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Sommario

Nonostantegli straordinari risultati ottenutdal'immunoterapianel trattamento dei

tumori, la sua efficacia risulta limitata pochi pazientiTra i meccanismi responsabili

di questaparziale efficaciagioca un ruolo chiave inicroambiente tumoral€TME).

Con le suecaratteristiche immunosoppressiieTME o g g i oggetto di L
ricerca, volta a identificare, caratterizzare e colpire le funzioni che lo regdlemp.

componenti chiawdel TME, annoveriamde cellule mieloidiche corrotte dalle cellule

tumorali, intervengono nello spegnimentdela risposta anttumorale attraverso

svariati meccanismi. Tra questi, &4 degradazione idL-arginina nellambiente
extracellulare da parte dell'arginaki (ARG1) rappresentaun noto meccanismo
immunosoppressio. Sebbene siano stati fatti enormi sforzi per lo sviluppo di inibitori

chimici efficaci control ARG1, le differenze nella biologia di ARG1 tteomo e
modellimurinil i mi t a, ad deliggua inibidiobeenélld pratica clinica.

Nel nostro studio, dimosamoche ARGL1 e presentei neutrophil extracellular traps

(NETS) rilasciatidalle cellule polimorfonucleaté®MNs) stimolate Nei NETSARG1

viene tagliatadalla catepsina S (CTSS)originando frammenti di diverso peso
molecolare con attivita enzimatiddome conseguenza, il risultato netto déllazione

di ARGL1 risulta aumentato a pH fisiologictn pazienti con tumore pancreatico

abbiamo evidenziato che tale meccanismo € preseoglute mieloidi periferiche ed
infiltrant.i i t umor e . athvitdbdi AR@Dbpudadssere e s 3  di
neutralizzatain vitro, da un nuovo anticorpo monoclonale specifico per ARG1 umana,
mentre classici i ni bitori ri sul-AR&hé® i neff
statainoltre valutatain vivo su omogenati di tumore pancreatico umano e in modelli
murini. In tal sensol 6 anti cor po si - dimostrato in gr
terapie basate su checkpoint inhibitors e trasferimento adottivo di cellule -T anti

tumorali.



Abstract

Despite the progress in the field of the cancer immunotherapy, the
immunosuppressivieimor microenvironment (TME) remains a huge probterbe-

solved nowadays. Among other key components, infiltrated myeloid cells in the TME
can suppress artiiimor immunity exploiting various mechanismsatginine

degradation from the extracellular miliby arginase 1 (ARG1) is a notorious
Immunosuppressive mechanism. Although, huge effort has been made for the
development of effective chemical inhibitors against ARGfferincesn ARG1

biology among species could restrain the successiuslation okexperimental
modelresults in the clinical practice.

In our study, we have demonstrated that ARG1 is present in neutrophil extracellular
traps (NETS) released by stimulated polymorphonuclear cells (PMNs), where it is
cleaved by the cysteine protease cpdie S (CTSS)This cleavage generated two
truncated forms of lower molecular weight and unleashed ARG1 enzymatic activity at
physiological pH. Subsequently, ARG1 enhanced activity resultéloeiarrest of T
lymphocytes proliferation. We have developedeutralizing monoclonal antibody
againstARG1, which efficiently blocked ARG1 activity, while the commercially
available ARG1 inhibitors were unable to restore T cells proliferation when the cleaved
forms were present.

In patients with pancreatic ductaldenocarcinoma (PDAC), neutrophils and
CD14'ARGI" cells released NETilated ARG1 endowed with increased activity, due

to CTSS cleavagegndadministration of the ARG1 neutralizing antibody blocked its
inhibitory function.

ARGL1 blockade in combination wittmmune checkpoint inhibitors (ICI) iex vivo
PDAC tumors enhanced the efficacy of immunotherapy through increased activation
of T lymphocytes, while combinatory treatment of turbearing humanized mice with
adoptive cell therapy (ACT) and ARGideutralizing antibody increased T cells

infiltration in the tumor tissues and attenuated tumor growth.
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Introduction

Chapter 1Tumor Microenvironment

Despite the developmentcdfieckpoint blockade therapytime lastyearsandits proven
anti-tumor effidency, tumor cells still retain the ability &sscapeand more than 50%

of the patients fail to respond. Specifically, tumors create a highly
Immunosuppressive environment tiprbmotestheir growth and metagte spread
while at the same tinteolds a protective role agairtke various arttumor therapeutic
approaches In the last yearst has emerged that the tumor microenvironment (TME)
is a key player of the tumor progressitius understanding the mechanisms governing
its regulatioris a priority®. TME is the environment surrounding the tumor celsich
contains also immune and stromal catisn-cellular components of the extracellular
matrix (ECM) and signaling moleculésAccumulating evidence shows thetllular
and acellular components in TME can reprogram tumor initiation, growth, invasion,
metastasis, and response to therapfeonsequently, targeting and migulating the
cells and factoref the TME during cancer treatment can help conitnglmalignancies

and achieve positve at i ent 6 s out come.

1.1 Cellular components of the TME

Tumor cells communicate with theurroundingcells, altering their normal function
and corrupting them tdheir advanceCancerassociated fibroblasts (CAFs) are key
component of the TME with diverse functions, including matrix deposition and
remodeling, extensive signaling interactions with canadls cand crossti with
infiltrating leukocytes. In addition, CAFsthroughlL -6, promote immunosuppression
via systemic effects on metabolisand support the metabolism of TMH&iltrating

cells providing necessaryetabolite® Lastly, CAFs regulate survival signaling and

promoteangiogenesisproliferation of the infiltrated cell§, drug access and therapy
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responsesCAFs secretoménfluences a range of leukocytes, including CD&ells,
regulatory T (Treg) cells and macrophages, with both immunosuppressive and
immunopromoting consequencts However, the consensus is that the predominant
effect of CAFs is immunosuppressive with-6l. CXCG-chemokine ligand (CXCL) 9

and TG b h a v iestaplisiveerblés in reducing T cell resporidedlore recently,
antigen cross presentation by CAFs has been obs&nattl this may lead to CDZF

cell activation and suppression of CDB cells 3. Clinical analysis further supports

an inverse association betwe@AFs and CD8T cells* Infact,interference with the
action of CXCL12 produced by CARvas shown to promofe cell-mediated tumio

contrd . The exchange of metabolites and amino acids between cancer cells and
CAFs is an additional avenue by which stromal fibroblasts interact with tumotells

7 In this line, aitophagy in stromal fibroblasts can generate alanine, which is
subsequently used by pancreatic ductal adenocarcinoma (PDAC) cells to fuel the
tricarboxylic acid (TCA) cycle® 1°. Furthermore, metabolic dysregulation of CAFs
may also be coupled to altered immunoregulation, possibly throu§tpibduction or

depletion of immunomodulating amino asfd.

On the other hand, TME is also infiltratedibymune cells with suppressive ftons.
Tregsrepresent onef these components, together witimorassociated macrophages

(TAMs) andmyeloid-derived suppressor cells (MDSCs).

Tregsare a subset of T cells characterized by the expression of the transcription factor
forkhead box P3 (FOXP3). Tegs coOnsist in a suppressive populatiomwhose
physiological role is to prevent pathological s@fctivity, maintain peripheral
tolerance and stop immune respongesesolve inflammationDifferent subsets of
Tregs have been so far identified, depending on the expression and intensity of
CD45RA, CI25, FOXP3 and CB, and defind as nTregs, eTregs, ndmegs®*. nTreg
possess weak immunosuppressive activity. Uparell receptor TCR) stimulation,

nTreg cells proliferate rapidly and differentiate into highly immunosuppressive eTreg
cells. By contrast, FOXPXonTreg cells are not immunosuppressive but rather are

i mmunostimul atory, producing i nf-L782mmat ory
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Tregs exert their immunosuppressive activity through various cellular and humoral
mechanisms: competition for and consumption eR]lthereby limiting the amount
available to Tcells 2% cytotoxic T-lymphocyteassociated protein 4CTLA-4) -
mediated suppression ahtigen presentin cellsAPC) function, which inhibits the
priming and/or activation of T celf; production of immunosuppressive cytokines
such as IL10, IL-3 5 a n d 2>T5GF éohversion of ATP into adenosirg an
immunomodulatory metabolite thatrcprevent optimal T cell activation; and secretion
of granzyme and/or perforin to destroy effector céllsTumor cells exploit Egs
physiological function to control immune responbgdriggering their recruitmerdt

the tumor sites through cytokines, wherggslexert their suppressive function on
effector T cellsthus promoting tumor development and progres&ionThe TME
generally contains an abundanceedteg cells that overexpress immunosuppressive
molecules, such as CTLAand T cell immunoreceptor with Ig and ITIM domaiesy(
TIGIT), with low numbers ohTreg cells. A transcriptome analysis of human cancer
specimens has also revealed that tuniofiltrating Treg cells express high levels of
various narkers of Treg cell activatiosuch as lymphocytactivation gene 3 protein
(LAG3), T cell immunoglobulin mucin recemt 3 (TIM3), inducible T cell ce
stimulator (IGDS), OX40and glucocorticoidnduced NFR-related protein (GITR,

a phenotype that is distinct from that of Treg cells in peripheral tissues, supporting the
notion that Treg cells in the TME are activated and have a strong immunosuppressive
capacity. Interestingly, evidence indicates that apoptotic Treg cells in tikeHEMVe
greater immunosuppressive effects than-apaptotic Treg cells. Apoptosis in Treg
cells has been attributedttteweaknuclear factor erythroid-gelated factor 2NRF2)-
associated antioxidant system and thus high vulnerability to reactive ogggeies
(ROS)generated in the TME2. Apoptotic Treg cells in the TME have been shown
convert large amous of ATP to adenosine via CD39 and CD#areby suppressing
the activity oflocal immune cells through the adenosine A2A receptor pathitay

Macrophagesescribed asnate cells othe mononuclear phagocyte immune system

exert crucial roles agast infections. Macrophages engulf microorganisms and
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stimulate adaptive immune cells when necessEmyough the secretion of cytokines,
chemokines but also hypoxia and inflammatiaamor cells recruit circulating
monocytes in the TME, which become TAM$ Immunosuppressive TAMs are
characterized by a secretory profile consisting of low levels of inflammatory cytokines,
such as k18, IL-1 2 TNFU and | FNo -inflammdtonhciyt@ites, | ev el s
such as 110 and TGFb *°. TAM and tumor cellderived cytokineslike TGFb , - | L
10 andPGEZ2 are known tadownregulate major histocompatibility complex (MHC)
classll molecules in TAMs. This results imlcreased hl differentiation leading to a
reduced anttumor responsand expansion dfreg cellsTAMs also promote immune
suppressin thiough the recruitment of Phand Treg cells by the production of
chemokines, such as CCL17 and CCL¥2nd through the regitment of eosinophils

and naive T cells by the sedoet of CXCL13, CCL16, and CCL18. TAMs express
also immune checkpoint ligands, such(@®grammed deatlgand) PD-L1, PD-L2,
CD80 and CD86, which directly inhibit cytotoxic T cell functions, further dampening
antitumor respnse 3. T cell cytotoxicity can also directly be inhibited by
macrophagenediated depletion of-arginine and tryptophan by argina@RG1) 1

and indoleamine 2;8ioxygenasd (IDO1) 3% %, TAMs arealsoassociated with tumor
progression and facilitation of metastadls In fact, in metastatic sites, classical
monocytes differentiate into a distinct, transient myeloid cell population (metastasis
associated macrophagarecursors(MAMPS) that expresses mature macrophage
markers (F4/80) and suppress the cytotoxic activity of CD&ells by aROS
mediated mechanisfi. Recent lineage tracing experiments showed that the MAMPs
differentiate into metastasiassOciated macrophageMAMs) endowed with the
ability to suppress CD8T cell killing, instea with a mechanism dependent on the
expression of CTLA4 ligands, such CD80 and CD&6

MDSCs are a heterogeneous group of ceéifonging tothe myeloidlineage that
expand during pathological conditions, such as cancer, chronic inflammation or
autoimmunity In tumos, MDSCsare detected in the TMBMDSCsare pathologically
deviated cells thdéave the bone marrow (BM} immature precursdogfore reacimg
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their final maturation statuis different tissues and TME. MDSCs consist of two
different subpopulations: the monocyMDSCs (MMDSCs) and the
polymorphonucleaMDSCs (PMNMDSCs). MMDSCs have morphologic and
phenotypic characteristics similar to monocytes, while PMIDISCs are similar to
neutrophils*%. In humans, MMDSCs are characterized as CDH&A-DR™ and
PMN-MDSCs as CD111CD15'CD14CD33"°CD661 4°. MDSC major function is to
suppress antumor immune responses, mainly through inhibition of T cell
proliferation and activation through various established mechaniBor example,
MDSCs poduceROS and reactive nitrogen species (RNf)ck T cells function and
induce apoptosis through PII1, CTLA-4 and Fas ligand (FASL}%. Moreover,
MDSCs support the suppressive functionsefsaind TAMs in the TME’. In addtion,
MDSCs are able to orchestrate immune respdmgesntrolling essential amino acids
metabolism More specifically, MDSCs metabolize-drginine through ARG1 and
inducible nitric oxide synthase (iINOS) andtryptophan through IDQ, provoking

arrest of T cells proliferatioff.

1.2 Noncellular components of thHEME

Apart from the different cellular populations infiltrated in the TME, there are various
noncellular components with extreme importance for tilmaor progression. Non
cellular components of the TMEihclude cytokines, growth and soluble factors,
metabolites, ligands and enzymes, nucleic acid and exostmiesaddition, non
cellular componets of the ECM, like proteins, glycoproteins and proteoglycans,
contributeto tumor growttr?. The various molecules facilitate communication between
the celkin the TMEwhile at the samBme contributein tumorigenesis, metastasis and
angiogenesis. Similarly, these components play a role in the general

immunosuppression that is present in the TME, by modulating immune cell fuhction

One of the most important families of enzymes arecysteine cathepsinsyhich
demonstrate increased levels and activity in tumor patients and are correlated with poor

prognosisl. Cysteine cthepsins are lysosomal proteaties belong to the C1 papain
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family and count 11 members, also called sulfhydryl or thiol proteinases, as they
contain a cysteine residue in their active stte€athepsingre produced as inactive
prepro-enzymes or zymogens, since the propeptide sequence is necessary for
cathepsins regulation and their entrance in the endoplasmic reticulur’(PR)teins

of this family ae localized in the endlysosomal lumen, where they exert different
proteolytic functions related to protein degradation, but they are also taking part in cell
cycle regulation, cell death and inflammation signaling andder specific
circumstances, ca#psins can be secreted in the extracellular environrient
Nevertheless, in canceathepsinscquire new functions and help tumor progression.
For instance, cathepsins are implicated in the tumor angiogenesis, facilitate tumor
invasion and extravasation by degrading EEMOne member of this familthat is
intensively investigated for its role in cancer is cathepsin S (CTSS). CTSS is the only
member othe cysteine cathepsins familyat retains its enzymatic activity in neutral

pH compared to the optimal acidic pH that supports the activity ajttter members

of this family®®. CTSS is ulmuitously present in the lysosomes, but has a tissue specific
distribution, as it is mainly found in spleen, lymph nodes and immune cells such as
antigenpresenting cells, monocytes, macrophages and in the Ficanmanules of
neutrophils®®. Its specific tissue distribution is explained by CTSS crucial role in
immune responses and specifically in antigen presentdti@T SSpresent in thymic

DCs is the main protease that cleaves and generates autoantigens during T cell selection
process®. Moreover, CTSS is one of the enzymes involved in the cleavage of the type
Il glycoprotein of invariant chain (li, CD74) in order to produce the class Il invariant
chain peptide (CLIP) and allow the antigen loading in MHCII in DCs, B cells and
macrophages®. CTSS expression is upregulated in breast, pancreatic, liver, gastric,
colorectal, liver cancers as also in Ndndgkin lymphom&°. Both tumor and tumor
infiltrating cells, such as TAMs, are responsible for theeved high levels in the
tumor microenvironmerft' 62 High levels of CTSS correlate with poor prognosis in
various tumor typesin pancreatic tumor modelsxpressig high levels of CTSSt

was showrthat CTSS isecessary for tumor formation, invasion and angiogenesis,

while in RIP1-Tag2 (RT2) transgenic mousgcking CTSS expressidnmor growth
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was completely absent, suggesting the role of this protease in nigwvtarmor
aggressivenes® ® In additian, in a pancreatic mouse modek4LstimulatesCTSS
expression by TAMs, which enhamteimor growth®. StudiesaboutCTSS activity
blockadedemonstrated positive results andmg CTSS inhibitors have been developed
and testedh last decadeagainst various cancet’ based on its tertiary structure. The
main problem regarding the development of CTSS specific inhibgalge to the high
percentage of homology among the members of the cysteine cathepsin, family

rendering thénhibitors nonrselective®® (Fig. 1).
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Figure 1. Components of the TME.

Protumoral and anttumoral populations are detected in tioenplex TME of solid tumors anshap:
the antitumor immune responses and the outcome of the therapeutic treatnfamthiermore
complex ECM, acidic pH correlated with hypoxia and 1pitysiological angiogenesis characte
TME. Soluble factors, such as cytokines, chemokines and exwane also detected in the T!
Adapted from Krisnawan et al, October 2020, Cancers.

