients with PDA, a clear enhance-
ment of the IgG-specific response in both the number
and intensity of recognized TAA was observed (figure 1A,
B). This increase was not due to a global enhancement of
total IgG after two rounds of CT as no difference in sera
IgG levels was detected by ELISA (online supplemental
figure 1A).

The CDC of sera from patients with PDA before and
after CT was evaluated in CFPAC-1 cells (complement
sensitive), which do not express complement activity
inhibitor CD55, and in CAPAN-2 cells (complement
resistant), which do express CD55 (online supplemental
figure 1B). A significant difference between sera-induced
LDH release in CFPAC-1 and CAPAN-2 cells after the first
and second rounds, but not before CT, was observed. A
significant increase of sera-induced LDH release against
CFPAC-1, but not in CAPAN-2 cells, was found after CT
rounds (figure 1C).

Mass spectrometry revealed 91 proteins from 160
isoforms, highlighted by SERPA as distinct spots (online
supplemental table 1A and online supplemental figure
1C). Following CT, a widespread and progressive increase
of the autoantibody response to TAA was observed
(figure 2). There was an increase in 32 TAA recognized
in at least three patients after CT (online supplemental
figure 1D), among which ENO1 was the most recognized
TAA (online supplemental table 1B), in accordance with
our previous studies.”

Proteomic analysis of GEM-treated CFPAC-1 cells
revealed that CT modified the expression of 34 proteins,
of which 12 corresponded to TAA whose autoantibody
recognition was increased in patients with PDA following
CT (online supplemental figure 2A,B and supplemental
table 2).

The 32 protein targets of autoantibody responses
following CT (online supplemental figure 1D) were

4

Mandili G, et al. J Immunother Cancer 2020;8:e001071. doi:10.1136/jitc-2020-001071

38

‘JybuAdoo Aq pajosioid 1senb Aq L2og ‘€1 AINf uo /wod fwg-oul/:dny woly papeojumoq 0202 4890100 8¢ U0 L201+00-0202-0UI/9E L L 0L Se paysiignd jsul 11eoue) Jayjounww| f



Antigen recognition
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Figure 2 Analysis of the autoantibody response of patients
with PDA after CT. Heatmaps representing the variation of
antigen recognition level by autoantibodies measured by
SERPA in sera from 28 patients with PDA receiving one
round (left) or two rounds (right) of CT compared with before
CT. Columns represent patients, and rows represent the
antigens identified-listed in online supplemental table1A (all
the isoforms of ENO1, FUBP1, K2C8 and G3P are indicated
in red). Clustering analysis was performed considering data
from patients receiving one CT round only (left). Rows and
columns of the heat map reported in the right panel are
sorted according to this clustering. CT, chemotherapy; PDA,
pancreatic ductal adenocarcinoma.

coded by 23 genes transcriptionally overexpressed in The
Cancer Genome Atlas (TCGA) patients with PDA (online
supplemental figure 3) and gene-set enrichment analysis
(online supplemental table 3).

There was considerable TAA recognition by autoan-
tibodies of patients, and 11 TAA were recognized by at
least 7 patients before and/or after CT (online supple-
mental table 1B). Four TAA, namely ENOI1, FUBPI,
K2C8 and G3P, were selected to represent metabolic-
related, cytoskeletal-related and transcription-related
molecules. A statistically significant correlation was found
between patient survival and the increased autoantibody
recognition of G3P and K2CS8 after the first round of CT
(figure 3A,B). Data from ELISA showed that a group of
patients with PDA displayed a significantly higher level
of autoantibodies to all four TAA compared with healthy
subjects (figure 3C). A significant increase of autoanti-
bodies to ENO1, K2C8 and G3P was measured in patients
with PDA after CT (figure 3C), confirming the SERPA
results.

