UNIVERSITY OF NAPLES FEDERICO I

DOCTORATE IN
MOLECULAR MEDICINE AND MEDICAL BIOTECHNOLOGY

XXXIV CYCLE

Cinzia Vetrei

COMBINATORIAL APPROACHES BASED ON NOVEL
HUMAN IMMUNOMODULATORY ANTIBODIES AND
APTAMERS FOR SAFE CANCER THERAPY

20182022



UNIVERSITY OF NAPLES FEDERICO I

DOCTORATE IN
MOLECULAR MEDICINE AND MEDICAL BIOTECHNOLOGY

COMBINATORIAL APPROACHES BASED ON NOVEL
HUMAN IMMUNOMODULATORY ANTIBODIES AND
APTAMERS FOR SAFE CANCER THERAPY

Tutor Candidate
Prof. Claudia De Lorenzo Cinzia Vetrei

20182022



INDEX
INTRODUGCTION. ...ttt e e e et e e e e e e ebae e e e aeeenes 1
1.1 Immune surveillance theory and the conodégancer immunoediting...L
1.2 Cancer immunNOtherapy............uuuuuiuiiiiiiiee e 3
1.3 Antibody-based immunotherapy against Tumor Associated Antigens5

1.4ErbB2 and EGFR receptors as validatedAEAor breast cancer therapy6

1.5Immunotherapy targeting immune regulatory checkpaints.................. 10
1.6 Immune checkpoints and their relative antibodies in use or clinical
(0 123V 72T o] o] 0= o | S 12
1.7Phage Display Technology for the generation of a human repertoire of mAbs
for cancer immunNoOtherapy.............uuuiiiiiiiiii e n
1.8Novel combinatrial approaches.............cccooviiiiiiiiiceeecccce e, 20
ALMS et sm— i r e e e an 21
MATERIALS AND METHODS..... oo e 22
G0 R O | I ol ¥ (U 22
3.2 Antibodies and Human Recombinant Proteins.............cccceeeevmmeeeeeee. 22
3.3 APLAIMBIS. et mmm——————— e ee 23
3.4 Antibody-Oligonucleotide Conjugation.............cccceeeveeeeeeeeeeeeeeeeeiiinnns 23.
3.5Isolation of Human and Mouse Peripheral Blood Mononuclear Cell24
3.61s0lation of NK CellS.........ccoeeiiiiiiiiiieieee e 24....
3.7 Selection of SCRPhage ClONES..........coooviiiiiiiiiiiii e 25

3.8 Preparation of DNA Fragments and Generation of Libraries for -High
Throughput SCreENING........covviiiiiccee e 25
3.9 SFv Reconstitution and Antibodies Production...........c...cccvvvvvvnennnee. 26

. LOELISA ASSAYS.....cciiiiiiiieiiiiiiiie et 26
3.11Western Blotting Analysis of Cell EXIracts.........c..oooueeiiiinvinnnnnne 27
3.12C0oNTOCAl MICIOSCOPY. ...uuuniieiiiiiiie e ettt 27....
3.13Cell Growth INNibItION ASSAYS.....uiiieiiiiiiiie et et e e e e eens 28
3.14Cytotoxicity Assays and LDH Detection...........coocevuveevviieeeieiiiinineenn, 28
3.15CYtOKINE SECIetioN ASSAYS......ccccieueiriiriiiiieiiieieeeiemamte e e e e e e e e e e e e e e e e s aaaans 29



3.161In vivostudies on MouSe MOAEIS.......conoeeee e, 29
3.17StatistiCal ANAIYSES......ciiii i e 29
RE S UL LT S e an 30.....

4.1 Selection of humaantibodies croseeactive br human and mouse

O I 30.......
4.2 Binding of the Converted ImmupAmodulatory mAbs to Human or Mouse
Lymphocytes and Puied Recombinant Protein targets................cccvveeee. 33
4.3 Effects of the Novel immunomodulatory mAbs on lymphocytes
oo 1AV (o] o P PP PUPUTRRPR 36
4.4 Binding and effects of the novel immunomodulatory mAbs on tumor
CIIS e ————————————— e aaas 39
4.5 Tumor growth inhibition by antiPD-L1 mAbs directly affect intraglular
pathways downstream PIL...............uuuiiiiiiiiiiiiiiiieieee e eeree e 41

4.6 Mechanism of action of novel arffiTLA-4 mAbs on intracellular pathways
downstream CTLA4 in tumor and NK CellS..........cooviiiiiim e 44

4.7 Effects of immunomodulatory mAbs targeting #D, PD-1 and CTLA4 on
the expression of ICs and their crosstalk on tumor.cells.............cccccceeennn. 48

4.8 Evaluation of cytotoxic effects of immunomodulatory mAasd their
combinations on coultures of (PBMCs and tumor cells............ccccccoee. 54

4.9 Comparison of the cardiotoxic side effects of novel mAbs with those of the
clinically validated Ipilimumab and Nivolumah.................ccccoviimviiiiininnn, 57

PRODUCTION OF IMMUNO -CONJUGATES MADE UP OF
IMMUNOMODULATORY MABS AND A ANTI -EGFR
APTAMER ..ottt s 59

4 .10 Evaluation of the effects on tumoells of combined treatments of Erb
hcAb, PBL1 or Ipilimumab mAbs with altEGFR aptamer CLA4................ 59

4.11 Construction and Purification of new bispecific constructs made up of a
compact antibody or a mAb and the dBGFR aptamer.........c...oeeeeeeeen. 61

4.12 Analysis of binding ability of the new constructs to their target cell$2

4.13 Cytotoxic Effects of the Novel Aptanieintibody Conjugates on Tumor

SDISCUSSION. ...ttt e e e e e e e e e eennnnnnes 70

5.1 Generation and characterization of novel human antibodies targetin@0C



5.2 Set up ofa strategy to identify effective and safe combinatorial

TPEALMENTS. ... ettt et e e e e ea s 73
5.3 Construction of new kspecific conjugates made up of mAbs and
2101210 0T £ T PP PPPTRPPIN 74
B CONCLUSIONS. ...t e e e e 76
7 ACKNOWLEDGEMENTS. ... 77
B LIST OF PUBLICATIONS. ... .ottt 78
9. REFERENCES..... ..ottt a e s 79