1.3 Metabolism

The catabolism of essential metaboliisscentralin the TME and represents an
importantalterationfor cancer cellsurvival and suppres®n of ant-tumor immune
responsestTumor cells havan increased requirement for nutrients in order to sustain
their excessive energy needs and exhibit an extreme metaboticifylaas they are

able to adjustheir metabolism based on their location andavelability of nutrients
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in the extracellular miliel?’. For example, tumor cells consumapidly glucose,
leading to accumulation of lactate which attenuatestantor effector T and NK cells
and stimulates T helper 17 {0I7) cellsto exert pretumoral functions®, Similarly,
tumor cells and activated immune cells competeafomo acidsn the TME Amino
acids deprivation results in dysfunctional T cells with low capacity to orchestrate anti
tumor responses:or instancedepletion of tryptophan biDO1 leads to suppression

of cytotoxic functions and induction ofefs differentiation while hydrolysisof
glutamine byglutaminase results in the production of glutamate that induggs T
expansiorf® © Similarly, arginine is a seméssential amino acid with critical role in
the tumor immunologyhat s catabolizedn the immune cellby ARG1, ARG2 and
iINOS " (Fig 2). Catabolism of arginine by ARG is one of the main immunoregulatory
mechanisms expited by different cells to inhibit T celmediated responses.
Arginine/ARG axis and its role in tumor progression will be described analytically in

the following chapter.

Nitric oxide .
(Cytotoxicity; € W Arginase 1 :‘{ Omithine I
immune regulation) A

Superoxide > ASL OAT

¥
obc
(other sources)
Urea
A4 Y / \
Peroxynitrite Citrulling e ASS1 Polyamines Prol

ine
(Altering proteins) (Cell proliferation) (Collagen synthesis)

Figure 2. Scheme of arginine metabolism

ARG1 and NOSZINOS) are the responsible enzymes for arginine catabolism in imraspenses.
ASS1, argininosuccinate synthaseABL, argininosuccinate lyase.ddified from Rodriguez et al,
February 2017, Frontiers in Immunology

1.3.1Arginase 1
ARG is a manganese metalloenzyme that catalyses the last step of the urea cycle, being
responsible for the conversion ofdrginine to urea and-brnithine. This catalysis

results in the organismbdés detoxification
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butalso in the production of prolines and polyamines through the further catalysis of
L-ornithine by ornithine decarboxylase (ODC) or ornithine aminotransferase (OAT)
respectively’?. Additionally, L-ornithine can be converted teditrulline by ornithine

transcabamylase (OTC) and carbomoylppbsite synthasg (CPS1).

ARG is a highly conserved enzyme and in vertebrates is present idiffi@oent
isoforms: ARGland ARG2. Although the two enzymes are encoded by genes located
in different chromosomes, they share more than 50% homology in their amino acid
sequence and 100% homology in their catalytic $teBurthermore, their hydrolysis
produces the same metabolitds. humans, ARG1 gene locus is located tbe
chromosome 6923 and produces a 8@2no acid protein, while ARG2 gene is the

chromosome 1424, generating a protein of 354 amino &cids

The two isoforms are located in different subcellular compartmeR&1As located

in the cytosol of hepatic tissues, although it is found in lower levels also in other
cells,while ARG2 is a mitochondrial enzynexpressed in nehepatic tissue®. A

valid explanation of this phenomenon is that ARG2 derfirgra the ancestral

enzyme, since it is expressed in all organisms (from bacteria to vertebnduiés)

ARGL1 is expressed in the recently evolved species because of their necessity to
metabolize higher levels of nitrogéh Nevertheless, ARGi2 foundin the cytosol

of human endothelial or tumor cells, contributing tardginine degradatioff,

Arginase caralsobe detected in extracellular fluids, indicating that it is released from

cells and can hydrolyze-arginine in the extracellular environmefit

Apart from the different intracellular locatiome tvo isoforms are also expressed by
different cell populations. In details, ARG1 is generally present in hepatocytes and
myeloid cells (known also as liver arginase) and ARG2 is exprebsguitously in all
mitochondriacontainingextrahepatiacells, and amng them in higher levels in the
kidney, prostate, brain, blood and immune c#ldn extrahepatic celld,-ornithine,

the product of the enzymatic catalysis eaiginine by ARGis used for cell growth

and proliferationln humans, three different isoenzymes of ARG1 have been detected,;

the isoform 1 of 322 amino acidsthe liver, the isoform 2 of 330 amino acids in PMNs
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and erythrocytesand finally the 236 amino acid long isoform 3 that has still unknown
function and tissue distributio@ompared to isoform 1soform 2 contains &dditional

amino acids, starting from the amino apigbition43 8.

Recent studiesdicatedthat immune cell populations expreéSRG1 andARG2, but

the relative enzyme distribution variasiong different organismaithin the immune
populations. Specifically, in mice ARIGs expressed imonocytes and macrophages,

while in humans ARGL1 is stored in the tertiary granules of neutrophils and under
physiological conditions is not detectable in monocytesin human neutrophil

granules, ARG1 is inactive at physiological pH, and becomes active only upon its
releasen the extracellular environmefit In experiments performed by Rotondo et al,

ARG1 activation was mediated by componentgrifhary granules. Moreover, even

though ARGlexoyt osi s was induced by bOam tumor
ionomycin, only the latter resulted in the release of both granule types and the

activation of extracellular ARG1 at physiological fH

Regarding ARG struate, initial studies orrat liver ARG1revededthatthe enzyme

hasa 105 kDahomotrimeric quaternary structuaed each monoméas an a/b fold of

a central parallel 8trandedb-sheet with severdlthelices on both side¥ (Fig. 3.
Human ARG1 and ARG?2 shatieetertiary structures with rat ARG®' 8 Moreover,

each monomer contains a sgioupled Mi* - Mn?*, necessary for the proteolytic
function of the enzymegs itcoordinates with the amino acid side chain, found on the
border of the centrdl-sheet ’®. In particular, manganese ions create hydrogen bonds
with the histidine and aspartate amino acids, resulting in the stability and the activity
of the protein®’. This knowledge ld to the design of different chemical inhibitors

targeting ARG1 enzymatic core.
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Figure3. ARG1 and ARG2 structures.

A. ARG1 and ARG2 quaternary trimeric structures are shown. In each monomeetha@r@ls are indicated with

fuchsia arrows. B. Schematic representation of ARG1 and ARG2 secondary structures. Random sequences are
indicated with grey colof, -sheets withlight green,h -helixes with light blue and turns thi fuchsia. The above

figure is adapted by uniprot.org https://www.uniprot.org/uniprot/P05089
https://www.uniprot.org/uniprot/P78540)

1.3.1.1 ARGL1 function in cancer
In the recent years, numerous studies have shown that amino acid metabolism has a

direct impact on immune cells functioaither under physiological or pathological

conditions. Specifically, ARG1 has a cruci

against tumor cells. In other words, ARGL1 is a key enzyme in the generation of an
immunosuppressive environment by tumors andtpnaoral immune cells resulting in

the suppression of arttimor immune responses mediatéd

To beginwith, L-arginine catabolism by ARGL1 results in impairment of T cells
function and response against tumé&fs Moreover, tumoinduced inflammation
stimulates karginine consumption by innatemune cells, througmterferon(IFN)-

U6 amdsignaingtiongdowneraedgul ati on of CD3g
blocks T cells respons&$ Amino-acid loss and accumulation of urea have been shown
to modify the translation of seval mRNAs, through the involvement of general
control nondepressible 2 (GCN2) amdammalian target of rapamycin Ti®R). The

level of tRNA that is uncharged increases in cells as a consequence of theaaithino
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loss, and this subsequently activates GCN2Y °). GCN2 binds uncharged tRNA
and thereforesignalsamincacid stavation and reastby phosphorylating the serine
residue at p o-subunii of euka#ydtic trarfslationhirgtiatidh factor 2
(EI F2U) . Pho s p hunsoffpratein spnthesis by hatijthie hitiation

of translationExperiments perfoned by Rodriguez et al. showed that GGiddicient

T cells were able to proliferate even in the absencearfjinine indicating the crucial

role of arginine in the cell cycle of T celfS. However, Van de Velde et al. challenged
these results showing that CD8 cells lacking GCN2 could not proliferatgter
antigen stimulationn the absence of amino acjdi&ke arginine, tryptophan etdut
CD4' T cells proliferationwas not affected®. On the other hand, T helper cetian
sense the absence of amino acids from the extracellular milieu through mTOR pathway.
In details, CD4 T cells lacking Rictor, the main subunit of the mTORC2 protein
complex, were engaged to proliferation in limiting concentrations of arginine and

leucine®.

The crucial role of targinine in T cellgs further highlighted by the observation that
increased concentration witracellularL-arginine in T cells provokes a shift their
metabolism from glycolysis to oxidative phosphorylation, which supports T cell
activation and function and promotes the differentiation towards central memory
phenotype®®. In addition, high level of ARG activity detected in pancreatic cancer
patients limit L-arginine concentration and block the funaotiof other enzymes, like
NOS for the production of N@&; furthermore decreased-arginine levels stimulate T
regulatory cells generation th&trther suppors the tumor growth®’. L-arginine
availabilityis strictly associated with the functional performance of T ciliss,many
researchs have focused on the cell populations thqiressARG1 withthe purposé¢o
consume Larginine and support tumor growth. For example, tuassociated
myeloid cells caruptake L-arginine from the extracellular environment by GAB
transporter and impair T cells respon&gdt is also well established that-MDSCs

and macrophages can catabolizarfjinine, enhancing further the immunosuppression

in the tumor tissue¥’. In nontumor conditions, ARG1 expressing macrophages are
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able to regulate T cells function ahtbck bacterial or cytokindriven inflammation,
indicating that independently of the tumor effe®RG1 is able to control T cells

proliferation®® 10,

In humans, Munder et al demonstrated that ARG1 released from ,Pijids

activation with ionomycin or PMAd ownr egul ates CD3g¢ <chain e
TCR signallingand blocks T cell proliferatioft 19X IL-8, produced by nesmall cell

lung cancer (NSCLC) cells is also able to stimulate PMNs and induce ARG1 exocytosis

that eventually suppresses T cells proliferatfn

1.3.1.2TargetingARG1

Due to the role of ARG1 in cancand other pathological conditions, ARGL1 inhibition

has beenhe focusof many studies resulting in the development of inhibitors during
the past year¥:.

ARG1 inhibitors can be clustered in two different grotffisThe first group contains
L-arginine analogus, like compoundswith 2-aminoimidazole moiéts that are
stabilized through the hydroxide that connéd®&G with the manganese clusterimic

ARG interaction with kargining and blocks the hydrolysis of the amino aétd
Conversely, the second group includes transition state analogues (boronic acid,
hydroxyarginines andulphonamides), which interact and bind to the manganese ions.
For exampl e, one of the most -kydroxykb- pot ent
arginine (NOHA), an intermediate molecule in the NO synthéssdisplacesthe
metatbridging hydoxydewith N-hydroxyl 1%. Its derivative notNOHA exhibits the

same mhibiting potency but with longer halife and it is not a substrate of NGS.

Both of them are specific to ARG1, denstrating no effect on NOS function. Two
other examples of transition state analogues are boronic acid analegygihine, S
(2-boronoethyBL-cysteine (BEC) or (ABH)were designed to bind to the manganese
cluster and block the enzymatic activity of GR. The crystal structure of arginase

| ead to the des idigubstitotéd derivatvesotABi.ngest U, U
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One of themost receny describecchemical inhibitosis the smalimolecule CB1158,

which was able to reverse myeloid cefteediated suppressiasf T cell proliferation
resulting in decrease tumor growf¥. Currently, ths inhibitor is tested in a Phase |
clinical trial for its safety, pharmacokinetics and response against different solid tumors
(NCT02903914,
https://clinicaltrials.gov/ct2/show/NCT02903914?term=NCT02903914&draw=2&ran
k=1). In addition, based on ABH structure and using structumakd drug design Lu

et d have designed a novel ARGL1 inhibitor that took in advantage the empty space left
from ABH-ARGL interaction This inhibitor features a proline core and exhibits good
overall characteristics (potency, selectivity and oral bioavailability), althoughritdtas
beentested as an anticancer ag€fitABH structure was also tHeasisfor the design

of another boroniacid compound that possessed a bicyclic ring system, increasing the
stability of the complex ABHARG1 and demonstrating promising pharmacodynamic

characteristics in tumdrearing mice°.

Due to ARG1 active site structure the therapeutic approach of neutralizing antibodies
was not evaluated until recently, but ARG1@pe characteristic render the enzyme a
good candidateln details,ARG1 presence in the extracellular environment, where
antibodies can target it and the broad available surface of ARGL1 trimer for antibody
binding indicatethat targeting ARG1 with neutraing antibodies in the extracellular
milieu, without affecting its intracellular functigreould be a successful therapeutic
approach. Indeed?alte R.L. et al. based on crgtectron microscopy designed five
full-length ARG1 monoclonal antibodies thakre able to neutralize the enzymatic
activity. Four out of the five generated antibodies inhkiRG1 by steric occlusion of

its active site due to the insertion of an amino acid side chain, while the fifth antibody
prevents the formationf the complex btweenrARG1 and its substrate and proddith

Overall none of te commercially available inhibitors isoform specific, targeting
both ARG1 and ARG2, as all the inhibitors share similar structdteMloreover, the
available compounds demonstrated poor pharmacokinetic profiles and many side

effects have been reported due to the high dosage. In addition, the chemical inhibitors
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have been developed based on ARGlstaly structure, without taking into
consideration possible pesanslational modifications or changes that coulcloclue

to the expressiomidifferent populations between rodents and humatthough the
generation of neutralizing antibodies paves way for their use as a therapeutic
approach to target enzymes, it remains to be addressed whether these antibodies can
function in preclinical and clinical modelEherefore, the developmeat novel orthe
ameliorationof pre-existingtherapeutic stratégs to block ARG1 functiospecifically

is necessargnd is still an active sector of research
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Chapter 2Neutrophils

Neutrophils, or otherwise knonasPMNSs, belong to the innate immunity system and
constitute the most abundant immune population in humans, representing
approximately 50 to 70 % of total leukocyté$ They are produced in higher nbars

than any other population in BM (#0each day)!'> PMNs are released in the
circulation as terminally differentiated cells having no capacity of reneivah leads

to the necessity of constant replenishméhtNeutrophils lifespan is shorter than any
other populationin mammals, extending from 12 to 24 hodts but under non
physiological conditions, it can be prolonged. Theare characterized by their
multilobulated nucleus, the presence of diverse granules with defined content and the

expressiorof a wide range marken their extracellular membrarié®.