T lymphocyte responses to TAA in patients with PDA before
and after CT

Peripheral blood T lymphocytes from patients with PDA
were stimulated with each of the four selected TAA, and
the proliferation, regulatory (IFN-y/IL-10 ratio <1),
effector (IFN-y/IL-10 ratio >1), or null cytokine responses
(no production of either IFN-y or IL-10) was monitored
(table 2).

Overall, the number of patient T cell proliferative
responses (evaluated as SI>2) to selected TAA were
significantly increased after CT rounds (online supple-
mental figure 3A).

A G3P_20 B

log-rank test p=0.0080

K2C8_16
log-rank test p=0.0482

Fraction Survival
Fraction Survival

0 20 40 60

Surv (months)

80 100 0 20 40 60
Surv (months)
C P=0.0004 p=0.0003

p=0.0095 p=0.0109 b=0.0011

anti-ENO1 0.D. (450nm)
anti-FUBP1 0.D. (450nm)

p=0.0128
p=0.0028

anti-K2C8 0.D. (450nm)
anti-G3P 0.D. (450nm)

Figure 3 Detection of autoantibodies to TAA before and
after CT, and correlation with survival of patients with PDA.
(A,B) Survival curves of patients with PDA (n=28) with
increased (dotted line) or unchanged/decreased (solid line)
of 2-DE western blot reactivity of autoantibodies to G3P_20
(A) and K2C8_16 (B) isoforms after CT. (C) ELISA detection
of autoantibodies to ENO1, FUBP1, K2C8 and G3P in
healthy subjects and sera of patients with PDA before and
after CT. Each graph indicates the OD mean (n=28), and
statistical significance is shown. CT, chemotherapy; OD,
optical density; PDA, pancreatic ductal adenocarcinoma;
TAA, tumor-associated antigens; 2-DE, two-dimensional
electrophoresis.

The relationship between proliferative and regula-
tory/effector responses to each TAA were also analyzed.
Before CT, only one patient (pt. 24) displayed an effector
response to ENOI. By contrast, seven patients (pt. 3,
9, 10, 24, 30, 32, 87) showed effector responses after
CT, with just two of them (pt. 32, 87) being associated
with a proliferative response (table 2). Before CT, four
patients (pt. 3, 19, 41, 87) displayed effector responses to
FUBP1, but only two showed a concomitant proliferative
response (pt. 41, 87). After CT, the number of patients
that displayed an effector response increased to 11 (pt. 3,
5,9,10, 19, 24, 25,27, 30, 41, 84), with 8 of them (pt. 5,9,
10, 25, 27, 30, 41, 84) being associated with a proliferative
response (table 2). Before CT, six patients (pt. 3, 19, 25,
41, 84, 87) displayed an effector response to K2C8, with
four of them (pt. 25, 41, 84, 87) showing concomitant
proliferative responses. After CT, there was a regulatory-
to-effector shift in three patients (pt. 9, 10, 24); an
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increase in effector responses in three patients (pt. 3, 19,
87); and a decrease in regulatory responses in one patient
(pt. 30). Among these seven patients, five (pt. 9, 10, 24,
30, 87) were associated with proliferation (table 2).
Before CT, three patients (pt. 3, 24, 87) displayed a G3P-
induced effector response, with only one (pt. 87) showing
a concomitant proliferative response. After CT, there was
a regulatory-to-effector shift in two patients (pt. 9, 19); an
increase in effector responses in four patients (pt. 3, 10,
24, 87); and a reduction in regulatory responses in two
patients (pt. 30, 41). Among these eight patients, seven
(pt. 3,9, 10, 24, 30, 41, 87) showed T cell proliferation.

A significant increase of the ratio between the
percentage of CD8 and Treg after one and two CT rounds
was also observed in TAA-stimulated T lymphocytes from
patients with PDA (online supplemental figure 3B and
supplemental table 4).

Effect of combining CT and ENO1 DNA vaccination on
antitumor immunity in the KC pancreatic cancer mouse model
The effect of the combined treatment of CT and DNA
vaccination to ENO1, a TAA expressed in the early phases
of PDA carcinogenesis (online supplemental figure 5A)
was evaluated in KC mice.