LIST OF ABBREVIATION S

TSA: TumorSpecific Antigens

TAA: TumorAssociated Atigens

MADbs: Monoclonal Atibodies

NK: Natural Killer cells

PD-1: Programmed CelDeath 1

PD-L1: Programmed Deathigand 1

CTLA -4: Cytotoxic T-Lymphocyte Antigen 4
LAG -3: Lymphocyte Activation Gene 3

ICs. Immune Qieckpoints

ICIs: Immune Checkpointnhibitors

APC: Antigen Presenting €lls

TCR: T-Cell Receptor

MHC: Major Histocompatibility Complex
HAMA: Human AntiMouse Atibody
ADCC: Antibody-Dependent Cellmediated @totoxicity
CDC: ComplemenDependent @otoxicity
RTK: Tyrosine KnaseReceptor

MAPK: Mitogen Activated Protein iKase
PI3K: Phosphatidylinositol Kinase

FDA: Food and Drug Administration

ScFv: Single-chain variable Fagment

TNBC: Triple Negative Breast @&cer

ER: Estrogen Rceptor

PR: Progesterone éteptor

NSCLC: Non-SmaltCell Lung Gancer
HER2: Human Epidermal Growth Factor Receptor 2
EGFR: Epidermal Growth Factor &eptor
TKI: Tyrosire Kinase mhibitor

Vi



C5N5: COP9 signalosomsubunit 5

MTOR: mammalian Target Of &amycin

IL -6: Interleukin 6

IL -2: Interleukin 2

IFN -+ : Interferon

hPBMCs: Human Peripheral Blood Mononuclear Cells
SEB: Staphylococcal Bterotoxin B

PHA: Phytohemagglutinin

Vi



ABSTRACT

Cancer Immunotherapyconsists of multiple approaches airde at
Improving immune responseagainst cancer cells. Among thenwe focused on
the use of monoclonal antibodies (mAbs) specifically targegitiger tumor
associated antigens (TAA), overexpressed on tumorcells, or
immunecheckpoints (ICskey regulators otheimmune systemfor activating
T lymphocytes against cancer cells

In our laboratorynovelfully humanmonoclonal antibodigsirgeting the
ICs Programmed deatlgand 1 (PBL1) or Cytotoxic T-Lymphocyte Antigen
4 (CTLA-4) weresuccessfully generated Inyassive paralledcreening of phage
antibody libraries, byusing for the first time a selection strategy baman
activatedlymphocytes to generate large collections of shuylain \ariable
fragments (scFvsjecognizing multiple ICsln order to identify humamouse
crossreactive mAbs to be used in futunevivostudies, parallel panning rounds
were performed in this thesis project puarified mouse and human CTEA
proteins. The selection for croseactive mAbs was guaranteed by a high
throughput sguencing to identify the cl@s commonly enrichelly the two
parallel pannings on human and mouse CHLA

We identified two clones, nhamed {Dand ID8, able tobind with high
affinity and specificityto both human and mouse CTiAantigen, either
expressed onlymphocytes (in its native conformation) or as purified
recombinant proteins, showing nanomolarsabnanomolar Kd values. They
werefoundableto activate both humasnd mose PBMCsas confirmed by the
high levels oflL-2 and IFN* cytokines secretiomduced by their treatments
Interestingly, ID1 and ID8 activated also Natural Killer (NK) cells and
efficiently inhibited cancer cell growth

Since recent studies showede taxpression of ICs also on tumor cells,
we treated them with the clinically validathgilimumab and\Nivolumab and the
novel humarmantibodies targeting€ TLA-4 (ID-1 and IB8) and PD-L1 (PD-
L1 1 and 10_12) mAbs, previously produced in our laboratoryfutiher
investigate on their effects on intracellular pathwaysexpectedlywe found
that they are able to inhibit ERK phosphorylation and to actilfekB
transcription factor, with following upregulation of IC expressi@n the
corntrary, treatments ith agonistic PEL1 and Programmed Cell Death 1 (PD
1) recombinant prieinsshowed opposite effectsuggestingalsothe probable
existence of arosstalk in tumor cells amomgultiple ICs.

Since antlCs mAbs show their higheahti-tumor efficacy by actating
lymphocytes againstancer cells, we also set upvitro systemshased on co
culturesof lymphocyteswith tumor cells orhuman fetal cardiomyocytes, in
order toidentify the most efficient combinatiores immunomodulatory mAbs

VIl



associated with thdowest cardiac adverse event®Ve found that novel
combinatiams involving the immunomodulatory mAbs, R 1 and ID1, have
amore potent anttancer activity thamhe clinically validatedpilimumab and
Nivolumab combinationwhile lacking their cardiotoxic side effects. We think
that these ceculturesbased assayeepresentuseful tools to test also other
combinatorial treatments ofmerging immunomodulatory nib& against
different ICs to early screezombinatorial therapeutic regimefas both anti
tumor potency and safety

Finally, wealsocombined the novel antibodiegth other drugs, such as
aptamers, since theskgonucleotide have been recently proposed as promising
drugs due to their low sizeand lack ofimmunogenicity. In partialar, we
decided to combine an anéipidermal growth factor receptd GFR) aptamer
(CL4) with antitumor mAbs, in order to create -§pecific molecules
overcoming aptamer s o6 -lfeiami lack of eflectar h a s s h
functions. Here, we constried, for the first time, threeovel bispecific
conjugatesmade up of CL&ptamer linked either with an immunomodulatory
(ant-PD-L1 or anttCTLA-4) antibodyor with an antiepidermalgrowth factor
receptor 2 (ErbB2) compact antibody. Theélseee novelimmunocconjugates
retain thdargeting ability of both the parental moieties and acquire a more potent
cancer cell killing activitypy combiningthe anti-tumor propertiesof the two
parental moieted~urthermore, the conjugation of the aBGFR aptamewith
the ant-PD-L1 (10_12) or antCTLA-4 (Ipilimumab) antibody allowedfor
effi cient redirection and activation of T celigainst cancer cells, leading to a
dramaticenhanement ofthe cytotoxicity of the two conjugated partners.



SOMMARIO

L6i mmunoter apasaadal suahdi onpi ego
hannolo scopo comune di potenziare la risposta immunitaria contcellele
tumorali. Nel nostro laboratorio erano stati generatiticorpi monoclonali
(mAbs) in grado driconoscee specificamente sia antigeassociati ai tumori
(TAA), iperespressi sulla superficie delle cellule tumgraliche
immunecheckpointdCs), recettoriregolatoriespressi sui linfociti T con ruolo
chiave nella modulazione del sistema immunitario.