Neutrophils, exploiting a large arsenal of protective mechanisms, are the first line of
defense against microbial infections. In details, there are three main mechanisms
deployed by neutrophils in order to accomplish their function properly; phagocytosis,
degranulation and formation of neutrophil extracellular traps (NETs)Particularly
degranulation and NETosis will be discussed in the followingagraphs. An
increasing number of studies coming out in the last decades reveals the numerous ways
that neutrophils function is extended beyond their antimicrobial role in various

diseases, including cancer, autoimmune and infectious diseases and'&epsis

2.1 Neutrophils ontgeny

Neutrophils ontogeny is a highly regulated complex process that takes place in the BM.
To begin with, mature neutrophils are generated from committed myeloid progenitors
that originate initially from hematopoietic stem cells (HSCs) resided in thelBM.
details, based on the classical or hierarchical model, HSCs generate two different types
of common progenitors, the lymphoid (CLP) and the myeloid one (CMPEMPs,
characterized as Li@D34'CD38'IL3R*CD45RA, give rise to

27



granulocyte/macrophage progenitors (GMPs;CiD34'CD38IL3R"CD45RA"), that

in response to granulocyte colony stimulating factoitQ&~) become unipotent and
differentiate through various steps to neutrophils. Then, the most famous model
describing the ammitted granulopoiesis was divided in two major phases, the
proliferative and the noeproliferative that follows chronically the former one. In the
proliferative phase, GMPs differentiate to myeloblasts, promyelocytes and myelocytes,
while in the norproliferative phase myelocytes produce metamyelocytes, banded cells
and mature neutrophit$®. During this process, neutrophils change their nucleus shape
and acquire their specific characteristics. This procedure iuired and regulated by
specific transcription factors. Specifically, the most important ones Sageal
transducer and activataf transcription $TAT) 3 and CCAAT/enhancebinding
protein (C/EBP) alphthat are present from the early developmental stages (GMPs and
myel obl ast , respectively), whil e others,

C/ E B P activator ghrotein 1AP1), regulate the steps of the nproliferative phase
120

The above mentioned classification is based on histological staining and electron
microscopy that depend on neutrophil size, nucleus shape and cytosol specific granules.
New studies, though have shed more light in the neutrophils ontogeny and
demonstrated that in mice GMPs produce proliferative neutraphiimitted cells that

are know now apre-neutrophils (preNeu¥’. PreNeus have the ability to give rise to
immature and mature neutrophils, and moreover in inflammatory conditions these
committed progenitors expand even more. PreNeusxish in the BM pools with
common monocyte progenitors. Another elegant studyiftehthe earliest neutrophil
progenitor (NeP) downstream of GMPs in humans and confirmed also the presence of
preNeu in humans, demonstrating that human preNeu represents an intermediate
population between NeP and terminally differentiated neutropffilsAs it is clear

now, new technologies can help us to identify and answer questions regarding

neutrophils ontogeny forming a better picture of the dditization in the BM.
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2.2 Granulopoiesis

Another important aspect of neutro@differentiation and maturation is the stepwise
formation of granules and secretory vesicles, a procedure named granulopditsis
starts with the appearance of the primary granules (once termed azurophilic) in the
myeloblast and promyelocyte stage. At this stage the nucleus is still large and round.
Then, at the myelocyte and metanogite stages secondary granules (once termed
specific) appear and the nucleus is shaped in the form of a kidney. Tertiary granules
(or gelatinase granules) start appearing during the transition to band cells, named in
this way because of the band form b€ tnucleus. Finally, ficol#i granules and
secretory vesicles appear in the mature (segmented) neutrophils. By the end of

granulopoiesis process fully mature PMNs eméffje

Each type of granules contains a specific collection of proteins produced at the
corresponding differentiation stage. Primary granules are defined by the presence of
myeloid peroxidase (MPO), that contain in high levels. Apart from MPO, primary
granules cotain serine proteases with proteolytic activity including proteinase 3 (PR3),
cathepsin G (CTSG), neutrophil elastase (NE), and neutrophil serine protease 4 (NSP4)
125 Additionally, membrane proteins, such as CD63, CD68, presenilin 1, stomatin and
vacuolartype HATPase and other antimicrobial peptides (defensin, azurocidin, and
bactericidal/permeabilityncreasing protein (BPI)) are also included in primary
granules. Secondary granules contain antibiotic molecules, like lactoferrin, neutrophil
gelatinaseassociated lipocalin (NGAL), resistin, olfactomedin(OLFM-4) and
signatregulatory protein alpha (SIRP 15 Tertiary granules contain enzymes
(gelatinases) that degrade matrix when neuitegiet in contact with the endothelium

and membrane receptors (CD11b/CD18, CD67, CD177 !&tcJhe most important
enzyme of tertiary granules is ARG1, known for ieiotropic roles in various
situations'?*. Ficolin-1 granules and secretory vesicles are similar in terms of protein
content and role. Ficolid granules contain human serum albungomplement
receptor 1 CR1), vanin2 (VVN2), lymphocyte functiorassociated antigen LKA-

1), actin, and cytoskeletanminding proteins andCTSS. Secretory vesicles contain

29



membrane receptors (CD10, CD11b/CD18, CD15, CD16, -LFfMmacrophage 1
antigen MAC-1) etc) and proteins necesgdor the immediate inflammatory response
of neutrophils. In general, both ficolih granules and secretory vesicles are easily

exocytosed, as a resp¥%tse to neutrophil so

Granules exocytosis or otherwise known as degranulation follows a contrariwise linear
order in comparison to their productiti In details, as we mentioned above activation

of neutrophils from minimal stimulation results in the exocytosis of secre&sigles

and ficolinl granules. Increasing potency of the stimulation causes then the release of
tertiary, secondary and in the end primary grantd2sNe must stress here that the
exocytosis of primary granules is particular since they require a really strong stimulus
and subsequently the majority of theeleases their content in the phagosomes and

they do not exocytose directly in the extracellular environrént

2.3 Heterogeneity of neutrophils in health and cancer

Another emerging important aspect of neutrophils biology is their heterogeneity.
Specifically, studies are identifying neutrophils populations, both mature and
immature, with specific charaaistics in healthy and pathological conditiots
Neutrophils plasticity and heterogeneity begin early in the maturation procedure in
bone marrow, continue in the blood where circulating neutrophils exhibit numerous
phenotypes, acquire more complexity when tisspecific neutrophils are exaned
andfinally dependalsoon the health statug2

It is known that neutrophils have limited tiframe in the blood and this has
established the idea that circulating neutrophils have the same characteristics and
phenotype. However, this is not thee&8. Even in healthy conditions, neutrophils in

the blood show different characteristics that are correlated with a phenomenon known
as neutrophil ageing. When neutrophils remain more than 6 hours in the circulation
they start decreasing CD62L-8electin) epression and upregulate CD11b &wC
chemokine receptor€KCR) type4 (CXCR4)levels®* Moreover, neutrophils from
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healthy volunteers appear to undergo diurnal oscillations for phagocstasiROS
production, which are under the control of circadian clock g&fe's®

In different tissues, neutrophils are influenced by their surrounding environment and
modify their lifetime durationas their phenotypic and functional properti€. In
addition, in acute inflammation in mouse model neutrophils have active chromatin
remodeling when neutrophils leave the bone marrow to enter the circulation and when
abandon the circulation to enter in the tisst#sn human spleens, CD®8CD16°"
neutrophils support and stimulate B cells through the expression of cytokines and

chemokineg?3? 140

Neutrophils phenotypic and functional complexity passearmther level when we
must study their heterogeneity in pathological conditions, like cafcéctually, the
confusion in this case is growing even more due to complex nomenclature. To begin
with, systemic inflammation activates mature circulating neutrophils, but at the same
time stimulates a process called emergency granulopoiesis. In cantere mad
immature neutrophils with artumor and pradumor function are detected in the
circulation3%, Specifically, in the peripheral blood of cancer patients there have been
identified three populations of neutrophils: normal density neutrophils (NDNSs), that
received their name because tleyg isolated from the granulocyte fraction upon
densitygradient centrifugation; low density neutrophils (LDNs) and RMNSCs,
isolated from the peripheral blood mononuclear cell (PBMCs) fraction. Moreover,
tumor tissues are infiltrated by neutrophilsttiealled tumorassociated neutrophils
(TANSs) 42 Below we will discuss analytically the differences and the common points
of these populations detected in cancer and we will alsoteetBe missing points of

their biology.

2.3.1NDNs

The NDN term refers to the neutrophil population with mature phenotype that is

isolated from cancer patient®. NDNs display in some cancers immunosuppressive
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phenotype, exerted mainly through the release of ROS, ARG1 evmtak other
proteases. Studies have also demonstrated that NDNs are able to suppress T cells
response through celb-cell contact and Mag %3 44 NDNs have the common
phenotypic markers of neutrophils (CD66b, CD11b, CD15, CB34%6and can be
distinguished from the LDN population only with density centrifugation, rendering
difficult to isolate, specifically characterize and study these populations.

2.3.2LDNs

As we mentioned before, LDNs constitute a heterogeneous populattomature and
mature neutrophils found in the sediment of PBMCs in pathological conditions, like
cancer. LDNs have been detected in different types of cancer such as NSCLC,
hepatocellular carcinoma, PDAC, colorectal etc, and they are correlated with poor
prognosis'“€. LDNs displayneutrophitmorphology, express CD66b and demonstrate

a heterogeneity regarding their phenotype, maturation and activation. In details, LDNs
population exhibits different maturation stages, going from mature CODI16
neutrophils to immature CD1®¥-CD16°"- neutrophils of the band and/or
metamyelocyte stagl’. It is not clear yet the origin of LDNs but since it is such a
hetrogeneous population witbells in different maturation states there are two
possible explanations. LDNs are immature cells from bone mahathave entered

the circulation prior to reach the mature differentiation stage or mature neutrophils that
have been activated, degranathtand therefore, losing their physiological cellular
density, reside in PBMCs rind®.

2.3.3PMN-MDSCs

PMN-MDSCs consist the immunosuppressive part of LDNs detected in cancer
patients. As in LDNs, also in PMNIDSCs have been detected mature and immature
neutrophils which as a main functional characteristicibit preatumor functions and

increased capacity to suppress 4mthor immune responses exerted by T clisn
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humans, PMNMDSCs hé¢erogeneity lies on the different levels of activation markers,
like CD62L, CD54, CD274 and others, the expression of functional molecules, like
ARG1 and ROS or receptors CXCR2 and CXCR4 and on maturation specific markers,
like CD16 and CD124°. It is really important to stress at this point that RPMRSCs
exhibiting the above described phenotype, show suppressive activity and specific
biochemical and molecular moleculassociated with their function. Otherwise, this
population must be called MDSKke 4. A great effort has been made by the scientific
community in order to distinguish PMMDSCs from NDNSs, since up to recently there
were no specific phenotypic markers that cowdgasate these populations, leaving
gradient centrifugation as the only choice. Condamine et al published an elegant study
demonstrating that NDNs and PMMDSCs isolated from the same cancer patients
have completely different gene profiles. Specificallye thctintype oxidized LDL
receptor 1 (LOX1) was highly upregulated in PMMDSCs compared to the
neutrophil population that showed limited expression. This study suggested that LOX
1 could be a possible marker to separate neutrophils from-MRMBSCs, and raybe

LDNs 4,

2.3.4TANs

Neutrophils detected in tissues belong to the group of TANs. Up to now there are no
evidence regarding the origin of TANs in the tumor tissues. In other words, we do not
know whether different neutrophil populations infiltrate tumor tissues or if theyracqu
different characteristics once they ertf@rIn mice, TANs display plasticity and based

on this observation, Fridlender et al proposed\ihend N2 dichotomy (following the

M1 and M2 phenotype characterization of macrophages). They showed that upon
environmental signaling TANs can be polarized in-&mtior N1 and praumor N2
neutrophils. Notably, this observation has been limited in natbde in humans it is
believed that N2 neutrophils are similar to PMNDSCs *°L In humans, studies
regarding TANs are really difficult to be performed but TANs infiltration has been

associated with poor prognosis. Two studies that have successfully isolated TANs from

33



tumor tissues reported opposite observatiéhdn details, TANs isolated from CRC
patients were suppressing T cell responses, while TANs isolated frorrstayéylung

cancer patients supported T cell proliferation and activation and for this\rdeso

have been characterized as APC ke " hybr i% Sh@veraly TANh i | s 0
characteristics and functions are not firm, but change based on the signals and stimuli

received by the tumor microenvironméptt

2.4 Neutrophils role in cancer

Only lately, has been regnized by the scientific community that tumor associated
neutrophils are heterogeneous, are characterized by plasticity and play a role in the
progression of cancér®. Now, their implication in cancer is beyond any doubt, but
their role depends on factors, cancer type and timing. Neutrophils can exert both pro
tumoral and anttumoral functions based on the signals that receive from their
environment and cancer cellé. For instance, antumor functions of neutrophils have
mainly been observed in the early stages of tumor progression, while in the later stages
neutrophils support tumor growth, metastasis formation and suppressiraoti
immune response$*. Moreover, in many cancers (breast, melanoma, colorectal
carcinoma, norsmallcell lung, panceatic and other type of cancers) neutroptuols
lymphocytes ratio (NLR) is used as prognostic marker for the response to therapy
prediction or overall survival (OS}5 157: 158,159, 160 n gqdition, TANS infiltration in

tumor tissue biopsgeis correlated with poor prognosis in aggressive pancreatic and
other cancer&! 162

Generally, various studies in mice support the-funmoral activity of neutrophils in
tumor progression, but the role of neutrophils should be evaluated more in human
cancer subjects, since the two organisms have profound differences not only regarding

tumorevolution but also in neutrophils biolods?.
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2.4.1Pro-tumoralrole

Various studies have demonstrated that neutrophils exert {orooroting roles

through various mechanisms and pathways. For exampleghBsed by neutrophils,

once entered in the endosomal compartment, degrades insulin receptor substrate 1
(IRS-1) and simultaneously activated phosphatidylinositekirhse (PI3K) and

mitogen plateletlerived growth factor receptor (PDGFR), promoting tredifaration

of lung cancer cells both in mice and humafs In the early stages of tumor

generation, MMP9 expressing neutrophils support angiogenesis inside the tumor

lesions due teascular endothelial growth factarEGF) activation'®®. Moreoverjung

cancer has proven to be resistant to bortezomib, an inhibitor &BNfEhrough a

mechanism that involves neutrophils. In detailsclear factor kapphght-chain

enhancer of activated B cellslE-aB) blocking in myeloid cells results in increased
cleavage of prdL-1 b f rom CTSG, | eading subsequentl|
activel-k1 b t hat stimulates ®®pithelial cell pro

Furthermore, neutrophils with distinguished characteristic have been directly linked
with protumoral activities. A specific subtype of neaphils, called Sigleck"
neutrophils, regulated by osteoligssupports lung cancer growtfl. In addition,
PMN-MDSCs, both from humans and mice, overexpress fatty acid transport protein 2
(FATP2) upon GMCSF mediated activation of STAT5, which is involved in their
immunosuppressive activity through uptake of arachidonic acid for prostaglandin E2
synthesis. Simultaneous inhibition of FATP2 and immune checkpoint molecules
resulted in arrest of tumor progression in mié& In mice with early stage tumor,
neutrophils with a distinct metabolic signature escaped bone marrow and migrated,
although they did not have any immunosuppressive activity, while bone marrow
neurophils of later stages exhibited a strong immunosuppressive capacity. This
population shared the same characteristics with neutrophils and-NDNBCs

observed in cancer patiert€ (Fig. 3.
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2.4.2Metastasis

Neutrophils have, beyond any doubt, a crucial role in the metastasis formation. For
example, neutrophiike MDSCs, stimulated by 1 7 expr essed fr om
suppress CD#nediated anttumor immune responses and support metastasis
formation 1’ Several chemokines and their receptors activate signaling axis in
neutrophils that enhance their metastatic réf& while neutrophils, through
leukotrienes support the initiation of lung metastasis in breast tumor ‘ickn
particular, CXCR2 signaling in the neutrophils is required for pancreatic cancer
metastasi$’3. Lung inflammatiorrecruitsneutrophils from bone marrow and leads to

the proteases release from primary granules. These proteases degrade thrombospondi
1 and allow the formation of metastasié. In addition, neutrophils support Snail
expression in lung tumors, facilitating in this way cancer progression, maintaining their
recruitment and estéibhing a suppressive tumor microenvironméfit Circulating

tumor cells (CTCs) have been found to associate in the bloodstream with neutrophils,
which support their cycle progression and their metastatic potéfftidFinally, in

breast cancer, lung mesenchymal cells prometéraphils to accumulat@ids that

are then transferred to metastatic tumor cells via a macropinoclysss®me pathway

and support their survival’ (Fig. 3).
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Figure 4. Protumoral roles of neutrophils.
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Neutrophils, mobilized by chemokines contribute to the foundation of thenetastatic niche by

guiding or escortingnetastatic tumor cell<C) | Neutrophils upon stimulation by cytokines - SF,

TGFb) secrete mol ecul es, inhbilthehactimation 8f R Gellgroliferatidds et ¢
activation and functionD) Neutrohils induce genetic instability, medéat by ROS productionand
microparticles containing microRNAs. Moreover,euntrophils support tumor proliferation via the
production of growth facts; degranulation of molecules atie release dlETs. Neutrophils sustain

tumor angiogenesis through the eake of the prangiogenic factors. &SFR, GCSF receptor; GM

CSFR, GMCSF receptor; ICAM1, intercellular adhesion molecule 1; RTK, p&retyrosine kinase;

TAN, tuma-associ at ed neutrophil; TGFbR,
Adapted by Jaillon S., July 2020, Natirevievs Cancer

2.4.3 Antitumoralrole

Although, the majority of the studies demonstrate that neutrophils support tumor
progression, there are some that highlight neutrophilstamir properties. For
instance, in breast cancer mouse models neutrophils colonize lungs, before the
metastatic céd and impede tumors from creating the metastatic niche in a hydrogen
peroxide dependent mechani$fh Mor eover, | FNo produced
in the lungs, stimulated neutrophils to kill tumor cells and prevent metastasis formation
179 TANs stimulate T cell proliferation, activation andiamimor responses in the early
stages of lung cancet®, while a specific subset of neutrophils #RCsproperties

and is able to promote asitimor T cell responses in human lung cancdetsNE
expressed by TANs infiltrating breast cancer tissues was uptaken as an antigen by
cancer cells and NE resulted in activation of Cytotoxic T lymphocytes (CTLs)siad ly

of tumor cells*®L In colon cancer, neutrophils support CD8 T cells activation and
memory phenotype, and CD66infiltration is associated with a good prognosis and
survival 182 Neutroplils, activated through antiboeyependent cellular cytotoxicity
(ADCC), kill cancer cells by trogocytosi€®. Human, and not murine, neutrophils
release active NE, which cleaves the Cld@ath domain that interacts with histone 1

to kill tumor cells without affecting the neémmune cells'®*. Neutrophils also block

early stage development of uterine cancer by detaching tumor cells from ¢neecbés
membrane!®., MET protooncogene is essential for the attinor activity of
neutrophils, and when targeted in cancer patients results in the presaeog@bhils

with a pretumoral phenotypé&®®.
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Chapter 3NETSs formation

As we mentioned above, one of the three mecharesypisited by neutrophils to kill
pathogens is the formation of NETs, through a process that is named NETosis. Upon
activation, neutrophils release NETSs, that are described as extracellular DNKkeaveb
structures, generated by the decodensation of chmgmahich carry nuclear,
cytoplasmic and granule proteins. NETs function is to trap and kill invading pathogens,
but as we will discuss below, they have also an important role in other disorders, like

cancer and autoimmune disea¥¥s

NETs were first characterized in 1996, when Takei et al. were investigating how
phorbot12-myristratel3-acetate (PMA) can induce neutrophils death. During their
experiments, thegiscovered that PMA induces neutrophils death through a distinct

unknown death pathwa?®, Eight years after, Zychlinsky
and named this process NEI®'%°. Nowadays, the term NETosis is rate, since

numerous studiesalre demonstrated that the formation of NETs is not necessarily
accompanied by neutrophil és deat h. I n ot |
neutrophils lysis when are activated by Staphylococcus atitetfd. For this reason,

we can distinguish two different types of NETosis, the classical or suicidal and the vital

onel% (Fig.4).