KC mice were treated with a suboptimal dose of GEM
and then vaccinated with ENOI (figure 4A). The size of
all neoplastic lesions (from PanINs to invasive PDA) was
evaluated by H&E staining. Both ENO1 and GEM+ENO1
treatment induced a significant reduction of PDA lesions
compared with untreated mice and GEM+ENOI treat-
ment further reduced tumor lesions compared with the
ENOL1 vaccine alone (figure 4B). The evaluation of both
the number and size of invasive PDA and PanIN lesions
showed that ENOI1 vaccination and combined treatment
reduced the number of both invasive and PanIN lesions,
whereas only the size of PanIN lesions were reduced
by ENOI vaccination alone and to a larger extent by
combined treatment (online supplemental figure 6).

Smaller tumor lesions were accompanied with an
increase of anti-ENO1 IgG antibodies (figure 4C).
ELISpot revealed that splenocytes from ENO1l-vaccinated
mice displayed a significantly higher number of IFN-y-se-
creting cells, which was increased in the GEM+ENOI1
group (figure 4E). These results were confirmed when
syngeneic PDA murine DT6606 cells were used as a
stimulus (not shown). GEM+ENOI1 treatment caused
an increase of both IgG production and IFN-y secretion
specific to G3P, enhancing the epitope spreading effect
of ENOI1 (figure 4D and F). No increase in anti-K2C8 or
anti-FUBP1 IgG and IFN-y was observed in GEM+ENO]1-
treated mice (data not shown).

Immunohistochemistry ~ demonstrated that only
GEM+ENOI1 caused a significant increase of tumor-
infiltrating CD4 and CD8 T cells (figure 4G-H and online
supplemental figure 5B,C). Compared with untreated
mice, an increase of macrophage infiltration was observed
in ENO1l-vaccinated mice, but notin GEM or GEM+ENO1
treated mice (figure 41 and online supplemental figure

5D). No differences in PD-L1 and FoxP3 expression
were observed in tumor lesions among the different
groups (data not shown). At 24 weeks, GEM+ENO1 mice
showed a significant reduction of circulating CD4 and
CD8 T cells, which supported the increased infiltration of
these cells in tumor lesions (online supplemental figure
5E,F). In the GEM+ENOI group, a significant correlation
between CD4 and CD8 infiltration was observed (online
supplemental figure 5G). Depletion of CD4, but not of
CDS8 or B cells, completely reverted the antitumor effect
of the combined treatment (figure 4L). Anti-ENO1 IgG
titers decreased significantly in all subset-depleted mice
(online supplemental figure 5H). Finally, a significant
delay of the growth of established 0.2 c¢cm tumors was
observed in GEM+ENOI treated mice (figure 4M).

DISCUSSION

It has been established that CT and radiotherapy enhance
the antitumor immune response.”’* In particular, GEM
reduces the amount of MDSC, whereas it favors tumor-
associated macrophage polarization to M1, and enhances
cytotoxic T lymphocyte function, MHC-I expression by
cancer cells, antigen cross-presentation by dendritic cells
following GEM-induced apoptosis and increases CCL/
CXCL chemokines.® ™ Here, we demonstrated that, in
patients with PDA, CT induced a progressive increase
of autoantibodies to many self-TAA, indicating a robust
antigenic spreading. To date, antigen spreading has been
documented in clinical trials using mesothelin CAR T
cells in patients with PDA.* Our data showed that antigen
spreading is induced by ENOI1 vaccination and further
increased in combination with GEM, eliciting antibody
and T cell responses to G3P.

Many TAA recognized by patients’ autoantibodies are
highly expressed in PDA (online supplemental figure 3
and supplemental table 3) suggesting their role in PDA
development. We showed that after CT, antibodies to
ENOI, G3P and K2C8 were increased in just a subset of
patients, and additional studies are therefore needed to
evaluate whether the increased antibody response to TAA
is a useful tool to stratify patients for response to CT.