Alcuni nuovi anticorpi umani artiCs, utili per attivare i linfociti T
contro le cellulgumorali, erano stati isolati con successo nel nostro laboratorio,
mediante tecnologia dgdhage displaycon selezione di repertori fagici su
' infociti umani precedentemente att
frammenti anticorpali (scFvs) in grado di riconoscere numerosi antigeni di
superficie sui linfociti tra cui gli IC$#rogrammed deathigand 1(PD-L1) e
Cytotoxic T Lymphocyte Antiger{@TLA-4).

Allo scopo di identificare mAbs crossattivi per la specie murina, utili
per futuri studiin vivo, in questo progetto di tesbno stati effettuati successivi
cicli paralleli di selezionsulle poteine ricombinanti umane e murine di CTLA
4. La selezione degli anticorpcrossreattivi € stata garantita da un
sequenziamento massiccio volto ad identificare i cloni comunemente arricchiti
nei due cicli di selezione paralleli sulla proteina CFLAmara e murina.

Sono stati identificati due cloni, chiamati-IDe ID-8, capaci di legare
con el evata af fi niQTlA-4siaumnprecahe rurino.iln -
particolare, tali anticorpi riconoscono sigl@ateina ricombinante purificata che
guellanella sua conformazione nativa, quando espressa sui linfoostrando
affinitd di legame (Kd) nanomolare o snbBnomolare Tali anticorpi hanno
mostrato la capacita di attivare sia linfociti umani che mucimine confermato
dagli alti livelli di secreione di citochine IE2 e IFN“ indotti dai loro
trattamenti . EO i-IrelDe88soacsingadoiativarearncrer e
le cellule Natural Killer (NK) e di inibire efficacemente la crescita delle cellule
tumorali

Recenti studi avevano mostratob e s pr essi one di I

di

i vat i

di

dant

che

Cs

tumorali, pertanto queste ultime sono state da noi trattate con gli anticorpi in uso

clinico, Ipilimumab eNivolumah ed i nuovi anticorpi umanspecifici per
CTLA-4 (ID-1eID8) e PDL1 (PD-L1_1e 10 _12), generati precedentemente
nel nostro laboratorio, per studiare piu approfonditamente i loro eventuali effetti
supathwayss nt racel | ul ar i . E6 stato cos?3
inibire la fosforilazione di ERK e di attivare il fattore di trascrizioneltd; che

ev

\

an

a sua volta induce | 6espressione degl:]

proteine ricombinantiPD-L1 e Programmed Cell Death 1 (PD, hanno
mostrato effetti opposti auglli degli anticorpi suggerendo anche la probabile
esistenza di un crosstalk tra i diversi ICs nelle cellule tumorali
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Tuttavia, considerando che gli anticorpi che riconosconari@srano la
loro maggiore efficaciattivando i linfociti contro le cell@ tumorali, & stato
messo a punto un sistenmavitro, basato su caolture di linfociti con cellule
tumorali o con cardiomiociti fetali umanper identificare le combinazioni di
anticorpi immunomodulatori piu efficienti ad inibire la crescita tumorala, m
allo stesso tempo dotatiddotti effetti cardiotossiciLe combinazioni dei nuovi
anticorpi immunomodulatori, comeD-L1_1 elD-1, hanno mostrato una piu
potente attivita antiumorale e ridotti o assenti effetti cardiotossici, rispetto alle
combinazoni degli anticorpi in uso clinico, IpilimumabNMivolumab.Questi
saggiin vitro possono rappresentare strumenti utili per testare anche altri
trattamenti combinatoriali di anticorpi immunomodulatori emergenti diretti
contro differenti ICs, consentendo effettuare analisi precoci di efficacia e di
eventuali effetti collaterali.

Infine, tali anticorpi sono stati impiegati in combinazione anche con un
aptamero, chiamato CL4, che riconosce il recettore del fattore di crescita
epidermico (EGFR), per valu& eventuali effetti sinergici e creare molecole
bispecifiche in grado di superare i limiti degli oligonucleotidi, come la ridotta
emivita in circolazione e la mancanza di funzioni effettrici. Per la prima volta,
sono stati costruiti tre nuovi immusmniugati  bispecifici  costituiti
dal | 6 a@li4éegawro@d un anticorpo immunomodulatore, in grado di
riconoscere PEL1 o CTLA-4, o ad un anticorpo compatto, che riconosce il
recettore del fattore di crescita epidermid@&&B2).Questi tre nuovi immuno
coniugati conservano Igroprieta funzionali dellemolecole originali, ma
mostrano una piu potente attivita contro le cellule tumorali, combinando le
proprieta anttumorali di entrambi i componenti da cui derivano. Inoltre la
conipazi one del {IEGRRpconagh antiamrpi ammunomodulatori
antrPD-L1 (10_12) e antCTLA-4 (Ipilimumab) ha mostrato un piu efficiente
reclutamento dei linfociti T contro le cellule tumorali, portando ad un
drammatico aumento della citotossicita d@ée componenti originali.
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Introduction

INTRODUCTION

1.1 Immune surveillance theory and the concept of cancer immunoediting

At the beginning of the 8centuryEhrlichalready hypothesised a role
of the hostimmune deferse inthe prevention of tumor developeme8bme
years laterjn 1957 Burnethighlightedthe immune system importance in the
biology of cancer byxperimentally testings role for the first timeby using
tumor transplantation mode[Burnet F.M. 1957] Howeve, theidea of the
immune system eradicating transformed cells, befiiey are clinically
manifested, remained eontroversial topic for several years. According to

Burnet ds fii mmune s rmecognéidnbdy immane soldierefe or y o, t
necantigensexpressedon tumor cells induces an immunological reaction
against them. Later, Dunn and Schreiber proposed the doncep f Afcancer

i mmun o e DurtniGnPg ®Id L.J., Schreiber R.D. 2004] a process
composed of three phases: elimination, equilibrium, esehpgFigure 1) In

the first phase nascent transformed cells are recognized and killed by Natural
Killer (NK), CD4+ and CD8+T cells; in the second phase an equilibriigm
reached whemriginal tumor cells are deslyed. However, their elimination
deermines a selectiomf tumor cellscarrying mutations that make themore
resistant taommunologic attacksSincethe immune system results unable to
destroy these tumor variants, in thedhphase the tumatevelops and becomes
clinically detectable