Briefly, NETs formationstarts when neutrophils are activated by pathogens, such as

bacterial cell components, fungi, viruses and as well as immune components, such as
antibodies, cytokines, chemokines and comporantitro NETs can be induced by

calcium and potassium ionoplesrand phorbol esters. For example, ionomycin and

A23187 are two known calcium inducers, while PMA belongs to the phorbol esters
group!®3 These molecules activate extracellular receptors and provoke alterations in
neutrophilséd intracellul ar calcium concen
specific kinases and the production of RE$% In turn, ROS stimulates RO that

triggers NE translocation from primary granules to the nucleus. There MPO and NE
start to degrade histones resulting in chr
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loss in heterochromatin and DNA spreadifig Subsequently, neutrophils undergo
structural changes starting from depolarization and deconstruction of the nucleus and
release of chromatin in the cytoplasm where interagte cellular and granular
proteins'®®. Then, the plasma membrane is disrupted and NETs are released in the
extracellular environment up tor®urs after the initial stimulatiot{”. Below, we will

describe analytically the complex mechanisms associated with NETSs foriftatjai.

GTanule

Nucleus—
—_—
NETosis
(slow cell death)
&
4
le Nuclear ¢ Cellular - >
‘ delobulation depolarization ¢ Plasma membrane
¢ Disassembly of ¢ Chromatin rupture
qu{egr E’EYEIQPE | degondensation C Release of NETs
| Extracellular
Neutrophil assembly of NET
YA, '\\”\\Iﬁ

Non-lytic NETosis
(rapid release from
live cells)

O o o
o © O ( Phagocytic
(®)

23 cytoplast
O

* Degranulation
¢ Expulsion of
nuclear chromatin

Figure 5. The pathways of NETosis

Lytic NETosis is a slowell deathpathway, whiclstartswith nuclear delobulation and thésassembly

of the nuclear envelope, while results in cellular depolarization, chromatin decondensatasara
membrane rupture. The second form of NETosis is alyttmone, characterized by rapid release of
NETs from live cells, occurring independently of cell death and involves the secreted expulsion of
nuclear chromatin accompanied by degranulations@&leemponents assemble extracellularly and leave
behind active anucleated cytoplasts thattiome to ingest microorganism®dapted from V.
Papayannopoulos, October 2017, Nature Reviews Immunology.
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3.1 Mechanisms of NETs formation

To begin with, neutrogls activation through binding of stimulatory molecules to
receptors of t he pl asma me #ike reaepters and u c h
complement receptors, results in the opening of calcium channels of the metfbrane
Furthermore, ER releases the stored calcium upon stimulation witkadglride
(LPS), IL-8, PMA and ionomycin. The increase in the intracellular calcium
concentration activates the peptidyl arginine deiminase 4 (PAD4) protein, that has been
shown to play a critical role in NETs formation. Following, calcium increase stimulates
kinases andegulators of the cell cyc’. For example, PMA, ionomycin and-B
induce protein kinase C (PKC). In addition, PMA stimulation triggers the activati
cyclin-dependent kinase 6 and RAEK-ERK-MAP kinase pathway. Both calcium
source and activated signaling pathway depend on the stithufi turn, activation of

PCK and RaMEK-ERK-MAP pathway leads to activation aficotinamide adenine
dinucleotide phosphate (NADPlaxidase, which is responsible for the generation of
ROS %8 Other signaling pathways, suels PI3K- mTOR- protein kinase B (Akt)
pathway, have been also linked to the initiation of NETd$is Increased ROS
production generated by NADPH oxidase or by mitochondria function is stimulated by
PMA and A23187. On the other hand, ionomycin and potassium ionophore do not
induce generation of ROS by NADPH but are still able to induce NETs formation.
Based onthe above clarification, NETosis can be distinguished mechanistically to
NADPH oxidase (NOX) dependent and independ€itNADPH oxidase converts
oxygen to superoxide, which is subsequently converted to hydrogen peroxide. Then,
hydrogen peroxide stimulates azzurosome dissociation and-mitated release of

NE, that in turn binds to actin filaments, degrades them and émttrs nucleug®®,

Once MPO and NE enter in the nucleus, they proteolytically cleave histones, initiating

the Il oss of cRYomatinds structure

As we mentioned, increase calcium concentration and hydrogen peroxide presence

a S

activatePAD4, whichc ont ri butes to chromatinos decod

translationally histone®? Specifically, PAD4 converts arginine to citrulline, chizngg
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arginineds positive charge and resulting i
and the negatively charged DNA. PADA4 citrullinates multiple arginine residues of
histones, as arginines 2, 8, 17 and 26 at histone 3, arginine 3 at histone gt@mal hi

2A and arginine 54 at histone?$3. Sutsequently, histones dissociate from DNA,

chromatin loses its compacted form and decodenses as linker DNA and histones are

not able to form their compacted structure. Studies have demonstrated that ionomycin,

PMA and TNFU induce NEbmandrseutoghils tom@PAD4P AD4 a
knock out (KO) mice do not form NEF8* Moreover, calpain, a serine protease that

can be activated by calcium, contributes in chromatin decodensation when PAD4 is
present?®, In contrast, other studies have shown that NETosis can occur without

histone citrullination from PAD4 and other factors can also contribute to histones
decodensation, confirming anew the importance of the initials stimftlusdeed,

chromatin decodensation is also regulated by proteases. NE and PR3 trelablee

histones in vitro when PMA is used as stinti

Following nucleus loss of structure, DNA is released from the nucleus to the cytosol
through a mechanism involving laminin remodeling andclear membrane
permeabilization®°®  Specifically, PMA and ionomycin stimulate digtions in

l ami nin net wor ks probably due t o PKCU p
degradation respectively, that allow the release of BNAImmediately afterwards,

occurs the rupture of the nuclear envelope as a result of gasdermin D activation.
Gasdermin D is a protein that forms pores and is activated by caspases that release its
N-terminal domain?®. Then, this domain oligomerizes and forms pores on the
membranes. Studies have demonstrated that LPS induces gasdermin D cleavage by
caspase 11, while PMA resuitsgasdermin D cleavage by NE during NET@sts?t®:

212 When gasdermin D is knocked out nuclear envelope rupture is impossible to happen

and DNA cannot be released in the cytosol upon LPS or PMA stimulation.

In the final steps of NETosis, prior though to the release of NETSs in the extracellular
environment,decodensed chromatin must surpass the network of cytoskeleton and

organelles. Indeed, in cytoskeleton and organelles occur drastic conformational
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changes in suicidal NETosi®&2 Actin cytoskeleton, microtubules and vimentin
intermediate filaments disaemble, while endoplasmic reticulum vesiculates, granules
disintegrate and mitochondria release their DA In details, PMA, ionomycin and

LPS induce filament depolarization and lead to actin disassemble. In addition,
microtubules are also disassembled probably directly by calcium ions while vimentin
intermediate filaments remodeling could be mediated by PAia4 citrullinates
vimentin 24 21> Organelles, such as ER and mitochondria undergo alterations during
NETosis. For example, LPS@&n i onomyci n provoke ERG6s vesi:
released from granules are found on NE¥% Mitochondrial DNA (mtDNA) is
released extracellularly and is also found on NE¥.sFinally, release of DNA in the
extracellular environment requires the rupture of plasma membrane, which is a
complex but still an under investigation process. Plasma membraneabdipad¢ion

to molecules happens progressively during NETosis, since there are no evidence
showing rapid bursting or swelling of the membr&feGasdermin D can be again a

pore mediator, as also biophysical mechanisms due to increased pressure to the

membrane can also play a rété

3.2NETs role in cancer

It is known now that NETs, apart from their physiological in immune response against
pathogens, play also an important role in cancer progression and metastasis. In a model
of breast cancer, but also in samples from triple negative breast cancer pediesgs,

cells induce NETs formation that support and surround metastatic cancer cells in the
lungs?*8, while in colon carcinoma, NETassociated protein carcinoembryonic Ag cell
adhesion molecule 1 (CEACAML1) traps cancer cells and facilitates cancer metastasis
219 Agonists of CXCR1 and CXCRe&leased by tumors, promote the formation of
NETs which shield tumor cells and protect them from CD@8ells and NK mediated
cytotoxicity, allowing them to successfully metastas#Z& In addition, NETs
associated NE anehatrix mettaloproteinaseMMP) 9 proteases were able to induce

dormant cancer cells proliferation, when lung inflammation induced the release of
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NETs 22L. Circulating NETs in breast and colon cancer patients are recognized by
cancer cells through the tremembrane proteigoiled-coil domain containing 25
(CCDC25 and this interaction mobilizes cancer cells to form metastasis in distant sites
222 Finally, NETs have been also associated with thrombosis in cancer patients.
Specifically, elevated levels of circulating citrullinated histofel3Cit), that isknown

as a key protein in NETs, have been associated to increased risk of thrombosis in cancer

patients?
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Chapter 4Pancreatic Ductal Adenocarcinoma

PDAC is the most frequent type of pancreatic cancers, constituting 90% of the total

cases 224 Based on statistics of t he Am
(https://lwww.cancer.org/cancpencreatiecancer/about/kegtatistics.html), PDAC is

the fourth more lethal type of cancer in the western world and is predicted to climb up

to the second place as leading cause of caetated deaths until 2030, since the

chance to develop PDAC duritige life period is currently 1 to 64 for each individual

225 The survival rate of PDAC patients is dramatically low; less tlaroBthe cases

survive up to 5 years, while less than 20% of the patients surpassegetfuesurvival
226

PDAC development is associated with various risk factors, such as smoking, age,
diabetes and also familial predispositiéfl. Regarding the inheritance, germline
mutations in the tumor suppressor genes (INK4A, BRCA2, LKB1), the DNA mismatch
repair genes and the cationic trypsinogen gene (PRSS1)saciea risk of PDAC
development. As far as the néamilial cases are concerned, mutations in four genes
have key roles in PDAC development and they have been detected in more than 50%
of the cases. These genes include KRAS, TP53, SMAD4 and CDK&RA?®
Moreover, other genes (KDM6A, BCORL1, RBM10, MRletc) carry mutations in-5

10% of PDAC case$® 2% In other cases, structural rearrangements of DNA have
been found and patients can be categorized in four different gioaged on the
stability of their genomé¥*. Another portion of PDAC patients shows DNA damage
repair (DDR) deficiency, while recently it has been demonstrated that a great
percentage of PDAC tumors is caused not in a stepwise manner, butrishattesult

of a chromothripsig3? 233

Whole genome sequencing and desfpme sequencing of 456 pancreatic cancers
revealed that patients with pancreatic cancers can divided in four subgroups with
different histopathological properties and mechanisms of evoléftbnThe four
subtypes are the squamous, the pancreatic progenitor, the immunogenic and the
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aberrantly differentiated endocrine exocrine (ADEXhe squamous subtype is
associated with poor prognosis and is characterized by upregulation of genes involved
in inflammation, hypoxia response, T®F si gnal i ng, met abol i c
MYC pathway. Tumors of this group carry mutations in TP53 aD§IBA, which in
combination with mutation on B3 regulate different pathways related to tumor
progression, while hypermethylation of pancreatic endodermafatelidetermining

genes results in complete loss of their cellular identity. Pancreatic pragautitype

shows modifications mainly in transcription factor genes linked to the early stage of
tumor development. These genes regulate various pathways like fatty acid oxidation,
steroid hormone biosynthesis and drug metabolism. Immunogenic pancreatic
adenocarcinoma is similar to the pancreatic progenitor subtype but shows increased
immune cell infiltration. In details, genes associated with different immune cell types,
mostly linked to B and T cell infiltration and function, are upregulated. In addition,
upregulation of CTLA4, programmed cell death 1 (PD) and their related immune
checkpoint pathways, suggest that patients belonging to this category could be treated
with immune checkpoint inhibitors (ICI). Finally, ADEX tumor profile is defined by

the expression of genes associated with the later stages of pancreatic development in
both exdocrine and exocrine lineageé

In general, numerous genomic studies have shed light in pancreatic cancers
heterogeneity and led to the description of the phylotrarteanip tree of pancreatic

cancer, which categorizes patients based on their characteristic to the appropriate
group. This categorization of patients in subgroups aims to find the best therapeutic

approach for each patient and develop specific therape@itsafpr each subtypé®.

4.1 Therapeutic approaches in PDAC

The low rate survival, that we have previously mentioned, isethdt of complex and
various parameters that lead to PDAC development and progression. In other words,

the lack of specific and early symptoms, the presence of a highly immunosuppressive
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TME, the intermediate mutational burden and the desmoplastic stroneainding the

tumor are associated with tumor progression, invasion and treatment resi$tance

The majority of the patients with PDACawrcer bear non operable tumors
(approximately 80%) either due to the advanced stage of the tumor or to the position
of the tumor in the pancre&s® Patients having neaperable, advanced and/or
metastatic tumors can be treated with chemotherapy alone or in combination with
radiotherapy. These treatments are accompahough with high toxicity and various
side effects, without offering striking benefité’. On the other hand, following
operation, patients undergo specific chemotherapeutic treatments-fhatbr&uracil
(5-FU), gemcitabine or a combination of théf Patients that received gemcitabine

or 5FU based chemoradiotherapy upon tumor reshtrvave prolonged survival and
diseasdree survival compared to the group that was under observation, although the
survival period is not extended for many montf% 2%°. Moreover, in metastatic
disease, treatment with gemcitabine did not have any impact onl®exd@al, while
treatment with multidrug regimen folinic aeftliorouracitirinotecanoxaliplatim
(FOLFIRINOX) prolonged survival for 5 more montk®. There are also many
ongoing trials that use-BU, gemcitabine and cisplatin in combination with other
inhibitory drugs?*°. These therapeutic approaches used for PDAC tumors are far less
than sufficient and have only moderate effects in prolonging overall survival, disease
free survival aflifefor pea monthst>t. Thas, thetedsl pivatay
necessity to discover and develop novel approaches and strategies to target PDAC.

4.1.1Immunotherapeutic approaches in PDAC

In the last years, immunotherapy has received a great amount of attention mainly
because of striking effects on the treatment of patients with advanced stage cancers.
Therefore, immunotherapeutic approaches are now under intense investigation for
PDAC, shaving that patients receiving immunotherapy have improvement of survival,
even though the OS was not prolonged. A possible explanation of this phenomenon is

the presence of the highly immunosuppressive TME, that could block the effect of the
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treatments, indating that combinatorial treatment could enhance the therapeutic
efficacy 2*.. The different immunotherapies on PDAC can be categorized into the
following groups: neoantigens and cancer vaccines, adoptive cell therapy, immune

checkpoint inhibitors, wnoclonal antibodies and administration of cytokines. Below,

we will mention the most important ongsg.5).
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Figure 6. OS with or without immunotherapy.

Overall survival with (red) or without (blue) immunotherapy in a cobb&3154 patients. Among those
patients, 636 (1.01%) received immunotherapy. In the multivariable analysis, patients who received
immunotherapy had a significant improvement of the survivahpaoed to the ones who did not.
Nevertheless, the OS remains poddapted from Amin S. et al, September 2020, Clin Transl Radiat

Oncol.
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4.1.2Neoantigens

Even though PDAC mutational burden is intermediate compared to other tumors, a
series of neoantigens have been discovered thriwegyetrs. Neoantigens, defined as
tumorspecific peptides produced by mutated somatic genes, can be used as targets for
tumor treatment*2. In PDAC genome, although approximately 30,000 mutations have
been detected on DNA sequences, only 10% of the variants are transcribed, and among
them few have been shown to be immunogenic and able to activate dannaoti
immune repons€®®>. I n PDAC long term survivorso
be superior than the quantity regarding the immunogenicity and neoantep#ated
immunity could be correlated with prolonged survival and less cases of réfapse
Nevertheless, neoantigérased immunotherapy is still obstructed by the complex
TME present in PDAC, poor antigenicity, and high heterogeneity of pancreatic cells.
Therefore, few clinical trials of Phase | are ongoing with peptide vaccines and just one
with dendritic cells (DCs) stimulated with PDAC neoantigen (DC vacéifie)

4.1.3CART cells

Adoptive T cell therapy is a promising treatment for many solid tumors, as it takes
advantage of T cells feasibility to recognize tumor antigens and Kill tumor cells.
Specifically, chimeric antigen receptor (CAR) T cells are T ceb#aisd from the
peripheral blood of patients and manipulated in the laboratory in order to express CAR
that mimic TCRsactivity. The final goal of this process is to create CAR T cells that
recognize tumor antigens specifically expressed in each patigrand them and
infused them back to the patients to initiate antigediated anttumor T cell
responses*®. The efficacy of CAR T cells in preclinical models of PDAC, such as
transplantable human tumors or syngeneic tumors, patexived xenografts etc., has
been demonstrated, while in humans, there are ongoing early phase clinical trials with
CAR T cells targting mesothelincarcinoembryonic antigenCEA) or (mucin-1)
MUC-1 that are proteins expressed in high levels in pancreatic tdfict¥: 248 For

sure, though, overcoming the extremely immunosuppressive tumor microenvironment
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and surpasing of the desmoplastic stroma, immunosuppressive cells and secreted
inhibitory cytokines, will be a challenge to address in order to achieve maximal

performance and survival of CAR T ceffS.