High ENOI expression, as well as the specific autoanti-
body production, has been previously reported in patients
with PDA and associated with a more favorable clinical
outcome.”” *' The increase of CDC induced by sera of
patients with PDA after CT, which we have documented,
could explain the positive correlation between survival
and the increased antibody response to G3P and K2C8.
In fact, autoantibodies to these TAA predict the patient’s
outcome in various malignancies.”*™ However, there is
no possibility of comparing the presence of antibodies to
K2C8 and G3P in a cohort of untreated patients with PDA
to demonstrate the role of CT in these phenomena. This
issue requires addressing in a separate study in a PDA
mouse model.

The immunosuppressed PDA microenvironment
and the consequent T cell exhaustion play a role in
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Figure 4 Effect of combination of GEM and ENO1 vaccination in KC mice. (A) Schematic representation of mice treatment
schedule. (B) Evaluation of the mean of tumor lesion diameter in treated mice sacrificed at 24 weeks of age. (C) ELISA detection
of anti-ENO1 IgG titer (referred to as OD) in sera of mice throughout the treatment period. The experimental groups are
indicated as follows: untreated (NT, white bars), GEM (light gray bars), ENO1 (dark gray) and GEM+ENO1 (black bars). (D) ELISA
detection of anti-G3P IgG antibody (referred to as OD) in mice at 16 weeks of age. (E,F) ELISpot analysis of IFN-y-secreting
cells (indicated as number of specific spots) in the different treated groups at sacrifice after restimulation with ENO1 (E) or G3P
(F) recombinant protein. (G-I) Immunohistochemical staining of CD4 (G), CD8 (H) and macrophages () in tumor lesions of mice
at sacrifice. (L) Effect of the depletion of CD4, CD8 and B subsets in GEM+ENO1 or untreated mice, evaluated as the mean of
tumor lesion diameter. (M) The spaghetti plot indicates the effect of combined treatment (GEM, green arrows; ENO1 vaccination,
red arrows) on tumor growth, measured as tumor diameter. Treatment started when the mass of K8484 tumor cells injected
subcutaneously reached 0.2 cm in diameter. The bar graph indicated the days required by the tumor mass to reach 1.0 cm of
diameter in control and GEM+ENO1 experimental groups. In all experiments, the mice number per group was between 5 and
11; graphs report the mean+SEM values and statistical significance is shown. GEM, gemcitabine; OD, optical density.

immune-resistance.’” We have shown that CT increased In this study, we demonstrated that the combination
TAA-induced effector responses and enhanced the of CT with ENOI vaccination elicits a strong antitumor
number of TAA recognized by each patient with PDA,  activity in KC mice. However, ENOI1 vaccination and
which is only partially associated with T cell proliferation. combined treatment seem to be much more effective
8 Mandili G, et al. J Immunother Cancer 2020;8:¢001071. doi:10.1136/jitc-2020-001071
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in reducing PanIN lesions rather than invasive PDA. We
are aware that treating KC mice at 8 weeks of age, when
only PanIN lesions were present’ does not recapitulate
the human scenario. As advanced, metastatic tumors are
diagnosed in most patients with PDA, treating premalig-
nant lesions (PanIN) with IT, in combination with CT,
remains a difficult task. However, our data from patients
with PDA that show that CT increases the coordinated
immune response to TAA may open a therapeutic window
for patients with PDA, which deserves to be evaluated
for precision IT by targeting one or more TAA that are
recognized.