T cell

MDSC

9 pamps
9
Qo
e @
@@
9@
v

Macrophage

Tumor calks
Escape - Equilibrium - Elimination
Decreased MHC class 1 Adaptive immunity Increased MHC class 1
Persistent tolerogenic antigen Persigient tolerogenic antigen Increased antigen quantity/variely
Decreased antigen quantityfvanety Innate and adaptive immunity (TLRs, DAMPs)
Increased number of MDSCs Increased costimulatory molecules
Increased inhibitary cytokinas and ligands Increased antigen presentation
Poor antigen presentation
-
Immunotherapy



Introduction

Figure 1. Cancer immunoediting process: a schematic representation of three
phases[Anusha Kalbasi, J Clin Invest.2013

Tumor microenvironment usually contains infiltrates of innate immune
cells, such as NK cells and macrophages, and adaptive immusesaeh as T
cells. During an inflammatory response tumor cells killing induces APC cells to
cafdure and present antigens, through the exposure of peptides associated with
the major hstocompatibility complex (MHCYo T cells, in order to activate
them, intumor drainhg lymph nodes (priming phas¢®chumacher TN.,
Schreiber RD. 2015.;Mueller DL, et al.1989]

The tumor antigens can be categorized into two classes:-sproific
antigens (TSA), specifically expressed on tumor cells, argdter from
mutationsassociated with the process of carcinogenesifrom oncogenic
viruses and tumortassociated antigens (TAA), normally expressed at lower
levels on healthy cells but overexpressed or aberrantly expressed in cancer cells
[Sharma P. et al 2015; Sabo SJ., et al. 2003] Nevertheless, additional
costimulatory signals are required in order to fully activate naive T cells, because
the recognition of antigeMHC complex is not sufficient and may render them
anergic(Figure 2). The interaction betweeBD28, constitutively expressed on
CD4+ and CD8+ T cells surface, aitsl ligandsB7-1 (CD80) or B72 (CD86)
expressed on the APC3anelle V., et al. 2020; Schumacher TN., Schreiber
R.D. 2019, induces downstream signaésading toclonal expansion, sumnal
and differentiation of T cells, through the production of interledk{iL-2).

w
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Figure 2. Antigen presentation and activation of T cells through costimulatory
signals[Tarassoff C.P., Oncologist., 200§

In advanced stages, tumor microenvironnmastomes more complex
including suppressive immune cells, such as reguldtaslis[Uyttenhove C,,
et al 2003] inhibitory cytokines[Hanahan D., Weinberg R.A., 2011] or
inhibitors of T cell responsgkife BT, et al 2008] attenuating immune pressure
and evading classic mechanisms of tumor suppression, thus supporting cancer
cells escape from immune surveillance. This capacity was defined by Hanahan
and Weinberg in 2011 as tilseventh hallmark of canc@ireach D.R., et al
1996]

Nevertheless, indegdmor suppression can lead to immune escape of
tumor cell variants characterized by a dampened immunogenicity or the ability
to attenuate immune response by developing some mechanisms such as the
secretion of immunosuppressive factors or the reduced eipress Major
Histocompatibility Complex | (MHCI) and costimulatory ligandgKoebel
C.M., et al. 2007; PapaioannouN.E., et al 2016;Hanahan D., Weinberg
R.A., 2011, can be exploited by tumor cells for inhibiting immune responses.

Further mor e, a set of mol ecul es call
were initially identified as regulators of cells activation at multiple steps,
protecting tissues from damage caused by an extensive immune response and
maintainingtolerance to selntigens[Hirano F ., et al 2005}

1.2 Cancer immunotherapy

Cancer immunotherapy is aimed at improving immune responses against
cancer cells by activating its components. Immunotherapy of cancer can be
classified into two main types of intervention: active gragsive (Figure 3)
[Papaioannou N.E..et al. 2014. Passive protocols are widely used in cancer
therapy particularly in patients with an unresponsive immune system. This
approach comprises the infusioreafviveactivatedmmunecellsor molecules,
such as antibodies$n order to compensat®r missing or décient immune
functions. Examples arthe adoptive transf of T cells or dendritic cells
preactivatedn vitro to induce tumor killingin vivo or the use of recombinant
cytokinesand tumorspecific antibodiesecognizing TAAs, used mainly for the
targeted therapy. On the contrary, active approaches are aimed at stimulating
effector funtionsn vivo, involvinganti-cancer vaccines (peptisi@endritic cel
based and allogeneic whole cell vaccines), as @agllinmune checkpoint
inhibitors.[Papaioannou N.E. et al.2014.
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Figure 3. Classification of active and passive cancer immunotherapyhe passive
cancer immunotherapy approaihbased on the infusioof tumor specific mAbs,
immunotoxinsand oncolytic viruses The active immunotherapy approach includes
vaccinesimmunomodulators cytokines and immuateeckpoininhibitors[Pegna GJ.,
Cancers 2027.

In the last decadegreclinical and clinical investigations led to the
approval byFDA of several antibodiestgeting immune checkpoints for clinical
treatmenbf melanoma and other cancer typ8slluzzi L., et al.2014]

Thecombinadions of different immunotherapeuiitterventionscould be
wisdy organizedby boosing anticancer responsg®n one hand, and by
neutralizing ®gative immune regulators, on the other hand (Figure 4)

Furthermore, he combination of different cancer treatment modalities
(e.g., chemotherapy and checkpoint inhibitors) andntipegovemenbf targeted
drugs (assocated with the discovery of new targets and the developmerevof
drugs and new moleculegould help in targeting simultaneouslymultiple
molecular compensatorypathways (e.g., patyrosine kinase inhibitors)
[Papaioannou N.E.et al.201q.
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Figure 4. The synergybetween different cancer treatments.The combination of
differentimmunotterapeutic approaches to simultaneously indomeune anticancer
responses (PUSHINd inhibithegative immune regulators (PULBapaioannouN.E.,
Ann Transl Med.2016]

1.3 Antibodybased immunotherapy against Tumor Associated Antigens

The main limits of conventional artancer treatmentre represented
by the absence of selectivity for tumor cells and by-secific side toxic effects
for normal tissued-or this reaon, thescientistshave workedor yearswith the
aim of developing biological weapons able specifially induce immune
responses against cancer, overcoming these I[tgz G.T., et al. 2016;
Kirkwood J., et al. 2012; GalluzziL., et al.2014] Immunotherapybased on
the use of neel mAbs, endowed with amtumor activity, is a very useful
targeted therapy as it allows to specifically recogaizggens on tumor celte
either inhibit their oncogenic functionroto specifically deliver toxic
compoundsThe targets of these therapies comprise two big classes of antigens:
Tumor Specific Antigens (TSAs), expressed only on tumor cells, T,
overexpressed by tumors but present also at low levatshennormaltissues
[Wurz G.T., et al. 2016; SavageP., et al. 2014] such as some growth factor
receptors.
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The excitement for these new weapons grew over the years leading
scientists to further investigations aimed at the generation of the first therapeutic
mADbs of mouse origin. Unfortunately, therhan antimouse antibody (HAMA)
response represented an obstacle to the success of this approach and induced
further progresses to avoid this problgfhorpe S.J.,et al. 2003} In order to
redu@ the immunogenicity, the mouse sequences recognized by human immune
system,responsible for HAMA responseere replaced by the mstant human
sequences, by usin@NA recombnant tecniquesthus creating chimeric
moleculesretaining only the variable reans of mouse origifLoBuglio A.F.,
et al.1989]