4.1.4immune checkpoint inhibitors (ICI)

The engagement of major histocompatibility complex (MHC) presenting antigens to
the TCR results in T cells activation with a simultaneous activation of stimulatory and
inhibitory signals, known as immune checkpoints. These molecules are responsible for
the fine-tuning of T cell responses, while they maintain the balance between self
tolerance and the response to the-selftantigens. Even so, cancer cells exploit this
function of immune checkpoint molecules and use it for their own benefit, abolishing
co-activatory signals and increasing-gthibitory signals in order to evade atiimor
immune response8®. The two most known emhibitory immune checkpoint axis
used by tumorsra the PD-1/PD-L1 and the CTLA4/ CD80 or CD86. In details,
activated T cells upregulate PDon their surface that binds to its ligand expressed in
other immune cells, resulting in the shutting down of the T cells response.-&TLA
also upregulated in T cells, interacts with CD80 or CD86 and inhibits immune

responses.,

Against those two pivotal molecules have been generated monoclonal antibodies with
a great success in clinical trials. Ipilimumab, targeting CTLA4, was approved in 2011
while pembrolizumab and nivolumab, targeting-PDwere approved in 20142 253

254 Although, these immune checkpoint inhibitors are a breakthrough in the treatment
of many solid cancers, their results in PDAC remain poor. Oneeofeidisons is the

low infiltration of the pancreatic tumor tissues by effector T cells, whig dre the

main infiltrating T cell populatior®. As in the previously described treatments, the
strong stroma presence, the intermediate mutational burden and the highly
immunosuppressive TME consist three more causes of ICI failure in PESAC
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Overall, although the immunatpareutic approaches sound promising, there is an
urgent need to understand the suppressive mechanisms present in the TME of PDAC
tissues, with view to target them and render TME more accessible to immunotherapy.
Only in this way, immunotherapy could haaetrong beneficial role on the treatment

of PDAC.

4.2 The tumor microenvironment in PDAC

The complex TME of PDAC is responsible for
evasion and the failure or inefficiency of the different therapétftitn detals, PDAC
surrounding microenvironment is consisted by a strong desmoplastic stroma of CAFs
and ECM, which provide an unapproachable mechanical barrier to effector immune
cells?8, Specifically, pancreatic stellate cells, upon activation by cancer cells, generate
a fibrotic environment that protects tumor cells from therapeutic agents, while
simultaneously impedes normal vascularization and infiltration by tumor?e&it°.

This is further supported by the surrounding ECM where MMPs expression is
upregulated in pancreatic tumor cells to assist tumor inv&&ioAdditionally, many

ECM components are produced by CAFs, that also exert tsupgorting functions,

like angiogenesis, imane system suppression and metast&€isProlinederived
ECMs are consumed by tumor cells to support mitochondrial respiration of tumor cells,
generate energy and enhance tumor survival and prolifef&tidsitimately, nutrients
availability in the tumor tissues shapes the behavior of each cell population, by
modulating its function and this is another hallmark of PDAC. The reprogramming of
infiltrated cells metabolism is mainly altered due tearginine andglutamine
deprivation from the extracellular milieu. For examplarhginine regulates pancreatic
tumor progression, invasion and migration through various pathways (activation of
mTORC1,NFe B &% c . )

Mor eover , PDAC tumors are characterized as

infiltrated by effector T cells, but rather bmmune cells with suppressive function that
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further orchestrate and maintain the hostile, immunosuppressive TME of PDAC.
Immunosuppressive populations that have been implicated in PDAC progression are
the Tegs TAMsS, MDSCsand TANs?®’. In addition, cyt&ines, chemokines and other
molecules, produced by the suppressive populations, play a fundamental role in the

creation of this complex TME.

In this direction, PDAC tumors have been classified based on the representation of
immunological cell populationis three subset$®. Firstly, the immune escape subset
was characterized by low presence of effector T and B cells but high presenge of T
The OS of PDAC patients belonging to this group is 10 months and 54% of the PDAC
cases areategorized in this group. Secondly, the immune rich subset, found in 35% of
PDAC cases, has the exact opposite characteristics compared to the immune escape
subset regarding cell infiltration. In other words, it is characterized by higher
infiltration of effector T and B cells and lower presence gfs'Subsequently, patients
show a longer OS (19 months) and they are appropriate subjects for immunotherapeutic
approaches. The last and rarest immune exhausted subset, found in 11% of PDAC
patients and having0 months of OS, is subdivided in patients that exhibit high. PD
expression and CDS8leg ratio and in patients with loss of DNA repair genes,

microsatellite instability and highest CtiBq ratio 2°°.

Regarding Tegsrole in PDAC, in early PanIN,dgsare present in increased levels both

in murine models and in human specimens, while their presence is also correlated with
poor prognosig€®’. Moreover,TAMs, having the polarized M2 phenotype, are major
orchestrators of immune suppression in the tumor sites. Specifically, PDAC pancreatic
cells, expressing mutant KRAS, create local inflammation that leads to TAMs
recruitment which in turn support pancreatarcinogenesis and acirtarductal
metaplasia through the secretion of cytokines and components oPECR TAMs
promote cancer invasiorstimulate angiogenesis and inhibit attmor immue
responses by NKind T cells?’’®>. MDSCs are recruited in the tumor site or even in
premalignant lesions and inhibit atdimor immune respons@s murine models with

Kras®*?P.dependent increase @franulocytemacrophage colongtimulating factor
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(GM-CSH or Tp53 mutatiordependent upregulai o n o ¥* 23 FnRIY PDAC
cells recruit MDSCs in the tumor sites though the chemokir@ (otif) ligand 2 and
(C-C motif) chemokine receptor 2 (CCL2/CCR2) a¥is

4.3 Neutrophils role in PDAC

More and more studies are now demonstrating thetymoral role of recruited
neutrophils from the periphery to the PDAC tiss&iésMost importantly, TANhigh
infiltrated PDAC tumors were found to have the poorest prognosis compared to TAN

low tumors?’®,

To begin with, pancreatitumor cells secrete chemokines that recruit neutrophils from
the circulation. For instance, CXCR2 expressing neutrophils are recruited from tumor
cells expressing CXCL-B. When CXCR2 is knocked down specifically in the myeloid
compartment of tumor beagnmice, less MPOneutrophils and CD11hy6G*
MDSCs infiltrated the tumor tissué&®. Moreover, increased expression of@L-1,
CXCL-2 and XCLI-5 was positively correlated with increased infiltration of MPO
neutrophils in a KPC mouse modét. In humansupregulation of CXCE5 in PDAC
patients is associated with higher infiltration of PDAC tissues from CbBédtrophils

and NE granulocyteg’”.

Anot her i mportant issue regarding neutropt
on the secretion of cytokines from tumor cells that support nénitsapcruitment and

survival. For example, PMINMIDSCs and neutrophils activity is supported G-

CSFE, G-CSF, and monocyte colosstimulating factor (MCSF) secreted by PDAC

cells?®IL-1 b, CD200 aspedfic prdidase @2 (WSP22) are also supporting
neutrophils and PMNMDSCs infiltration in PDAC tissue¥®: 280. 281

In KPC mice depletion of neutrophils delayed tumor progression, abolished metastasis
and increased tumor cell apoptosié. Neutrophils isolated from PDAC patients

enhanced the migration of tumor cellsrinvitro assay<%2
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Neutrophils retain the ability to influence T cell respondé=utrophils carinteract

with Tregsenhancing their proliferation, while they suppress CD8ells proliferation,
leading them to apoptosi& 283 In a pancreatic tumor model, blockade oflIZ axis
resulted in the decreased recruitment of neutrophils which were not able to form NETs
and at the same time this was accompanied by increased levels of activated CD8

cells?®4,

Several studies have demonstrated that NETs produced by neutrophils have-also pro
tumoral activity in PDAC. Serum collected from PDAC patients induced NETS
formation, that support also pancreatic cells proliferatférf®* NETs can also detain
pancreatic tumor cells and induce epithefirdsenchymal transition through thigh
mobility group box 1 KIMGB1) proteinthat is present in the NEF&. Inhibition of

NETs formation resulted in inhibition of tumor growh.
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Chapter 5Humanizedmousemodel

Despite the impressive progress in the field of tumor immunology in the last decades,
major questions remain unaddressed due to issues regarding the biological differences
among humans and anirmabdelsIn other words, preclinical findings cannot be easily
translated to clinical applications becauséen the model organisms cannot
recapitulate the complexity and functionality of the hurbentogical system. Thus, it

has emerged the need for trevelopment of a prelinical model closer to the human
complexity but at the same time feasitilelarge scalexperiments. Thisecessityed

to the development of the humanizetmune reconstituted (HIR) mouse mod#l

HIR mice are generated with xenotransplantation of human derived cells of the human
hematopoietic systeor human tissues deficient mouse recipient® In detailsHIR

mice generation is based on three milestones: human cells source, deficient mouse
strains and the presence of human soluble factors that will support the survival of

human cells.

To begin with,different sources of human cells can be usedhe reconstitution of
the human biological system even though the engrafsné@D34" HSCs or PBMCs

are the most successful approaches for the generation of HIRGDI84- HSCs derive
from human fetal liver, cord blood, adult BM and peripheral blood after specific
mobilization of the donor with GCF?8, Fetal or neonatal derived cells display a more
efficient engraftment than adederived cellsBeforetheinjectionof human cellsmice
are condi t i o radidtiorboychemicél dektetiom at &ll ermlogenous HSCs

2% Thus, the engraftment of human cells is facilitated

Recipient mice are the second crucial part for the successful reconstitution of the
human mmune system in HIR. In normal miaather species deriveckllswould be
immediately rejected. Therefore, it is necessary the use of mice recipients with genetic
deficiencies in cell populations responsibletfog human cells rejectioSpecifically,
three mouse models are the most commonly used: NSG (NE®YKagd|2rgimihy,
NOG (NODShi.CgPrkdc¢®dI2rg™S'9 and BRG (C;129S®Rag2™ ™I2rg"™™v) mice
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strains?®L, These strains contaspecific mutations in enzymes involved in V(D)J
recombination, resulting in the absence of mature B and T. &dlgere combined
immunodeficiency (scid) or otherwise PrRtftmutation results in a defective protein
kinase involved in DNA repair, while mutations in the recombinant activating genes
(Rag)impede DNA recombinatio? 293 2% |n addition, mutatedL -2 receptor (It

2 R)-chain locus results in thdefective NK, B and Tcells, since the signaling
pathwaysstarting from this receptor are imped&®. A work in progres is the
expression of humaeukocyte antigenHLA )-molecules in combination with murine

H2 expression reduction in order to impede host innate immune functions and better

performance by the human cells of the adaptive immdpity

As a third important part of a successful reconstitution of MIBe,we can name the
signaling soluble molecules (cytokines, chemokines and adhesion molecules) of the
human system. In the absence of human factors, the human hematolymphoid system
cannot be fully functional or exhibit long period survival in the murirgprents. To
resolve this problem, recombinant cytokines are injected in the mice based on the
desired modef®®. Another approach is the injection of vectorsgtsias plasmids,
lentiviruses and adenoviruses, that encode for the human prfelrest but not least
genetic engineering of human cytokines genes in the recipient mice either by insertion
of the human gene in the mouse locus or by using the bacterial artificimhacsome

(BAC) transgenesis, are two other successful metk¥d8ased on the scientific
questions, specific human cytokines are introduced in the mice recipients. For example,
expression of human 1B, GM-CSF and stem cell factor (SCF) in HIR mice leads to
the increased presence of myeloid cells in theBMwhile M-CSF expression results

in increased percentages of monocytes and macrophages in HIEnice

5.1HIR mice in immun&ncology research

Regarding cancer research, despite the huge progression made in the ladtryeals

translation of findings observeith rodents remains poor, as most of the studies
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performed with mouse models fail to simulate efficiently the complex characteristics
of human cancer¥’.

In cancer research, immunodeficient mice can be engrafitbdeither cellderived
xenografts (CDX) or patierderived xenografts (PDX)CDX model is based othe
injection of human cancer cells, preferentially of early passages én twranaintain
patient derived heterogeneit®n the other hand?DX engrafted mice retain higher
levels of the primary tumor malignancy and are considered a more potent model for
the evaluation of antancer drug screening in the fmenical studies bu their
limitation consists in the fact that a complete human immune system is not present and
therefore it is impossible to study the complex interaction that take play in the TME
301 Obviously, both of the models lack the oncologic transformation of normal cells to
malignant cells, as it happens in humans. Studies, though, demonstrated that
transplantation of human healthy cells with mutations in tuso@pressing genes or
overexpression of oncogenes in immunenodeficient mice established progressively
human tumor$®: 32 |n general, @ overcome these obstacles, it is necessary to engraft
mice with humarderived HSCs that will generate the human immsystem, which

subsequentlwill interact with the human tumors.

Although the optimization ofhe HIR model in cancer research is still active, many
studies have demonstrated interesting results usi@yérall HIR model can reveal
the complex interplay among the different players (cancer cells, T cells, mgelisid
stroma etc) of the recatitsited human TME®. Additionally, HIR mouse modshows
great potentiafor the identification of biomarkershe time-window analyss of the
human cancer pathology and #waluation of the therapeutic potential of es@gncer
therapies (like ICI)Most importantly, HIR rause model can bridge the gagtween

preclinical murie model 6s and humandés biology.
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Aim of the Study

Although immunotherapeutic approaches have gained a lot of attention in the last years
because of their impressive beneficial effect in many malignancies, their efficiency in
several solid tumors remainextremely poor. The highly immunosuppressive
microenvironment is pointed as one of the main culprit for such a failure, thus rendering
urgent to investigate and understand the molecular mechanisms driving a tumor
promoting TME.

Tumor infiltrating myeloidcells alter anttumor T cells responses by consuming
essential metabolic components. Particularly, the consumptiofaafibine by ARG1

has long been investigated @ G1role in immune suppression is notorious in tumor
immunology; Larginine consumptio by ARG1 blocks T cells activation and
proliferation.

Recent data in tumdyearing mice indicate that myeloid ARG1 can impair the function

of tumorspecific T lymphocytes; however, the evidence that the human ARG1 can act
in the same way is still missingvhile inmice, ARGL1 is a cytosolic enzyme activated

in monocytes/macrophages, in humans ARG1 is stored in PMN granules whose
exocytosis is induced by different pimflammatory stimuli. Furthermore, secreted
ARG1 is active as a fulength protein at aldine pH, while it is inactive at
physiological pH unless cleaved by PMN proteases. These differences among species
restrain the clinical translation of results achieved in conventional mouse models.

We plan to investigate the immune regulatory activitye cleaved, extracellular form

of human ARG1 and exploit newly generated -dinan (hARG1 monoclonal
antibodies to reprogram the immunosuppressive environment in human immune
reconstituted mice engrafted with human tumors. We will then verify thigyaddithis
hARGI-targeting strategy to increase the therapeutic effectiveness of adoptive cell
transfer of telomerasgpecific T cell receptor engineered T cells and immunotherapy

based on checkpoint inhibitors. We expect to understand better the IARGEL in
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cancer progression and confirm it as target for improving cancer immunotherapy of

human tumors.
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Material and Methods

Human samples

Peripheral blood samples, tumor tissues and serum were collected from patients with
stages Il and IV of PDAC, admitted at the Unit of General and Pancreatic Surgery of
the Azienda Ospedaliera Universitaria Integrata of Verona before surgical resection or
Healthy Donors (HD). Clinicapathologic features of patients and HD are reported in
Table 4. No subject had a prior history of cancer or was undergoing thethpytiate

of sample collectionnformed consent was obtained from all participants ansittiy

was approved by the Ethics Committee: for the use of PDAC and HD PBMCs, Prot.
25978, Prog. 2172 on 29/05/2012 P.l. Aldo Scarpa; for the use of PBMCs isolated from
buffy coats (BC) or peripheral blood of healthy donors Prot. 24114 on 16/05/2017 P.I.

Vincenzo Bronte.

Isolation of human PBMCs and PMNs

Peripheral blood from HDs or PDAC patients was collected in Elod#ted tubes and
layered on top of FicolP a q u e E  PL#40G8, GE Hé&althcare) to obtain PBMC
and RBC fractions. Upon stratification thells were spun at 400g, 30 minutes, RT,
brake turned off. The PBMC fraction was collected, washed three times with PBS and
then cells were counted. The monocyte fraction (CIivs further isolated, starting
from the PBMC fraction, by CDZ#icrobeads (13050201, Miltenyi Biotec),
foll owing manufactur er 6fsactionrfLBNs were isolatedh s .
by the sequential addition of CD6&WTC antibody (555724, BD Biosciences, NJ,
USA) and microbeads arlTC (130048701, Miltenyi Biotec), folbwing

manufacturerds instructions.