In this study, combination of just one cycle of GEM with
ENO1 DNA vaccination reduced PDA lesions compared
with ENOI vaccination alone. The combined treatment
also induced antibodies and T cell responses to G3P.
While in patients with PDA, antigen spreading involved
a progressive increase in the number of TAA recognized
by autoantibodies after CT, in mice, increased humoral
and cellular recognition to G3P was induced by ENO1
vaccination and was further increased by CT. The epitope
spreading effect involved G3P, but not K2C8 and FUBPI,
suggesting possible differences in the potential tumor
clonality of this model. We cannot rule out that, after
combined therapy, the selected tumor cell clones lose
K2C8 and FUBP1 expression or increase the expression
of other TAA in addition to G3P.

The combined treatment caused a significant increase
of infiltration of CD4 and CD8 T cells into tumor lesions,
which was associated with a decrease of circulating CD4
and CD8 T cells. In PDA, CT induced the infiltration of
CD4 and CD8 T cells to the tumor and correlated with a
longer survival in patients, probably because it induced
the death of immunogenic tumor cells.”” *' #* This is in
agreement with our data showing that the CD4 and CD8
T cell infiltrate persisted for 3 months after the final vacci-
nation in the GEM+ENOI1 group.

Oncolytic virus increased the expression of PD-L1
via induction of IFN-y, enhancing the effectiveness of
combined administration with anti PD-L1 antibody.*
We did not observe any differences in FoxP3 and PD-L1
in tumor lesions of mice at 24 weeks of age (data not
shown). ENOIl-restimulated splenocytes from vacci-
nated mice produced IFN-y, and to a greater extent in
combined treated mice, suggesting that PD-L1 expression
was probably not affected. However, we cannot rule out
that IFN-y-induced overexpression of PD-L1 occurred at
an earlier time after vaccination. It will be interesting to
evaluate the effect of the combination of PD-L1 antibody
with CT and ENOI vaccination.

Macrophages are associated with poor prognosis in
PDA" and secrete soluble factors that induce GEM
resistance.” * Combination therapy did not affect the
number of tumor-infiltrating macrophages, suggesting
that it prevalently promotes T cell-mediated immunity.
We cannot rule out, however, that a different functional
polarization in macrophages (eg, M1 versus M2) can be
induced by combination therapy. Tumor lesions increase

in mice treated with combined therapy and anti-CD4
antibody, unveiling a role for CD4 T cells in GEM+ENO1
treatment in delaying PDA growth. While some reports
showed that effective tumor immunity can occur in the
absence of CD4 helper T cells, most indicated that CD4
T cells are important for generating tumor-specific CD8
T cells.””

Our results are in agreement with data from many vacci-
nation models which show that CD4 T cells play a critical
role in inducing antitumor immunity.*° Most of the
identified TAA were intracellular and loaded onto MHC
class IT by antigen-presenting cells 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
cytotoxic T lymphocytes by CD8 T cells.'” * This supports
the notion that the single depletion of these subsets only
partially rescues tumor growth. The pivotal role of CD4 in
this model is also shown by the observation that depletion
of CD4 cells in untreated mice leads to very aggressive
growth of tumors. Even if the type of CD4 T cells depleted
in GEM+ENOI treated mice is unknown, it is likely that
the subset that was predominantly depleted consisted of T
helper 1 and T helper 17 cells, in agreement with present
and previous studies.'’ These data are in agreement with
those from the analysis of the effector phase of tumor
rejection induced by vaccination, indicating a far broader
role for CD4" T cells in orchestrating the host response to
tumors.” This consists of the simultaneous induction of
Th1 and Th2 cytokines, which activate eosinophils as well
as macrophages to produce both superoxide and nitric
oxide that leads to the induction of systemic antitumor
immunity as well as tumor destruction within the growth
site.”!