Further improvements for reducing immunogenicity were obtained with
the humanized mAbs generated by inserting only the mouse hypervariable loops
of an antibody in the human-iégion framework¢$Carter P.,et al.1992]

Furthermore, novel strategies recently developed, such as phage display,
have allowed the generation of human antibody libraries, in togerforman
in vitro selection ofhumansinglechain variable fragments (scFvs), to be then
convered into fully humarantibodies specifically targeting tumor c¢fsenzel
A., et al.2016] Some of the therapeutic mAbs approved by FDA for clinical use
in cancer therapy are directed against either growth factors, such as vascular
endothelial growthfactor A, or growth factor receptors, such as human
epidermal growth factor receptors EGFR and HER2/ErdB2se therapeutic
mAbs not only have specific and direct inhibitory effects on the signal
transdwtion activated byhese receptors expressed on tuoells, butthey can
also induce Antibody Dependent Cellular Cytotoxicity (ADCC) and
Complement Depemuht Cytotoxicity (CDC). Futhermore, they cha used as
vehicles tadeliver towards tumor celtexic payload such aghemoterapeutics,
toxins or radicsotopes. More recently, bispecific antibodies able to recognize
two antigens have been created to retarget cytotoxic pHgeytes to any cell
of choice[Wurz G.T., et al.2016]

1.4 ErbB2 and EGFR receptors as validated TAAs for breast cancer therapy

Breast cancer was one of the most common disease in women, with 1.9
million new cases (2017), secoadly to nonmelanoma skin canc&MSC),
the leading cause f@ancer death in men and women in 2{Rizmaurice C.,
et al.2019]

About 30% of breast canceoverexpress ErbB2, a Tyrosine Kinase
Receptor (RTK), which is considered an attractive and useful TAA target in
cancer immunotherapy, as it plays a key role in the development of malignancy
[SlamonD.J., et al.200%, Tagliabue E., et al. 1991; LohrischC., Piccart M.,

2001; GravalosC., JimenoA., 2008]
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ErbB2 receptor belongs to the ErbB family of RTK, but, unlike the other
members, it lacks its own natural ligand, acting preferentially as the
heterodimerization partner with the other receptors of the family. Its
overexpression on breast cancer cells,tdwgene amplification, can induce the
activation of downstream sighimg pathways involved in cell growth,
differentiationand surviva[Yarden Y., Sliwkowski M.X. 2001; KlapperL.N.,
et al. 2000; BusseD., et al. 2000; Baselgal., et al. 2009] such aghose of
mitogenactivated protein kinasgMAPK) and phosphatidyliositol3-kinase
(PI3K) (Figure 3), with a consequent dysregulated prolifergifogure 5)

Trastuzumab, a humanized aBtbB2 antibodyapproved by the FDA in
1998, is an example of wetistabilishedoreast cancetherapy, resulting very
effective in the treatment of Erl2Boositive breast carcinoma either at early or
metastatic stages. Howevarhigh fraction of ptients show resistance to the
treatment andsome of treated patients catevelop cardiac dysfunction,
frequently leading to heart failure in particular in the presence of other risk
factors [Stebbing J., et al. 2000; Sparano, J.A.et al 2001; Natha R.,et al.
2006; Riccio, G. et al.2016]

EGFR

_________

Figure 5. EGF receptor family. Schematic representation of the Tyrosine Kinase
Receotors EGFR, ErbB2/HER2 and HER3 atideir downstream pathways and

inhibitors.
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Antitumor strategies based upon biologioolecules have been further
successfullydevelogd for ErbB2 RTK]eading to the recent clinical approval
of Pertuzumalanother humanized mAb usgéx combinatorial treatments with
Trastuzumab and Doceta{8aselgad., Swain S.M. 2010; Chung, C.;Lam
M.S. 2013]

Despite the common target, these mAbs are characterized by different
mechanisms of action, presumably due to the recognition of different epitopes
localized in the domain Il (Trastuzumab) and in the domain IV (Pertuzumab) of
ErbB2. Unfortunately, the clirdal efficacy of these drugs is still limited by
resistage and cardiotoxicity issugSeidmanA., et al. 2002; Maurea, N.;et

al. 2016; De LorenzoC., et al.2018]

In order toovercome the limits of Trastuzumady rovel immunoagent
was constructed in odaboratory, starting from the isolatigcghrough phage
display technology of éuman antErbB2 singlechain variable fragment
(scFV). In particular this antErbB2 scfy named Erbicinpot only isable to
selectively bind ErbBzositive tumor cells and inlbit tumor growth but also
to recognize an epitope of ErbB2 different from that of Pertuzumab and
TrastuzumalpDe LorenzoC., et al.2002; TroiseF., et al.2011]

Furthermore, thé&c region of a human IgGdas genetically fusedith
Erbicin leading tothe constration of a new immunoagentalled ErbhcAb
(human compact antibody) for its compact size (100 kDa) if compared with the
full size (155 kDa) of a natural Ig@igure 6)[De LorenzoC., et. d. 2004].

This new antibody retains the immune effedtoctions of a full size 1gG, but

due to its reduced molecular size it can diffuse more easily into the tumor masses
with respect to a conventional 1gG. HibAb, endowed with the ability to
selectively bind to ErbBpositive breast tumor cells, was falto be a powerful
cytotoxic agent able to inhibit trgrowth of tumor cellsin vitro andin vivo, by
inducing also ADCC an@€DC [De LorenzoC., et al.2004] A more interesting
feature of ErkhcAb is represented by the lack of cardiotoxic effatts vitro

andin vivo models, differently from the clinically validated Trastuzumab and
PertuzumaljRiccio G., et al.2009; FedeleC., et al.2012]
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Figure 6. Erb-hcAb. Schematic representation of Erbicin and its derived compact
antibody (ErbhcAb).