PMNs were isolated from thred blood cellsRBC) layer by dextran density gradient
(SigmaAldrich) after 20 minutes incubation at 25 °C and collection of the upper layer.
The cells were spun at 200g, 5 minutes, 25 R€ntthe remaining contaminant RBCs

were lysed with 4 mL of 0.2 % NacCl solution (30 seconds, 25 °C) and the reaction was
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blocked by adding 9 mL of 1.2 % of NaCl solution. PMNs from healthy donors were

pl ated and stimulated wit h06345MG.oSyma i n cal
Aldrich) for 30 minutes or 2 hours. At the end of the stimulation, supernatant
containing NETs and cells were collected and used for downstream assays. NDNs were
isolated by CD66{antibody as LDNs. Samples with purity, evaluated by FACS
analysis;greater than 95 % were assessed in the functional assay.

In some experiments, isolated PMNSs either stimulated or left untreated, were evaluated
for cell size by ImageJ software upon being plated on cover glasses and imaged by SP5
Leica confocal ntroscope.

Cell sizedeterminatiorin activated HDderived neutrophils

In some experiments, HBerived CD66b NDNs either stimulated with ionomycin
cal ci um s al $5MQG, SigmaAtyich) fodd 803nutes or 2 hours or left
untreated, were evaluatear fcell size by ImageJ software. Briefly, cells were plated

(1 x1C®/ml) and let to adhere for 30 minutes to cover glasses, then stimulated for 30
minutes and 2 hours, at 37 °C. At the end cells were fixed in 4 % paraformaldehyde
(PFA), washed twice with PB, st ai n e-Diamino2-phenyindple6
dihydrochloride (DAPI) and antiistone H3 citrulline on arginine residues R2, R8 and
R17, 1 pg/ml (ab 5103, Abcam) then mounted in microscope slides and imaged with
SP5 Leica. Intensity dhe signal of both BPI and HRitr helps to define the changes

in size, as described 4 303

NETs formatiorand quantification

PMNs isolated from peripheral blood or buffy coats of HD, were plated (¥mi)0

and stimulated with i on oBAG¢cSigmaAtdiach)dor um s al t
30 minutes and 2 hours, at 37 °C. At the end of the stimulation, supernatants, containing

NETs, were collected and spun at 600g, 10 minutes, 25 °C to remove cellular debris.

The NETenriched supernatants were evaluated for DNA content, usingDXamo
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ONE (13400518, Thermo Scientific). NETs were then assessed for their suppressive
capacity in proliferation assay. Simultaneously, the plated cells were detached using
PBSEDTA 2 mM, and were also spun down and store@d@ e C.

NET quantification bpNA-MPO- complex ELISA

In serums from PDAC patients and HD and N&htaining supernatants collected
from PDAC patients we evaluated the presence of NETSs, following the protocol
published by Veras et a®. Briefly, NUNC flat 96well plates were coated withe
antr-MPO antibody (Thermo Scientific; cat. PAB672) overnight at 4 °C and then
blocked with 1% BSA. Samples were incubated for 2 hours at 25 °C with gentle
shaking (320 rpm) and then the plate was washed thrice with PBS. The complex of
DNA-MPO was qantified with the QuaniT PicoGreen kit (Thermo Scientific; cat.

P11496) according to the manufactureros

Cell lines

SK-MEL-5 cell line (human metastatic melanoma) was acquired by American Type
Culture Collection (ATCC) (HTB? 0 E ¢ells wee cultured in RPMI 1640 medium
(Lonza Biowhittaker) supplemented with 10% Fetal Bovine Serum (FBS) Superior
(Merck), 2 mM L-glutamine, 0.1 mM sodium pyruvate, 0.1 mM HEPES and 100 U/ml
penicillin and streptomycin (all from Euroclone), according to ATCC
reommendati ons. Cel | cul tures werzeCelkept
lines were thawed from primary stocks maintained under liquid nitrogen and cultured
for a maximum of 1 month, during which time all experiments were performed. Cell
lines were ¢sted by PCR for mycoplasma before the experiments using MycoAlert
LookOut® Mycoplasma PCR Detection Kit (Sigmddrich). T2 human T leukemia
(HLA-A 02") cell line was obtained from ATCC (CRL9 9 2 E) , and was
in RPMI 1640 medium (Lonza Biowhittak). Medium was supplemented with 10 %
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FBS (Gibco), 2 mM EGlutamine, 10 mM HEPES, 100 U/ml Penicillin, and 100 U/mi

Streptomycin, and cells were maintained at 37 °C in a 5 %a@@osphere.

Mice

NOG mice were purchased from Taconic Biosciences. All mere maintained under
specific pathogeifree conditions in the animal facility of the University of Verona.
Animal experiments were performed according to national (protocol number 12722
approved by the Ministerial Decree Number 14/2@12f January 18, 22 and
protocol number BR15/08 approved by the Ministerial Decree Number 925PR15

of August 28, 2015) and Europeans laws and regulations. All animal experiments were
approved by Verona University Ethical Committee
(http://www.medicina.univr.it/fol/mainght=bibliocr&id=85) and conducted
according to the guidelines of Federation of European Laboratory Animal Science
Association (FELASA). In each animal experiment, mice were randomly assigned to

each group.

Humanization of mice

NOG mi c eirragdiatedd.2 Gy) and after six hours engrafted with® h®{LA
A2*-CD34" cord blood cells via tail vein injection (i.v.), as previously repottédro

favor the expansion of myeloid compartment, 108 MOI of recombiaaene
associated virus serotype(RAV9) vectors coding for human CSF3,-8, IL-8 and
hepatocyte growth factoHGF) were administered intramuscularly (i.m.) at week 4
after engraftment. In brief, cONAs were purchased from GeneScript and AAV9 vectors
were produced by Prof . MNansfetiomaf HEKPIST ckllg,bor at o
as described’®. Human hematopoietic engraftment was considered adequate when 10
25 % ofhCD45expressing cells were detectable in peripheral blood of mice by flow
cytometry, according to the formula: frequency of hCD4Blls / (frequency of
hCD45 * frequency of mCD45cells) x 100.
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Systemic treatment of humanized mice

Ten weeks after AAV9transfer, humanized (HIR) mice were inoculated
subcutaneously with #BK-MEL-5 cell line. When the tumor reached 200 fritme
treatments started (V (miF(d2 x D)/2, where d (mm) and D (mm) are the smallest
and largest perpendicular tumor diameters, rdsmdyg, as assessed by caliper
measurement). 2.5 x 4Buman telomerase reverse transcripta3&RiNsess73- TCR-
engineered T cells were injected every 5 days for the first two injections, then once a
week for the last two injections. The antibody clont01JARG1 followed the same
scheme of injection of hnTERT CD3 T cells except that it was administered two days in
advance. At the same time of adoptive T cell transfep, Was injected i.p. 20 IU/mL
(Novartis), then IE2 was given every other day. The defore hTER¥specific T cell
injection, the mice received i.p. 20 mg/kg WARG1 clone 1.10 or IgG1 isotype
control. Two days after the last hTERpecific T cell injection, the mice were
sacrificed, organs (spleen, lymph nodes, tumor and bone marrowreleeted and
analyzed by flow cytometry and IF. Some mice received hTFEpECific T cells only

or in combination witHJARG1 clone 1.10 or IgG1 isotype control. Some mice were

left untreated.

Systemic treatment of humanized mice with checkjpiititors

HIR mice were inoculated (s.c.), at week 14 from CD@&dgraftment, with 106 SK

MEL-5 melanoma cells. When the tumor reached 20%,nsome mice received a
combination of Nivolumab (Opdivo, Bristol Mayers Squibb) 10 mg/kg (i.p.) and
Ipilimumab (Yervoy, Bristol Mayers Squibb) 5 mg/kg (i.p.), every 5 days (doses and
schedule were adapted froiff. Some mice received UARG1

I.p. alone or in combinatrowith Nivolumab and Ipilimumab.
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Humanized mouse analysis of organs and blood

Analysis of leukocytes populations was performed on tumors, spleens, bone marrow
and peripheral blood of tumor bearing HIR treated \aibptive cell therapyACT).

Upon the sacrifice of the animals, the organs were collected reduced to single cell
suspension. Peripheral blood was collected, once every two weeks, to test the
humanization levels of the mice. Red blood cells were lysed and samples were stained
accordng to the protocol. Tumors were cleaned from irrelevant tissues, minced and
digested using an enzymatic mix containing 1 mg/ml collagenase IV, 1 mg/ml
hyaluronidase and 4.5 mg/ml DNase (SigAldrich). After a 45 minuted hour
incubation at 37 °C, samplesere filtered through a 70 um pore size filter, and
centrifuged at 300g, 5 minutes at 4 °C. When necessary, red blood cells (RBCs) were
lysed with ACK buffer (16648E, Lonza BioWhittaker). Tumor cells were counted and
used for flow cytometry staining, amaling to the protocol described below. Spleens
were mechanically digested and filtered through a 70 um pore size filter, and
centrifuged at 300g, 5 minutes at 4 °C. RBCs were lysed by adding 5 mL of ACK lysis
buffer for 10 minutes at 25 °C. Reaction w#scked with the addition of 5 mL 10 %
FBSRPMI. Samples were centrifuged as before and cells were counted and stained.
Bone marrow was isolated from bones of the limbs by flashing it out and processed as

described above.

Flow cytometry analysis of HIR o@ peripheral blood

For HIR-derived samples, the staining was performed usifgdlls. Samples were
washed once with PBS 1X and aspecific binding sites were blocked by adding 2 ul

of human FcR Blocking reagent (1869901, Miltenyi Biotec) and 2 plfopurified
antrmouse CD16/32 (clone: 93, 101302, Biolegend) reagent for 10 minutes at 4 °C.
Without any wash, we added the following antibodies, diluted in 2 %FBS human
antrCD45 PerCRCy5.5 (clone: 2D1, 368504, Biolegend), mouse-@d45 APC
eFluo E 780 ( c| -045382, ThernO Sciertifit), human ar@D19 FITC
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(555412, BD Biosciences), human a@D3 APC (551378, BD Biosciences), human

ant-rCD15 V450 (642917, BD Biosciences), human -&iil4 PE (clone: M5E2,

Biolegend), antmo u s e V kl8ne: K2R 553208, BD Biosciences), human-anti

CD34 BV421 (clone: 581, 562577, BD Biosciences) -@idi3 PE/Cy7 (UCHTL1,

Thermo Scientific). Samples were incubated for 30 minutes at 4 °C, washed with 2 %

FBS in PBS 1X and centrifuged in the same conditasbefore. Then, samples were

lysed by adding 2 % FBS in PBS 1X and -Cgbe lysing solution (GAS010, Thermo

Scienfitic) at a ratio 1:1, incubated for 10 minutes at 25 °C protected from the light,
followed by addition of 1 mL of milliQ water and a 10 mies incubation, as before.

In the end of the second incubation, samples were washed with 2 % FBS in PBS 1X

and read in BD FACS Canto Il (BD Bioscience). In some samples we evaluated the
expression of CD69 (clone L78, PE Mouse Aftiman CD69, BD Biosciense 3

pg/ml), CD25 (clone MA251, BV510 Mouse AntHuman CD25, BD Biosciences)

and PD1 (clone RMP130, BV421 Rat AntiMouse CD279, BD Biosciences). For the
intracellular detection of Ki67 (clone B56, Alexa Fluor 488 Mouse-kint7, BD

Biosciences) cellaere first stained with the mix of antibody described above then the
cells were fixed and permeabilized using ¢
Staining Buffer Set accor di nr582300pTharnme manuf
Scientific). In someexperiments, BD Horizon Brilliant Stain Buffer was used
(563794/566349, BD Biosciences).

Flow cytometry analysis of human cells

To quantify the amount of monocytes and monocyte subsets (defined as classical,
CD14""CD16°dm: intermediate CDIACD16'; non classical CD12/dmCD18"9"),
peripheral blood was incubated with FcR Blocking reagent (Miltenyi Biotec, Paris, FR)
followed by the addition of: antiuman PEconjugated CD56 (BD Bioscience, San
Jose, CA, USA; clone NCAM16.2), FIFnjugatedCD16 (Biolegend, San Diego,

CA, USA; clone 3G8), PerGRy5.5 conjugated CD3 (BD Bioscience, San Jose, CA,
USA; clone UCHTL1), PE.Cy¢onjugated HLADR (eBiosciences, Thermo Scientific,
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Waltham, MA, USA; clone L243), APC.HZonjugated CD14 (BD Bioscience, San

Jos e, CA, USA,; cl one MG R gnjugatdsi rPELIL [(BDa n t Vi o
Bioscience, San Jose, CA, USA; clone MIH1) antibodies and Aqua LIVE/DEAD dye

(Thermo Scientific, Waltham, MA, USA). RBCs were lysed usinglCgils e E Ly si ng
Solution (GAS010, Thermo Scieint, Waltham, MA, USA). For the intracellular

ARG1 and MPO detection, cells were first stained with the mix of antibody described
above then the <cells were fixed and pern
Transcription Factor Staining Buffer Set accogdint o t he manuf actur er ¢
(00-552300, Thermo Scientific). The monoclonal Alek@uor64#conjugated ani

Arginasel (1mg/ml, clone 1.10, hybridoma described in this manuscript) was diluted

1:1000 and added for 1h. AmIPO (3 pg/ml, clone 5B8, B Biosciences) antibody

was added to the cells and incubated for the same time.

Proliferation assay

For samples derived from HD, 5 x°*IPMNSs resuspended indrginine free complete

RPMI 1640 (06110007-1A, Biological Industries) were seeded in&4ll plates, and
they were stimulated with -5M&pSogmaAidric cal ci u
for 30 minutes or 2 hours and at the end of the stimulation, supernatants were collected.
Alternatively, from PDAGderived samples, 2 x 165 x 10 NDN CD666 or LDN

CD66B" PMNSs resuspended indrginine free complete RPMI, were seeded invgdll

plates and after 12 hours, supernatants were collected. 4-x810 1¢* CellTrace
labelled PBMCs, were resuspended in the appropriate supernatants according to the
experiment, and were stimulated with coated -&id3 (clone: OKT3, 16003781,
Thermo Scientific) and soluble ar@iD28 (clone: CD28.2, 1628381, Themo
Scientific). 150 uM of Larginine (SigmaAldrich) were also added in the culture.
According to eachy@eriment, inhibitors or antibodies were addddRG1 clone 1.10
andisotype 1gG1 (10 ng/ml, 100 ng/ml, 500 ng/ml, 10 pg/ml , 50 pg/ml, 100 pg/ml,
150 pg/ml, 250 pg/ml), neNOHA (30 ng/ml, 399275, Calbiochem), BEC (10.5 ng/ml,
197900, Calbiochem). For the PDAC samples, the functional assay was performed by
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adding 200 ul bserum, instead of4arginine free complete RPMI. As positive control
we used PMBC stimulated with only a«@D3 and soluble anttD28. As negative
control (resting) was used PBMCs in RPMI complete media, containing 150-uM L
arginine. At the end of the dture, cells were stained with as@iD3-PE/Cy7 (clone:
UCHT1, 25003842, Thermo Scientific) and CellTrace signal of lymphocytes was
analysed with FloJow software (Tree Star, Inc. Ashland).

CellTrace labelling of PBMCs

PBMCs collected from buffy coats peripheral blood of healthy donors through the
stratification of the blood on top of Ficdlaque E Pl us , as describe
washed, counted and frozen in liquid nitrogen. Upon thawing, PBMCs weoeinéed

and stained with CellTrace Violet Kit (Thmo Scientific) according to the
manufacturerds instructions. Brielfnmy, 1 OL
PBMCs (final concentration, 5 uM). Cells were incubated for 5 minutes at 37 °C and

the reaction was blocked by the addition of RPMI comagiiO % FBS. Cells were

centrifuged at 1400 rpm, 5 minutes, 4 °C. The cells were resuspended in RPMI

containing 10 % FBS and left to rest at least 2 hours prior to the functional assay setting.

Matrix-assisted laser desorption ionization time of fligfMlALDI-TOF) mass
spectrometry analyses

Recombinanfuman (rh)ARG1 was diluted in a TFA solution (50:50 acetonitrile:
water, 0,1 % TFA). The sample solution was mixed with an internal standard (BSA)
and then with a sinapinic acid (10 mg/ml in ACN:H20 1:1hv@,1% TFA), and 1 pl

of the resulting sample/matrix solution was spotted in triplicate onto a Ground steel
MALDI target plate (Bruker Daltonics) and allowed to dry at room temperature. Maldi
TOF MS analyses were performed on a Bruker UltrafleXtreme MALDIOF/ T OF
instrument (Bruker Daltonics). Mass spectra were collected from m/z 5000 to 50000 in

positive linear mode. Instrument calibration was performed using a protein standard
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mixture composed of bovine serum albumin, protein A and trypsinogen. An ARG1
standard solution was incubated with 2.5 pg of Cathepsin S or Cathepsin G for 2 hours
and 12 hours at the end of incubation was added 2 mM PMSF. The digested peptides
(in 0.1% TFA) were extracted by ZipTip (tipe size P10Millipore) C4 and C18 tips with

a sawnlwich layer method on target plate. The analysis was performed in a mass range
12007000 m/z and 863000 m/z for C4 and C18 tips respectively. All mass spectra
were acquired in reflector mode. Instrument calibration was performed using a peptide

calibraton standard from Bruker Daltonics.