In conclusion, our 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 (S1>2) 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 (Sgg\r/][[\t/]asl)
6 F 69 Yes I No GEM PD 5.2
7 F 69 No 11B No GEM PD 3.9
11 M 54 No v Yes GEM + 5FU PD 9.5
16 F 51 No v Yes GEM PD 2.2
20 M 59 No v Yes GEMOX SD 11.8
24 F 74 No v Yes GEM PD 9.8
29 M 59 No I No GEM PD 134
31 F 70 No v Yes GEM PD 34
32 F 73 Yes 1B No GEM PR 11.9
35 M 62 No v Yes GEM SD 8.2
37 F 67 Yes v Yes GEM PD 11.8
50 M 46 Yes 11B No GEM SD 20.3
51 F 49 No v Yes GEM PD 31
83 M 55 Yes 1B No GEM SD 51.7
85 F 64 No I No Bevacizumab+RT+CAP PR 35.7

143 F 79 No 1l No GEM SD 15.0
158 M 55 No 1B No GEM PD 10.3
184 F 73 Yes v Yes GEM PD 9.7
163 M 63 Yes 11B No GEMOX PD 12.4
186 F 73 Yes v Yes GEM PD 34.3
10 F 74 No v Yes GEMOX SD 16.4
99 M 96 No v Yes Folfirinox SD 9.1
117 F 74 No Il 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).
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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).
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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-y production in response to TAA before and after CT

IFN-y 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-y was also evaluated. The IFN-y 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).
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Figure 8. ICB effect on IFN-y production from TAA-activated PBMC. A. IFN-y 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-y 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-y 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-y was halved
from 7% to 3% in the presence of ICB before CT.

The percentage of high IFN-y 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-y response,
since 44%, 19% and 18% response were detected respectively, and 51%, 22% and 20% of responses
in presence of ICB. High IFN-y 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-y 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-y 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-y 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-y was considerate as an effector like response (IFN-y/IL10 ratio > 1 in red);

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

< 1 values in blue) (Figure 9).
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Figure 9. Hierarchical clustering analysis of IFN-y 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-y 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-y 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 ICBonly | CTonly | 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% 13% 69%
(11/16) (2/16) (11/16)

% of patients with one or more % of patients with the greater

responsive TAA 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-y/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 ENO1l-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 ENO1l-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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Patient 10
Before CT After CT
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—_—
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TREBVZT01_TRBJ1-6°02

TRBV27°01_TRBJ16702

TREV15'01_TREJ1-2°01

TRBV12-3"01 or TRBV12-4"01_TREJ2-5"01

TREVI1-3°01 or TREV11-3°02 or TREV11-304_TRBJ1-1"01

— _—
— = i~

TREV11-3°01 or TRBV11-3"02 or TRBV11-3"04_TRBJ1-1"01

TREV11-3°01 or TRBV11-3°02 or TRBV11-3°04_TRBJ1-1°01 - I3

| %
[
TREV11-3"01 or TREBW11-3°02 or TREV11-3"04_TREJ1-1"01
TRBV7-2'01 or TRBVT-204_TRBJ1-4"01
TRBVIE'01_TRBJ1-1"01
TREVEZT01_TREJ2-T01 | %
TRBVE-1°01 or TRBVA-1"02_TRBJ1-2°01
TREBV18'01_TRBJZ-3'01 | %
TREBV4-1"010r Tm
TREVE-5'01_TRBJ1-1°01
TREBVE-5'01_TREJ1-1°01 = ==
TREV12-3°01 or TREV124°01_TREJ1-201
TREV19°01_TREJ1-1°01 —— hl*
TRBVS-8'01 or TRBVS-B'02_TREJ1-1°01
TREVZT'01_TREJ2-201
TREBVE-6'01 or TRBVE-6'03_TRE-1°01 = =
TRBVZT'01_TRBJ1-3"01
TRBVE-5'01_TREJ1-201 —_— %
TREVID'D1_TREJZ-2°01
TREV29-1°01 or TRBV29-1°03_TRB.2-2°01 = =
TREV28-1°01 or TREV29-1'03_TREJ2-2D1
TREV20-1°01 or TREV20-1°02_TREI1-101
TREV20-1°04 o TRBV20-1°05 or TRBV20-1'06_TRBJ1-201
TREV20-1°04 or TREV20-1°05 or TREV20-1'06_TREJ1-201 h
H—|—y—y— 1 T

B medium R ERAASY -1‘,30 S ,\@'Q SP P "‘)-\@q,@ S %@-@Q{b@
N ENO1 Normalized proportions Normalized proportions
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-

— | *
—

=

V(D)J rearrangement

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)) 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.