Unfortunately, a large fraction of breast tumors lacks the overexpression
of ErbB2 used for the targeted therapy, as in the case of Triple Negative Breast
Cancer (TNBC). TNBC is aarticularly aggressive subtype of breast cancer,
defined by the lack of expssion of estrogen receptor (ER), progesterone
receptor (PR) and human epidermal growth factor receptor 2 (HER2). TNBC
accounts for about 1P0% of breast cancer cases and the affected patients show
high risk of recurrence with a death rate higher thep atmer subtype.
Overexpression of EGFR has been reported in ~60% of TNRCcarrelates
with poor outcome, thus it could be considered as a potential target for TNBC
therapy.

EGFR is another Tyrosine kinase receptorcarbB receptor family
members.Once activated itinitiates myriadof signaling pathwayssuch as
Ras/MAPK and PI3K/AKT pathways. HigiEGFR expressiorievels may
influence multiple aspects of tumor biology including cell proliferation, matility
invasivenes and resistance to treatmg§&tommel J.M., et al. 2007; Greenall
S.A. et al.2015; HaynedH.R., et al.2014]

In parallel other biological drugs with affinities and specificities
comparable to those of antibodies have been recently developed. These novel
drugs, called aptamers, amengle strand oligonucleotides that can form
structures actings scaffolds for melcular interactions with either proteins or
smallmoleculetargets.The relevance of these novel molecules is mainly due to
their low molecular weight and the lack of immgeaicity [Keefe A.D., et al.

2010]
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A nuclease resistant RNA&ptameynamedCL4, able to recognize with
high affinity andinhibit humanEGFRwt, has been recently generated in the
laboratory of our collaborators, by amvitro selection procedure callSELEX
(Figure 7) (Systematic Evolution of Ligads by Exponential Enrichment)
[Tuerk C.,Gold L. 1990; CamoraniS.,et al.2018; CamoraniS.,CerchiaL.
2015] The CL4 oligonuteotide aptamer was also found able to biocind
inhibit the EGFRVIII mutant,expressed on the surface of Glioblastoma
Multif orme (GBM) cancer celland characterized by a truncaexdracellular
domain[EspositoC.L., et al.2011; CamoraniS.,et al.2015] IndeedCL4, by
interacting with domain IV of the receptpresent in th EGFRVIII variant, can
inhibit the autophosphorylation of the receptor and its downstream ERK1/2 and
STAT3 pathways, thus affecting mig@ti and invasion of cancer cells
[Camorani S., et al. 2015] CL4 was also found able tpreventthe EGFR
i nt e gr intaractidy thudinhibiting the vasculogenic mimicry (VM) and
tumor growth in TNBCs resistant to both Erlotinib andu@emab (EGFRTK
inhibitors)[Camorani S.,et al 2017] proving to be a valuable tool to overcome
the tumor resistance to EGFR Tyrosine Kinase Inhibitors (TKIs).

CL4 (39nt) the anti-EGFR aptamer

Figure 7. CL4 aptamer. Structure of the antEGFR CL4 aptamefEsposito C.L.,
PLoS One2011]

1.5Antibody-based iInmunotherapy targeting immune regulatogheckpoints

The alternativeantibodybased approachan regulate specific Tell
responses, thus enhancing the protective role of the immune system against
cancelfPeggsK.S., et al. 2009; Nurieva R.I., et al.2011, Pardoll D.M.2012,

Wei, S.C.,et al.2018]

Multiple stimulatory and inhibitory pathways, involved in the regulation
of immune activation, can be targeted by agonistic or antagonistic mAbs in order
to improve immune response against cancer. Due to their direct effects on cancer

10
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cells, effecdr T cells were considered as the primary soldiers, but as reported in
literature also other imune populations, such as N#ad T reg cells, might
become targets.

As mentioned abovéhe single engagement of the MHC associatitl
antigenic peptideby the TCR is not sufficient fothe full activation of T cells.
A series of stimulatory or inhitory receptofligand pairscan determine the fate
of the T cell response, such as their activation with the subsequent differentiation
into effector T ells, theirdeletion or anergjChen L., Flies D.B. 2013; Davis
M.M., Bjorkman P.J.1988]

To translate this concept into the clinicesearchers worked hard to
generate agonistic mAbs for-stimulatory receptors or antagonistic ones for
those with inhibitoryactivity, with the aim to exploit ICs to amplify immune
responsgagainst cancer cells (Figure[@ardoll D.M. 2012]

Tumor

», Dendritic
cell

PD-L1

PD-L2

Tissue
macrophage

CCR Focus AR

Figure 8. Potential targets for immunotherapy of cancer based ormmonoclonal
antibody. The interaction between inhibitory recep,such as CTLA4, PD1, LAG-

3, TIGIT, TIM-3 with their ligands leads to an inhibition of the T cell activation (red
arrows). Cestimulatory receptors such as CD28, ICOS9,BB, 0X40, CD27, on the
contrary, enhance the effector function of T cells (greemeio
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1.6 Immune checkpoints and their relative antibodies atinical use or
development

The first Immune Checkpoint to be characterized and reported in
literature is called Cytotoxic -lymphocyteasseiated antigen 4 (CTLA)
[Leach D.R.etal.1994. CTLA-4, also known as CD152, i8Z/CD28 family
member sharin@0% sequencedentity with CD28 even thoughit plays a
crudal role in T cell inhibition (Figure 9)Zang X., Allison J.P. 2007]
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Figure 9. Role of CTLA4 and its intera@n with CD80 orCD86 in lympmodes and
binding of PD1 with PDL1 or PDL2 in peripheral tissues exploited by cancer cells
[Ayoub N.M., Breast cancer (Dove Medical Pres€019]

Its regulation depends ats localization within the cell: in resting naive
T cells, CTLA4 is mainly located in the intracellular compartmdnit after
TCR stimulation, a member of SRC kinases family, Lck, phosphorylates a
tyrosine of YVKM motif inducing its delocalization and retention on seiface
[Linsley P.S., et al. 1996} Indeed, CTLA4 expression is upregulated within
24i 48 hours after T cell activatigBrunet J.F., et al.1987;Anagnostou VK.,
Brahmer J.R. 2015] Once displayed on T cells surfatesompetes with T cell
associated CD28 receptdry binding to B71/B7-2 (CD80/ CD86)ligands
[Linsley, P.S.et al.1997] with higher affinity with respect to CDZ&ife B.T.,
Bluestone J.A. 2008, Krummel M .F., Allison J.P. 1995] The binding of
CTLA-4 to these ligandexpressed on APTAruffo, A., Seed B.1987 Linsley,
P.S.et al. 1990] blocks the cestimulatory CD28 signal, thushibiting the
activation of ERK ad JNK pathways downstream the T@G&cessary foiull T-
cell activation (Figurel0) These effects lead to the downregulation of

12



Introduction

transcription factors, such as NFB , -1 Arfél NFAT, which negatively affect

IL-2 secretion and cell cyclgrogressiorfKrummel M.F., Allison J.P. 1994.