Ligquid chromatographymass spectrometry.C-MS/MS for Analysis of Proteome

Peptides were separated on an EASYC 1000 HPLC system (Thermo Scientific)

coupled online to a Q Exactive mass spectrometer via a nanogbeagyrasource

(Thermo Scientific). Peptides were loaded in buffer A (0.5 % formic acid) on in house
packed columns (75 em inner diameter, 50
Peptides were eluted with a nbbnear 270 min gradient of 5160 % buffer B (8 %

ACN, 0.5 % formic acid) at a flow rate of 250 nl/min and a column temperature of 50

°C. Operational parameters were rale monitored by the SprayQC software. The Q

Exactive was operated in a data dependent mode with a survey scan rang& @300

m z and a resolution of 7006000 at m/z 200.
a charge O 2 were isolated with a 2.2 Th w
energy Ctrap dissociation (HCD) fragmentation at a normalized collision energy of

25. Fragmentation spectra were acquired with a resolution of 17,500 at m/z 200.
Dynamic exclusion of sequenced peptides was set to 45 s to reduce the number of
repeated sequences. Thresholds for the ion injection time and ion target values were set

to 20 ns and 3E6 for the survey scans and 120 ms and 1E5 for the MS/MS scans,

respectively. Data were acquired using the Xcalibur software (Thermo Scientific).

Analysis of Proteomics Data
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MaxQuant software (version 1.3.10.18) was used to analyze MS rawMi&81S

spectra were searched against the human Uniprot FASTA database and a common
contaminants database by the Andromeda search engine. Cysteine
carbamidomethylation was applied as fixed argbfhinal acetylation and methionine

oxidation as variable moddation. Enzyme specificity was set to trypsin with a
maximum of 2 missed cleavages and a minimum peptide length of 7 amino acids. A

false discovery rate (FDR) of 1 % was required for peptides and proteins. Peptide
identification was performed with an alled initial precursor mass deviation of up to

7 ppm and an allowed fragment mass deviation of 20 ppm. Nonlinear retention time
alignment of all measured samples was performed in MaxQuant. Peptide
identifications were matched across different replicatdsinvd time window of 1 min

of the aligned retention times. A |library
built from additional single shot analysis at various time points as well as from OFF

gel fractionated peptides of PMNs. Protein identificatioguned at least 1 razor

peptide. A minimum ratio count of 1 was required for valid quantification events via

Max Quant 6s Label Free Quantification al go
common contaminants and peptides only identified by side moduircatere excluded

from further analysis. In addition, it was required to have a minimum of two valid
quantifications values in at least one group of replicates. Copy numbers were estimated

based on the protein mass of cells.

Isothermal titration calorimety (ITC)

The interaction of rhARG1 with either the Ab clone 1.10 or rhCTSS were investigated

by isothermal titration calorimetry using a MicroCal PEAXZ instrument (Marven).

Typically, 40 consecutive injections of 1 pL aliquots of the interacting (AbeclohO

and rhCTSS) protein were added at a stirri
filled with the binding protein (rhARGL1). Injections were made at intervals of 3
minutes. Control experiments were recorded by injecting the same proteinrsolutio

into the buffer solution and the resulting heat changes were subtracted from the
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measured heats of binding. The heat generated by the interactions upon each injection

was measured by the system and plotted against the molar ratio in the reactidrecell. T

data were then fitted using the MicroCal analysis software to estimate the binding
constants and thermodynamic parameters. For all proteins the buffer was exchange

with PBS pH 7.2 using an Amicon Ultra concentrator (10 kDa filter, 0.5 mL). To
evaluatethe binding between Ab clone 1.10 and rhARG1, the antibody was present at

a concentration of 45 uM while rhARG1 was used at a concentration of 3 uM. In the
case of the binding of rhARG1 with rhCTSS,
e M.

Immunoblots

Pel et s were | ysed by incubation with PIER
Scientific) containing 2 mM PMSF, 0.2 gM
inhibitor cocktail tablets (11836145001, Roche), for 30 minutes on ice. Samples were
centrifuged for 10 miates at 4 °C and total protein was quantified by BCA assay with

the Quantum Protein Bicinchoninic Protein Assay kit (EMP014250, Euroclone S.p.A.)

using as a standard the Protein Standard (RQOAMP, SigmaAldrich). 40 pg of

pellet derived lysates or 36 pf PMNs derived supernatants, containing 2X Laemmli

Sample Buffer (160737, BiecRad Laboratories) or 4X Laemmli Sample Buffer (161
0747,BeRad Laboratories), were SdmspMairGals ed i n |
(WG1201BX10, Thermo Scientific) and thearsferred to nitrocellulose membranes

0. 45 &0hl15(BicR&a Laboratories). Blocking of the membranes was performed

with 5 % nonfat milk diluted in 0.1 % TBSI'ween 20 (1786531, BicRad

laboratories, Inc.) for 1 hour at 25 °C. Primary antibodies etilut the appropriate

buffers according to the data sheets were incubated overnight at 4 °C. Primary
antibodies used were: arginase | (clones: 19.8, 1.10), Cathepsi® (§&271619,

Santa Cruz Bi ot e eabtinkRP ocgnjugaed (clonen @H1OEL b

12262S, Cell Signaling), rabbit GAPBDHRP conjugated (clone: 14C10, 3683S, Cell

Signaling). Membranes were washed with 0.1 % TB&en20 (3 times, 5 minutes
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each, 25 °C). Secondary antibodies, diluted in 5 %fabmilk in 0.1 % TBSTween

20, were addd to the membranes for 1 hour at 25 °C. Secondary antibodies used were:
ECLE +Rabbiti, Horseradish Peroxidase linked whole antibody from donkey
(NA934V, GE Healthcare), Anflouse Horseradish Peroxidase Linked whole

antibody from sheep (NXA931V, GE Hé#acare). Membranes were washed with 0.1

% TBSTween20 (3 times, 5 minutes each, 25 °C) and PBS 1X (1 time, 5 minutes, 25

AcC) . Membr anes were developed wusing Supe!
Sensitivity Substrate (34096) or Super Signal® West Pico Chanmescent Substrate

(34080) by Thermo Scientific. Images were acquired with the Luminescent Image
Analyzer ImageQuant 4000 by GE Healthcare.

Immunoprecipitation

5 x 10 PMNs from buffy coats, isolated as described above, were cultured with RPMI
containlg i onomyci n c¢ al c-bMGnSignaAldtich)fob30 miNutes 1 0 6 3 4
or 2 hours in petri dishes. Control conditions of this stimulation were the time point 0
minutes, from which pellets were collected and store8atC, and the time points 30

minutes and 2 hours untreated (media). Media of the cultures was collected,
centrifuged (1400 rpm, 10 minutes, 4 °C) and supernatants were ste88d@t Also,

cells from the cultures were detached using PBSmM EDTA, centrifuged (1400

rpom, 10 minutes, 4C) and stored as pellets-80 °C. Pellets from the different time
points were |lysed by a 30 minutesdé incubat
Thermo Scientific) containing 2 mM PMSF,
proteases inhibitor cocktailtal et s (11836145001, Roche) anc
inhibitor cocktail (1862495, Thermo Scientific). Protein concentration was quantified

by the BCA assay with the Quantum Protein Bicinchoninic Protein Assay Kkit
(EMP014250, Euroclone S.p.A.) using as andsad the Protein Standard (P0914,

SigmaAl dr i ch) . 150 eg of protein or 200 ¢l
immunoprecipitation experiment, which was performed with the Immunoprecipitation
Kit-Dynabeads E Protein G (1000g Mo, theTher mo
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manufacturer s i nstructions. Anti bodi es

l gG (2 €9, s2000,0/&ctor Laboratgriésrnic.). 1 nhM DTT was added to
the samples. Samples were run, according to the Immunoblot protocol described abov
and proteins were detected by incubation WithkRG1 clone 19.8 following the
indication described above in the immunoblot section.

Immunofluorescence staining of NETs in cells

4 x 10 PMNSs, isolated as described above, were seeded in coversliphdorin
incubators of 37 °C, 5 % GQ@nd then were stimulated with ionomycin calcium salt (5

e M, 1-5M&3SgmaAldrich), PMA(12 nM, P8139, SigmaAldrich, as control was
used DMSO in the same dilution), and8L(20 nM, 136108979, Miltenyi Biotec) for

30 minutes and 2 hours or left untreated (media). Cells were fixed with 4 % PFA (stock:
formaldehyde solution 36;88 % diluted in H20, F8778X25ML, SigmaAldrich)

for 10 minutes and washed with 0.05 % PBS8ecenr20 (1706531, BicRad
laboratories, Inc.jor 3 times, 5 minutes, 25 °C. Blocking of unspecific binding sites
was performed with 20 % normal goat serurl(®0, Vector laboratories, Inc.) in 0.1

% PBSTriton® X-100, Sigma Ultra (T9284, Sigma Aldrich) for 2 hours at 25 °C.
Primary antibodies weracubated overnight at 4 °C diluted accordingly in PBS and
washed with 0.05 % PBBween 20 (3 times, 5 minutes, 25 °C). Primary antibodies
used were: ARGAlexa Fluor 647 conjugated (1:1000), mouse IgG1 k Isotype control
APC (stock: 1 mg/ml, 1:3000, P3.82L, 16471482, Thermo Scientific), rabbit
polyclonal antiCTSS (HO0000152®01, Abnova), rabbit polyclonal anti
myeloperoxidase (ab9535, Abcam). Secondary antibodies, diluted in 20 % Normal goat
serum in 0.1 % PBSriton X-100, were incubated for 1 hour2b °C and washed with
0.05 % PBSTween20 (3 times, 5 minutes, 25 °C). Secondary antibodies used were:
Alexa Fluor ® 488 goat antabbit IgG (HL) (stock: 2 mg/ml, 1:1000, A11034,
Thermo Scientific). DAPI (1:1000, D954OMG, SigmaAldrich) was used for the
visualization of the nuclei and washed PBS 0.05 % Twafe(R times, 5 minutes, 25
°C) and once with PBS 1 X (5 minutes, 25 °C Cover slipgweayunted with ProLong
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® Gold antifade reagent (P36930, Thermo Scientific) and visualized with Leica TCS

SP5 AOBS inverted confocal live cell imaging system. Analysis of the images was
performed with Leica Application Suite X (LAS X) or ImageJ softwareTblivere
guantified by the <colocalization of (Pear
MPO. On NETSs, we then quantified the levels of ARG1, to define the amount of ARG1
associated to NETSs.

IF quantification in HIRderived tumor tissues

Images were ajired from mice tumor tissues using an SP5 tandem confocal scanning
microscope at a magnification of 10X with a resolution of 1.024 x 1.024 pixels (1.240

I 1.240 e&m area). Cells were counted in a
tissue. Ten imags were acquired randomly in a blinded fashion for each section with
amedianz ol ume of 40 em. The results were ex

absolute number of cells per acquisition field or the total number of cells for each tissue.

NETs detectioimn tumor tissues by immunofluorescence

NETs were evaluated in tumor tissues of PDAC patients. Tumor tissues were fixed in

4 % PFA, embedded in paraffin and cut into 7 um thick sections. Paraffin was removed

and antigen retreaval with citrate buffer (pB)8vas performed before the tissue slides

were incubated in blocking buffer for 2 hours at room temperature and then treated
with the following pr-imyalapergxidasa MPd AFBG6E s : 5 ¢
R&D) overnight at 4 °C and antiistone H3 citrdine R2ZR8'R17, 1 ug/ml (ab 5103,

Abcam). After washing with 0.05 % Twe&® in PBS, we added a fluorophere

conjugated secondary antibody (Alexa Fluor 488, Alexa Fluor 680, Thermo Scientific)

in blocking solution. Nucl e maAldech)déor 88t ai ned
minutes in the dark. Finally, the sections were washed with PBS, transferred to glass

slides and mounted with Dako medium. Glass slices were kept at 4 °C in the dark and

analyzed using an SP5 confocal scanning microscope (Leica, Germ&Tg.were
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guantified by the colocalization of (Pears

or DNA and H3 citrullinated. On NETSs, we then quantified the levels of ARG1 and
CTSS to define the amount of ARG1 associated to NETs. IF analysis was performed

using Image J software.

Quantification of proteins in serum

ELLA (R&D Systems) was used to evaluate the serum levels @&, lusing the
following chip (SPCKAPS003229, Protein Simple a Biotechne brand), according to

the manufacturerdés instructions.

Colorimetric determination of ARG1 activity assay

This assay was performed in supernatants collected from untreated or treated PMNs
and in serum collected from PDAC patients, and the evaluation of ARG1 activity was
based on the concentration obknithine (M) calculated based on defined standard
curve. Standard curve was prepared by seven consecutive 1:2 dilutions of the 50 uM
stock concentration of-brnithine. Then, in 30 pL of each point of the standard curve,
blank and samples, were added 25 pL of MnZ126 mM, followed by 20 minutes
incubation at 55 °C (only the samples). 150 pL of 100 mM carbonate buffer pH 9.5 or
7.3 were added, as also 50 pL100 mM L-arginine. All the tubes were incubated for

2 hours at 37 °C. The reaction was blocked by addifgut5of glacial acetic acid and
succeeded by the addition of 250 uL of ninidrine solution. Samples were incubated for
30 minutes at 100 °C, followed by an incubation of 10 minutes at 25 °C in the dark.
Samples were transferred, diluted or undiluted, @8 plates and the plate was read

at 492 nm.

Nuclear Magnetic Resonan@MR) Spectroscopy
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To evaluate the arginase activity, the enzyme was directly diluted in the NMR tubes
containing 20 mM phosphate buffer (pH 7.4), 10 % of D20 and 1 mM of arginine as
substrate, with or without the addition of the inhibiting molecules. NMR experiments
were recorded on a Bruker Avance lll spectrometer (Bruker, Germany), operating at
600.13 MHz 1H Larmor frequency, equipped with a triple resonance TCI cryogenic
probe. Or-dimensional 1FNMR experiments were acquired at 25 °C, with a standard
pulse sequence incorporating the excitation sculpting water suppression scheme. A
total of 16 transients were acquired over a spectral width of 12019.23 Hz, using a
recycle delay of 3. Arginine and ornithine signals were identified by comparison of
related chemical shifts with data deposited in the Biological Magnetic Resonance Bank
(http://www.bmrb.wisc.edu/). All spectra were manually phased, and the baseline
corrected prior to thentegration of the resonances. Relative integrated peak areas of
arginine or ornithine Hd protons were used to quantify the substrate consumption and
product formation, respectivef’.

ARGIELISA

For the measurement of ARG1 concentration in serum, we used the Human Arginase
Liver Type Elisa kit (RD193028000R, BioVenddr Laboratorni Medicina a.s.)

according to the manufacturero6s instructio

In vitro digestion assay

This assay was performed according to the protocol describ& bBriefly, human
recombinant proteins rhARG1 (200 ng), rhCTSS (800 ng) and rhCTSG (800 ng), wer
diluted in digestion buffer containing 50 mM NaAc, 5 mM EDTA, and 0.1 % Triton
X-100 pH 6.5 in a molar ratio 1 ARG1 to 4 CTSS or CTSG. CTSS was firstly pre

reduced in 2 mM DTT for 7 minutes. Proteins were incubated together or alone
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(control) for 30 mintes, 2 hours or 12 hours at 37 °C. The assay was blocked by adding
the appropriate amount of 4X Laemmli Sample Buffer (0847, BioRad
Laboratories). Following, samples were boiled at 95 °C for 5 minutes and run in the

western blot system described aboveised for functional assays.

CTSS activity assay

The CTSS activity was measured with the fluorimetric Cathepsin S activity assay kit

(ab65307, Abcam), according to the protoco

CTSS ELISA

Measurement of CTSS protein levels in serund &NET-containing supernatants
collected from ionomychstimulated PMNs was performed using Human Cathepsin S
ELI SA Kit (abl155427, Abcam) according to t

Telomerase expression

Telomerase expression was assessed by westenmdpl@ell lysates were subjected

to 10 % sodium dodecyl sulfate polyacrylamide gel electrophoresis (BioRad) and
transferred to PVDF membrane (Millipore). The membrane was blocked in 5 % fat
free milk (SigmaAldrich), followed by incubation with the primagntibody mouse
antthTERT (clone: 2C4, stock: 1 mg/ml, NB100317, Novus Biologicals) diluted
1:1000 TBS' 5 % milk, overnight at 4 °C. Then, HR®njugated goat antabbit IgG
secondary antibody (3284, 1 mg/ml, Sigm&ldrich) diluted 1:2000 in TBS % milk

was added for two hours at 25 °C. The probed proteins were visualized using the
SuperSignal West Pico (Thermo Scientific). The blotted membranes were stripped and
repr obed wi tabtinHRB gonjegated (clone: 8H10D10, 12262S, Cell

Signaling) to galuate the equal loading control.
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hTERBess7atransgenic TCR T cells generation and maintenance

For the generation and maintenance in culture of the hT§fRTifc TCR transgenic T

cells we follow our previously published protoé8i.