32 163 186 10 99 I 117
V(P)rearrangement CDR3 T [ before | after | before | after | before | after | before | after | before | after | before
TRBV10-3*01 or TRBV10-3*02 or TRBV10-3*04_TRBJ1-2°01 AISESPGVYGYT
TRBV10-3*01 or TRBV10-3+02 or TRBV10-3*04_TRBJ1-3%01 AIRQDLSGNTIY
- AIRQDLSGNTIY
TRBV11-1*01 TRBJL-1%0L ASSLEHNEAF
TRBV11-1°01 TRBJ1-2°01 ASSLAGNGYT
TRBV11-201 TRBJL-1°01 ASSLGENTEAF
TRBV11-2%01_TRBJ1-4701 ASSLWSTNEKLF |
R R ASSSQLSGTPEGVYNSPLH
ASSPRGSSYNSPLH
ASSLDLTGNTEAF
ASSLDLTGNTEAF
TRBV11-3*01 or TRBV11-3+02 or TRBV11-3*04_TRBJ1-1#01 ASSLDLTGNTEAF h
ASSLDLTGHTEAF
ASSLDPTGNTEAF
ASSPDSYGYT |
TRBV12-3*01 or TRBV12-4*01_TRBJ1-2*01 ASSPYTYGYT ]
ASSFGGASGYT
TRBV12-301 or TRBV12-4°01_TRBJ2-501 ASSLAGGEETQY
TRBV12-5*01 TRBJ1-2*01 ASGLVPGQTHGYT
ASSPPLGFNTEAF
TRBV14*01 or TRBV14*02_TRBJ1-1%01 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 TRBI1-2*01 ATSRDIQGGGYT
TRBV15%02 TRBJ1-5*01 ATSRDPAGDQPQH
ASSPERGRTEAF
ASSPROGAGAATEAF I
ASSPAGTEAF
TRBV18%01_TRBI1-1*01 ASSPDMVINTEAF
ASSPLGSKNTEAF
ASSPLAGTAEAF
ASSAGTANTEAF
TRBV18*01 TRBI1-2*01 ASSPGLSLYGYT
TRBV18*01 TRBJL-6+02 ASSPGMDNSPLH
TRBV18*01 TRBI2-2°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
TRBV20-1*01 or TRBV20-1#02_TRBJ1-1*01 SATGGTEAF
SAQPENTEAF
TRBV20-1*01 or TRBV20-1*02_TRBJ1-2*01 S VREDGGY G} -;
SARDWDRRSGYT
TRBV20-1704 or TRBV20-1%05 or TRBV20-1706_TRBJ1-5*01 SARDPGTGNNQPQH
TRBV23-1*01 TRBJL-5*01 ASSRPIQGVGQPQH
TRBV25-1°01_TRBJ1-1°01 ASTKLTEAF
TRBV25-1*01 TRBJL-1%01 ASSSDRVNTEAF
TRBV27*01 TRBJ1-1*01 ASSSTAAAEAF
TRBV27%01 TRBI1-2*01 ASSLLPDPANYGYT
TRBV27%01 TRBJ1-3*01 ASSYRGGNTIY
TRBV27%01_TRBI1-6*02 [ASSLSFGRRVSNSPLH___
- ASSFTYARDRNGSPLH
TRBV27%01 TRBI2-7°01 ASSPTVAWEQY
TRBV28*01 TRBJ1-5*01 ASSFQGSGHNQPQH
TRBV28*01 TRBJL6%02 ASSPQDTRSYNSPLH |
SAKRQUNTEAF
SVDREQGEESTEAF
SVVGARRVAEAF
SVSLNTEAF ]
SVQINTEAF
TRBV29-1*01 or TRBV29-1*03_TRBJ1-1%01 e VPOPOAREAT
SVERGGRVNTEAF
SVEEEENTEAF
SLQGLSNTEAF
SGGEEEAF L
TRBV29-1701 or TRBV29-1%03 TRBJ1-2*01 SVLTGTAGYT
TRBV29-1701 or TRBV29-1°03_TRBJ1-2*01 SAPYGGLENYGYT
TRBV29-1701 or TRBV29-1%03 TRBJ1-3+01 SAPSGNTIY
TRBV29-1701 or TRBV29-1°03_TRBJ1-4%01 SVEVSATNEKLF
. . N SVAGQLDQPQH
TRBV29-1%01 or TRBV29-1%03_TRBJ1-5*01 < /oLRCONGRGH H
TRBV29-1701 or TRBV29-1%03_TRBJ2-2*01 SVELGLSTGELF
TRBV29-1*01 or TRBV29-1*03_TRBJ2-2*01 SGRGPSGELF
ASSQMGRENTEAF
TRBV3-1%01_TRBJ1-1%01 ASSQGGNTEAF
ASSQGRGYEAF
TRBV3-1%01_TRBI1-4*01 L SSHRTGEKEE
ASSQSEKLF
TRBV3-1%01 TRBJ1-6*02 ASSQGLDNSPLH
TRBV4-1*01 or TRBVA-1*02_TRBJL-1%01 ASSQUNTEAF
TRBVA-1%01 or TRBVA-1*02_TRBJ1-5%01 ASSLYQSVDSMYSNQPQH
TRBV4-2*01 _TRBJ1-2*01 ASSQSQGEFDGYT
ASSLVRPHTEAF