The association between CTEA and SHF2 might induce the
dephosphorylation of the CD3 complex associated with TCR, whereas the
association with PP2A might inhibit PI3K signalifigigure 10 (even though

the mechanism is not yet clefitggat A., et al.2013,Alegre M.L ., et al.2001]

Co-hgation

Inhitetion of ERK and JNK actaton a= ="
Inhibstion of MF-wB, AP-1, NF-AT acthvation

T

@ :
- Inhilsiticn of Gytoking production
Coll-cycle amast

Figure 10. Model of CTLA-4 signaling pathways in T cel[g\legre M.L., Nat Rev
Immunol. 2001]

CTLA-4 is also constitutively expressed on T regulatory cells (T reg),
which can impair immune response by mediating the removal-df & B72
through transendocytosisthus reducing their stimulatp function [Gombos,
R.B. et al. 2018,Egen, J.G, et al. 2002} Recently, it has been reported that
effector and T reg cells are not the only populations of the immune system
exhibiting this antigen, as al$K cells display CTLA4 on their surface, where
it seems involved in the proliferation of this immune populaifinjanovic, A.
et al 2014; PassarielloM. et al. 2020} Furthermore, recent studies reported
that this protein is also expressmunorlymphoid cells including lakemia and
solid tumor cell§Mao, H., et al.2010; Caotardi E., et al.2005 Wang, X.B.,
et al.2002]and although its role in tumaoells has not yet been fully elucidated,
some reports indicate thaitcan affect tumor ell survival The recognition of
the important role of CTLA4 led to the devepment of inhibitory antibodies
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blocking its function, as an attractive strategy for cancer treatment. After
preliminary positive outcomes mice models, th fully human antCTLA-4
mAD, Ipil i mu ma b, has been deseach grqueid 1996r om Al |
[Leach, D.R.,et al. 1996] Ipilimumab was approved by the U.S. FDA in 2011
for the treatmendf metastatic melanonj@ameron, F.,et al.2011,Patel V., et

al. 2011] and several clinicdtials have been started for other solid tumsush

as nonsmalkcell lung cancer (NSCLC), and rerall and prostate carcinomas
[Cabel L., et al. Cancer 2017] Neverthelessthe monotheapy approach
seemed to be not efftive in the case of poor immuyenic tumors,thus
inducing studies and triafscused on the combination gfilimumab with other
antrtumor drugs, such as W, peptide vaccire chemotherapy drug
decarbaze [Patel S.P., Woodman S.E. 2011; Savoia Pet al. 2016; Attia

P.J., et al.2005] or with other ICIs, such as aiRD-1 mAbs.

PD-1, alsoknown as CD29, is an immune checkpoitielorging to the
B7/CD28 family and firstly identified in lymphoid cell lines undergoing
programmed cell death. PDis expressed on activateeté&lls,B-cells, dendritic
cells (DCs) and monocyte3he intracellular domain of RD contains an
immunoreceptor tyrosine inhibitory motif (ITIM) and an immunoreceptor
tyrosine switch motif (ITSM) which binds to the inhibitory phosphatases SHP
andPP2A[Liotti F.,etal.2021] SHR2 engagement inhibits TCR signaling by
suppressing PI3K/AKT, MAPK and mTOR pathways, #masreducing IFNo
TNF-U, a r2dsecretion. Furthermore, PD activation reduces -Gell
proliferation and survival by inhibiting the antiagofic protein BCLXL
[Legat A. Front Immunol. 2013, Liotti F., et al.2021; Pardoll DM. 2012].
Thus, themain role of PD1 on T-cells is to limit the activity of Icells in
peripheral tissues during inflammatory responses and to inhibit autoimmune
responsesOnce T cellshecome activated®D-1 expression is inducedhen
when engaged by one of its ligands (Figurg), such as PID1, it inhibits
downstream signalingnvolved in T cell activatiorjPardoll D.M. 2012] The
inhibition mechanism mediated by PIDcan be exploited by the tumor cells
expressing its ligand to neutralize drtitumor response of T ce[daile S.T.,
et al. 2013] Surprisingly, in recent studies, PDexpression has been found
expressedh several tumor types, such as thyroid carcinoma fiathti F., et
al. 2021] melanoma, hepatocarcinoma and lung carcinfitheffel S., et al.
2015; DuS., et al. 2018, Li H., et al. 2017] It has been proposed that PD
signding sustains cancer cell proliferation through the mammalian target of
rapamycin (mTOR)/ribosomal protein S6 Kinase (S6K1) pathway in melanoma
[Kleffel S. Cell. 2015]and hepatocarcinomf&i H. et al. 2017] or through
BRAF/MEK/MAPK cascade in thyroid carcinoma, promoting proliferation and
migration[Liotti, F., et al.2021](Figure 1). PD-1 can bind to SHR through
the latter SH2 domain and directly or indirecthdute Ras activation (via
GRB2/SOS compleXlLiotti, F. , et al.2021] Moreover, it seems that regulatory
T cells can create an immunosuppressive tumor environment by expressing PD
1 on their surfacfAlsaab, H. O.,et al.2017]
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Figure 11 PD-1/PD-L1 signaling in T cell§Pardoll D.M., Nat Rev Cancer2013

PD-1 ligands are P01 (B7-H1/CD274) and PEL2 (B7-CD/CD273)
but the binding affinity of PEL for PD-L1 is 3-fold higher than the affinity for
PD-L2. Furthermore, PEL1 is expressed in a wide range of hematopoietic and
nonthematopoietic cells following the upregulation exerted by-tFNand TNF
U; -LR Bxpressionpn the other hand, is restricted to macrophages, dendritic
cells and mast cell\lsaab, H. O.,et al.2017] The interaction between PD
and PDL1 induces an inhibitory signal that limits T cell activation during the
effector phase of the immune pesise in peripheral tissues (Figure ]Hife
B.T., et al. 2008] Cancer cells can avoid immune surveillance byLRD
overexpression which, in turn, carvdoregulate T cell activatiofChinai J.M .,
et al.2015] Furthermore, in glioblastomas the expressibRD-L1 is linked to
the activation of PI3K/AKT signaling, whereas in some lymphomas and lung
cancers is linked to the upregulation of STAT3 (modulated, in hyrh_-6) and
ALK signaling [Pardoll D.M. 2012] Finally, the involvement of PD-L1
signalingin tumor cell proliferation and survival has been associated also to
MAPK pathway[Passariello M, et al.2019]