IFN-o ELI SA

ToevaluateIFAb pr oduct i on, -oh kma49REBHIhrmEoAcidntFicy

was used, according to maphendinaecetd GTilsewer@s i nst
co-cultured at 1:3 (effector:target) ratio with either human T2 (positive control), SK

MEL-5 cells, for 24 hours. To evaluate hTERpecific transgenic T cells functional

avidity, transgenic T cells were -@ultured with T2, SKMEL-5 cells either pulsed

with hTERTgsss73peptide (1 M) or irrelevant hHCVao0s1415peptide (16 M).

Evaluation of IFNo  a nZdin the lsupernatants of PDAGmMorderived cells

To evaluat® pEFENduazndolnl, human ELI SA | FNo2 k
human ELISA 1-:12 ki t (Abcam, ab46054) were wused,

instructions.

Ex vivo PDAC assay

PDAC tumors were dissociated, mechanicallging gentleMACS Dissociator

(Miltenyi), using the program m_heart_02. After debris removal, cells were analyzed

for the expression of CD45, CD3, CD66b, CD8 and CD4. Then cells were enriched for

CD45' cells by magnetic sorting (Miltenyi, 13M5801) follovi ng manuf act ur e
instructions. Then 0.1 x 106 cells were seated in a 384 well plate (RPMI 1640 L
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arginine free supplemented with 10% human AB serum (Lonza), 1%
Penicillin/Streptomycin, 1% 1glutamine and 1% of sodium pyruvate [all from Gibco
Invitrogen) and 150uM Larginine. Cells were treated with either isotype control
(IgG1, 150 pg/ml), or Nivolumab (10 pg/mb Ipilimumab (10 pg/ml), or Nivolumab

(10 pg/ml)+ Ipilimumab (10 pg/mi)+ UARG1 (150 pg/ml) monoclonal antibody, or
antibody UARG1 (150 pg/m) , or l eft untreated. Af ter
without drugs cells were collected, membrane stained to discriminate between different
lymphocyte subsets (CD45CD3CD4", CD3'CD8*, CD3' CD4'Foxp3, CD8'PD-17,
CD8'CD25). Intracellular staining for Foxp3 was then performed using

Foxp3/Transcription factor Fixation/Permeabilization kit (eBiosciences).

rARG125 and rARG13, cloning,expression and purification

Cloning and expression of the truncated forms were performed by Proteogenix.
Recombinant mteins of ARG1 cleaved forms were cloned in E.coli and purified in
collaboration with the Proteogenix companychli cell cultures containing the cloned
gene were grown overnight at 37°C with shaking at 250 rpm in 5 mL of LB broth
containing ampicillin (B/Amp). The overnight cultures were centrifuged to obtain the
cell pellets. Cells were harvested by centrifugation at 4500 x g. Cell pellets were re
suspended in NNTA lysis buffer (50 mM kKHPO4, 300 mM NacCl, pH 8.0) and
subjected to sonication on icettvia Misonix Ultrasonic Liquid Processors on a 15
second burst cycle (power 10). The cell homogenate was treated with the protease
inhibitors cocktail (Thermo Scientific), followed by centrifugation to clarify the cell
lysate. Supernatants were tested gazyme activity and the presence of expressed
protein was further verified using SEFBAGE. A stock solution of culture determined

to have the highest expression of both ARZ5land ARG131 were prepared in 15%
glycerol and stored ai80°C. The selected rembinant plasmids were sequenced
(Proteogenix). For protein purification the bacterial stock solution of the recombinant
plasmid was cultured overnight at 37°C in 5 mL of LB/Amp broth in a shaker incubator.

The culture was divided into equal amounts betwdeee flasks containing 1 L
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LB/Amp broth and allowed to grow at 37°C to A600 = 0.9. The culture was induced
with 0.5 mib-lithogalpaopypygokide§IPTG) and growth was continued
overnight at 25°C in a shaker incubator. The overnight cultaseogntrifuged at 4500

x g for 60 minutes to obtain a cell pellet, which wasuspended in 30 mL of lysis
buffer (pH 8.0). The rsuspended cells were lysed by sonication. The sonicated
mixture was treated with protease inhibitor cocktail and centriffme2l0 minutes to
clarify the cell lysate. The supernatant was added teNiM matrix and mixed gently

at 4°C for an hour to allow binding of AR&b or ARG131. The mixture was bateh
cleaned using lysis buffer to remove unbound protein and addechtoraatography
column. After the matrix was packed and cleaned with lysis buffer, protein was eluted
using elution buffers 300 mM imidazole (AR&5b) and 100 mM (ARGB1) in lysis
buffer (pH 8.0). One milliliter fractions were collected and tested in forriithine
production in the presence of different amount @rdinine. Fractions containing the
ARG1 activity were placed into a dialysis bag and dialyzed in 50 mM phosphate buffer
(pH 8.0) to remove the imidazole. Dialysis was carried out against twditene
volumes of phosphate buffer at 4°C. SDS/PAGE was used to analyze the purity of
ARG1-25 and ARG131 following the purification process.

Dynamic light scatteringDLS)

In order to probe whether the recombinant Argirlas®intains the trimeric strtware

of mammalian arginases, DLS experiments were performed at 25 °C with a Zetasizer
Nanc ZS (Malvern Instruments) operating at
scattering detector (173°). The Argindseas dissolved at a concentratiorDdf 0 & M

in in 20 mM phosphate buffer (pH 7.4) and the measurements for hydrodynamic
diameter estimation were repeated three times and the data are reported as mean *

standard error.

Far-UV Circular Dichroism (CD) Spectroscopy
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Circular dichroism (CD) was used to asst#ss secondary structure of proteins that

have been obtained using recombinant techniques. Circular dichroism (CD) spectra
were carried out using a Jascd 300 spectropolarimeter equipped with a Peltier
control device. Far UV (26 90 nm) s p e Argimasel werk reco@ed atM

25 AC in 20 mM phosphate buffer (pH 7. 4)
of 1 nm, and an integration time of 2 s, in 0.1 cm cuvettes. Spectra from three

accumulations were averaged and the spectrum of the buffeutiacted®.

Epitope fine mapping

The approach was used for the identification of residues within the epitope of rhARG1
that is recognized byJARG1 clone 1.10 antibody. Amino acids on the peptides
generated by Pepscan were mutated and#RG1 antibody binding capacity was
tested with Pepscamased ELISA.

Statistical analyses

St u d etast was apytlied for parametric groups and for compadétwo groups,
oneway ANOVA test was used in case of multiple comparisons and Tukey test was
used as podtoc analysis. Growth curves were analyzed with Mafintney test.
Survival analysis was performed using the Kag\égier survival analysis (LogRank

a

met hod. Values were considered significant

standard error (SEM) or standard devi ati
used to define the colocalization in IF experiments. All analyses were perfogsmed
using Prism 8 (GraphPad Software, San Diego, CA, USA).
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Results

lonomycinstimulated PMNSs release cleaved and active ARG1 in NETs

It has been proved that stimulated human PMNs release ARG1 extraceltfarly
Activated PMNs can release NETs and depending on the type and strength of the
stimuli, different forms of NETosis have been described up to ¥3tget whether
ARGL1 is present and active in NETSs is still unknown. Therefore, we performed IF
staining of ARG1, MPO and DNA on PMNs isolated from peripheral blood (PB) of
HD either stimulated with 5 uM iomonycin or tefintreated (media) for 30 minutes
and 2 hoursKig. 7A). A time dependent increment in NETs was observegl {B-

D), with the early stage of NETosis (30 min) characterized by predominant, granule
restricted expression of ARG1; at later stage (2 bedls exhibited large decondensed
nuclei, increased siz€iQ. 7E), and ARG1 ceexpression together with MPO along the

network of chromatin strand&i@. 7F).

It is known that ARG1 is stored in PMN tertiagyanules as inactive molecutg
whereas the enzyme released upon PMN exocytosisiefe nt | y cat abol i zes
101 Thus, we tested whether ARG1 functional activation might résartt different
molecular forms of the ARG1 protein in NETs. We isolated and characterized NETs
(Fig. 7D) and observed a timgependent increment in low molecular weight bands in
NETs of activated PMNs (major forms at 31 and 25 kDa), which were only glightl
present in NETs from control PMNs (media, 30 min and 2 h) and completely absent in
cell pellet lysates from both activated and control PMNg.(7G, middle and right
panel3, freshly isolated PMNs and PBMCsig. 7G, left pane) suggesting a protein
cleavage. We then evaluated by colorimetric assay and NMR analysis, if ARG1 present
in the NETs upon stimulation with ionomycin had higher enzymatic activity than the
one of PMNs cell pellets. We tested two different pHs, 9.5 and 7.3. The former as the
optimal pH for the ARG1 enzymatic activity and the latter because is the physiological
pH of the extracellular environment. At pH 9.5, we observed adiependent increase

in the enzymatic activity, with 2restimulation reaching an overall similar activity
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both NETs and cell lysat&ig. 7H); conversely, ARG1 activity was detectable almost
exclusively in NETs at pH 7.3{g. 71). These results hint that the cleaved forms of

ARG1 are associated with the enzyme gain of function at physiological pH. ARG1 is
known to downregul at e *GHDSwe ineestiJateChdther i n T
NETs containing ARG1 affect T cells function. NETs from stimulated PMNSs,
containing a significant amount of active ARGEig. 7J), were collected and
physiological l-arginine concentration (150 uM) was restored, before adding this
preparation to activated Tltee ARG1 from NETs suppressed T lymphocyte activation
byanttCD3/anttCD2 8, as shown by t heFigdld)wwethemo dul at i
evaluated the effect on T cell proliferation in the presence of newly generated
monoclonal antibodies directed to hAR@GHLisotype controls (IgG). Antibody clone

1.10 (IgG1) significantly restored-dell proliferation Fig. 7L) at a dose of 150 pg/ml,

while commercially available ARG1 inhibitors were either slightly effective or
ineffective notrNOHA and BEC, respectivelyFig. 7M). These results portray a novel

scenario in which extracellularly released ARG is trapped in NETs where it is cleaved

and acquires functional activity which negatively impacts T cell proliferation.

Interestingly, newly generated maronal antibaly restores T cell.
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Figure 7. Activated PMNs release in NETSs the cleaved and enzymatically active ARG1.
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A. Experimental layout of PMNs in vitro stimulation. Briefly, PMNs were isolated from the PB of HDs
upon density gradient stratification and stimulated with ionomycin for 30 minutes or 2 hours. As control,
we used PMNs without stimuli (media control). Theamples were stained for IF or NETs and pellets
were collected and processed. B. Representative immunofluorescence images showing ARG1 (red),
MPO (blue) and DNA (grey) of PMNs treated with 5 pM ionomycin for 30 minutes and 2 hours (n=3).
The pink arrow inttates intact cells and the light blue arrow indicates PMN undergoing NETosis. Scale
bars: 10 pm. C. Representative immunofluorescence images showing ARG1 (red), MPO (blue) and
DNA (grey) of untreated PMNs (media) for 30 minutes and 2 hours(n=3). Theapimks indicate

intact PMNs. Scale bars: 10 um. D. Quantification of NETs produced by PMNs treated with 5 uM
ionomycin or left untreated (media) for 30 minutes and 2 hours (n=3). The data are presented as mean *
SEM of 60 counted cells. Paired Studentsst; **p = 0.003. E. Quantification of the cell size changes

(um) occurring during NETosis of PMNs treated with 5 uM ionomycin or left untreated for 30 minutes
and 2 hours (n=3). The data are presented as mean + SEM of 60 counted cells. PairedtSasient's

**p = 0.006. F. Quantification of NE-Rssociated ARG intensity (from A) in PMNs treated with 5 pM
ionomycin or left untreated for 30 minutes and 2 hours (n=3). The data are presented as mean + SEM.
Unpaired Student'stest; ****p < 0.0001. G. Lef panel: immunoblot showing ARG1 protein molecular

wei ght profile obtained from PBMC ainadtn Migide whol e ¢
panel: immunoblot of ARG1 protein molecular weight profile derived from NETs produced by either
treated (5 pMonomycin, 30 minutes and 2 hours) or untreated (media, 30 minutes and 2 hours) PMNSs.
Right panel: Immunoblot of ARG1 protein molecular weight profile derived from whole cell lysates of
treated (5 UM ionomycin, 30 minutes and 2 hours) or untreated (n3¥dminutes and 2 hours) PMNSs.
Loading control: GAPDH. H. Determination of ARG1 activity in NETs produced by PMNs treated

with 5 uM ionomycin or left untreated (media) for 30 minutes or 2 hours. Ornithine levels are evaluated
by colorimetric assay (leftgmel) and by NMR analysis (right panel). PMN whole cell lysate is shown

as control. ARG1 activity was assessed at pH 9.5 (G) and 7.3 (H) (n=3). The data are presented as mean
+ SEM. Paired Student'stést; *p = 0.0452, **p = 0.0076, ***p = 0.003. ns, nsignificant. J.
Quantification of ARG1 levels (ng/ml) by ELISA in NETs produced by PMNs treated with 5 pM
ionomycin or left untreated (media) for 30 minutes and 2 hours (n=5). The data are presented as mean *
SEM. Paired Student'sdest; ** p = 0.00638. KMean fluorescence intensity (MFI) evaluation, by FACS
anal ysi s, <D3aadastiCD28 activated T ¢ells cultured with PMikerived NETs (n=5).

The data are presented as mean + SEM. Paired Studtssts t**p = 0.00259, ****p < 0.0001. L.
Proliferation assay showing the percentage of-@mB and antiCD28 activated, CD3CellTrace T

cells cultured with NETs produced by PMNSs treated with 5 uM ionomycin for 30 minutes and 2 hours

in the presence of neutralizing antibodRG1 clone 1.10 (15Qug/ml) or IgG1 isotype control.
Activated T cells are set as 100 % proliferation and used as control. (n=5). Suppressive activity is
represented as percentage of proliferation of CD&ITracé cells. The data are presented as mean +
SEM. Paired Student¢test ; ***p = 0.00128, ****p < 0.0001. ns
showing the percentage of a@lD3 and antiCD28, activated CD3CellTracé T cells cultured with

NETs produed by PMNs treated with 50uM ionomycin for 30 minutes in the presence of neutralizing
antibodyUARG1 clone 1.10 (150 pg/ml), BEC (10.5 ng/ml), sd®HA (30 ng/ml) and lgG1 isotype

control. Activated T cells are set as 100 % proliferation and used asldortd. Suppressive activity

is represented as percentage of proliferation of Gl Trace T cells. The data are presented as mean

+ SEM. Oneway Anova, multiple comparisons; **p = 0.00785, ***p = 0.0013&§, not significant.
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ARGL1 is enriched in NEs released by differentially activated PMNs
NETosis is induced by either NADP#tpendent oi independent mechanism¥’,

lonomycin belongs to thlADPH-independent stimuli, while PMA is conventionally
used to induce NETs in a NADPR#ependent manner. To understand whether ARG1
release in NETs was a unique of feature of NABR#ependent stimuli, we purified
PMNs from HDs and activated with PMA (12 jNbr 30 minutes and 2 hours, as
before. Representative IF images for ARG1, MPO and DNA revealed a significant
amount of ARG1 in NETSs already at 30 minutes of stimulation, compatible with a fast
and sustained releas@d. 8A-B). lonomycin and PMA are nghysiological stimuli,
therefore we next investigated whether a physiological stimulus, such8snmhich

is known to regulate both PMN degranulation and NET38i8'2 induces the release

of ARG1 in NETs. PMNs from HDs were isolated and stimulated witB,IRO nM,

for 30 minutes and 2 hour§&i(. 8C). The results showed that-B induced ARG1
release in NETSs in a tirrgependenmanner, although to a less extent than ionomycin
(Fig. 8C-D). Furthermore, taken together these data demonstrate that different stimuli
have different potential and induce different kinetics of NETs release by activated
PMNs.
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Figure 8. PMNs activated by different stimuli release ARG1 that localizes in NETSs.

A. Representative immunofluorescence images showing ARG1 (red), MPO (blue) and DNA (grey) of
30 minutes and 2 hours, treated PMNs with PMA (12 nM) and DMSO (1:500 dilution, control). The
pink arrows indicate intact cells and the light blue arrows indicstiddPundergoing NETosis. Shown

is the maximum projection. Scale bars: 10 um. B. Quantification of-BSbciated ARG1 intensity
(from A) in PMNs treated with 12 nM PMA or DMSO (control) for 30 minutes and 2 hours (n=2). The
data are presented as mean + SEMpaired Stud n t -Gest. **t*p< 0.00001. C Representative
immunofluorescence images showing ARG1 (red), MPO (blue) and DNA (grey) of 30 minutes and 2
hours, treated PMNs with B (20 nM). The pink arrows indicate intact cells and the light blue arrow
indicate PMNs undergoing NETosis. Shown is the maximum projection. Scale bars: 1D.pum.
Quantification of NEFassociated ARG1 intensity (from C) in PMNs treated with 20 nh8 lbr left
untreated for 30 minutes and 2 hours (n=2). The data are presenteth@ an N SEM. Unpaired
t-test*p<0.05ns, not significant.
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