TRBV5-1%01_TRBJ1-1%01 ASSRQGGEAF
ATKLQGSTEAF F:
TRBV5-1%01_TRBI2-2*01 ASSIKAGIGE D o
ASSEGASNTGELF
TRBV5-4*01 or TRBV5-4*03_TRBJL-1%01 ASSFRDTEAF
TRBV6-1%01 TRBJ1-1*0L ASSEGGVVEAF
TRBV6-2*01_TRBJ1-2°01 ASSYGGRSSGYT
TRBV6-5%01 TRBJI-1*0L ASSRQGTTEAF
TRBV6-5%01_TRBJ1-2%01 ASRLOGFGGYT
ASSYRRDYGYT
TRBV6-6"01 or TRBV6-6*03_TRBJL-1701 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 F
TRBV7-9%01 or TRBV7-9*02 or TRBV7-9*03_TRBJ1-6*01 ASSQDGTGGSPLH
nt ENOZ-induced T cell i 13 7 8 8 4 0 2 7 6 0 6 | |
Significant ENO1-induced T cell contractions 0 o | & | 7 2 1 3 1 0 8 10 | |

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)) rearrangements and CRD3 regions are
highlighted in bold.
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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-y 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 Citta 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 ug/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 pug/ml, Biolegend, San Diego, CA) plus mAb anti-CTLA4 (5 ug/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-y 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 uM. 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.l.) 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™ Il
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 (lllumina, San Diego, CA) using the MiSeq Reagent Nano Kit v2

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

Statistics and bioinformatics analysis: Hierarchical clustering analysis of IFN-y/IL10 ratio was
performed with Cluster 3.0 using Euclidean distance as similarity metric; data were log, 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-y
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-y 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-y production following TAA stimulation gives a better understanding of the
TAA-specific effector response compared to proliferation alone. Of note, the prevalence of IFN-y
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-y, 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-y 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-y 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-y
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-y, to allow a view of the immunological tone of
the immune response, which can be mainly effector (prevalence of IFN-y) 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 helperl cells

Th17: T helper 17 cells

TCRB: T cell receptor VB 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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