It could be supposed that Al expression on cancer cells is directly
modulated byNF-a Ba master transcription factor of inflammation, as it, in
macrophages, binds to AL promoter ly inducing its transcriptiofiMulero
M.C., et al 2019] and can improve its pecstanslational stabilization by
inducing the expression of proteins such as CGR@alosome subunit 5
(CSN5). Moreover, oxidative and stressnduced signals as well as
inflammatory cytokines and chemotherapeutic drdgsving signals can
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activateNF-a Bby indirectly cotrolling PD-L1 up-regulationf[Walmsley SR.,
et al 2005,Antonangeli F, et al.2020]

Since, the interaction of RD, expressed on the surface of activated T
cells, and PEL1 on the surface of tumor cells results in immunosuppression, the
interference mediated by an antibody specific forPP@r PD-L1 could be a
suitable strategy to improviecellsactivation A first humanizednAb targeting
PD-1, PembrolizumalfLambrolizumab), has been approved by the Fb2014
firstly for the treatment of patients with unresectable or metastatic melanoma
aftertreatment with pilimumahl and therapproved in 2017 for the treatment of
locally advanced or ptastatic urothelial carcinonjRobert C., et al.2014. A
secondully humanant-PD-1 mAb, named Nivolumab, hdeen approved for
the therapy of Hodgkin lymphoma, unresectable or metastatic melanoma,
metastatic renal cell carcinoma aN8CLC[Raedler L.A. 2015; Kazandjian
D.,etal.2016 Hazarika M ., et al.2017] A number of antibodies targeting PD
L1 are in clinical development for several types of advanced canceat the
moment onlythe humanized an?D-L1 IgG1Atezolizumabhas beempproved
by the FDA forNSCLCin October 2016 anith 2019 for TNBC[Weinstock C.,
et al. 2017; Narayan P, et al. 2020} whereas it iscurrently undergoing
evaluation in clinical trials for patients with other types of cancer, including renal
cell carcinoma, bladder cangand smalkcell lung cancefKrishnamurthy A .,
Jimeno A.2017].

Drug Trade Yewr  Target Location Indications”
name
Ipilimumab Yervoy® 20011 CTLA<  T-lymphocyte Melmnoma RCC, colorectal
CACINOMS
Nivolumab Opdivo® 20014 PD-] T-lymphocyte  Melanoma NSCLC, SCLC, RCC,

Hodgkin lymphoma, SCC of HEN,
urcthedial carcinoma, colorectal
carcinoma, HCC
Pembrolizumab  Keytruda® 2014 PD-] T-lymphocyte  Melamoma NSCLC, Hodgkin
lymphoma, SCC of HEN,
urothelial carcinoma, gastric
turmors, bladder cancer, head and
neck camcer, esophageal cancer,
cervieal cancer, HCC, RCC,
Merkel cell carcanoma, brexst
cancer, colorectal carcinoma

Atezolizumab Tecenmg® 2016 PD-LI Tumor cell WSCLC, urothelial carcinoma, SCLC,
bremt cancer

Durvalumakb ImifinaiE 2007 PD-L1 Tumor cell Urothelial carcinoma, NSCLC

Avelumab Bavencio® 2017  PD-LI1 Tumaor cell Merkel cell carcinoma, urodhelial
carcinoma, ROC

Cemiplimab Liblayo® 20018 PD-1 T-lymphocyte  Cutancous SCC

Table 1. FDA-approved immune checkpoint inhibitors (mAbs) and their indications
[Chhabra N., J. Med. Toxicol 2021
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Despite the success clinically validatedmAbs targetingICs, thear
averageeasponseés still limited, as they resultffective in ony about 2630% of
the patient§Lee C.S.,et al.2013; BuquéA., et al.2015; PardollD.M. 2012]

New emerging targetbelonging to the class @b-inhibitory receptors
have been identified in the last ygassich as lymphocyte activatiagene 3
(LAG-3), which is an immunosuppressive receptor expressed on activated T
lymphocytes and TFregulatory lymphocytes. Other examplescofinhibitory
receptorsare theT cell immunoglobulin and mucH#3 (TIM3) and T cell
immunoglobulin and ITIM domain (TIGIT), which are expressed dmaested
CD8+ T cells in tumorgAnderson A.C., et al. 2016; GoldbergM.V., Drake
C.G. 2011; HuangC.T., et al. 2004] Another ceinhibitory receptor, the B
and Tlymphocyte attenuat (BTLA) is expressed during the activation of T
cells, leading to inhibition of humaCD8+ cancer specific T celfgVatanabe
N., et al.2003]}

Combinations of antibodies targetindjfferent immune checkpoint
receptors, in ordeto achieve additive or sgrgistic activity,can potentially
translate into a better aritimor activity Proof of concept for this approach was
provided by the finding of increased efficacy of the Ipilimumab and Nivolumab
combination versus monotherapy in the treatment of st&ita melanoma
[Mahoney K.M., et al. 2015; Larkin J., et al. 2015] Thus, combinatorial
treatments to achieve higher therapeutic index with respect to monotherapies
have been tested by several clinical tri@lemonstrating several benefits
terms of overall survivgRibas A., et al.2018] but also increased side immune
related adverse ents (irAEs)[Lee, C.S, et al.2013; Hamilton, G.,et al.2017;
Kourie, H.R., et al.2016; VentolaC.L., et al.2017;Haanen, J.B.A.G. et al.
2017] Furthermore, a number @iical trials involving approved or novel
antibodies against immune checkpoinsgd in monotherapy or in combination
with other biologics or small molecules are being carried out worldwide.

The generation of a complete reperobf fully human antibodies
specific for all thee T cell checkpoint modulators is a grgaal that researchers
are pursing with the aim of testing them in multipfgossiblecombinations
[Sasso E.et al.2018]

1.7 Phage Display Technology for thgeneration of a human repertoire of
mADbs for cancer immunotherapy

An innovative strategybased on the weknown phage display
technologywas performedh our laboratoryn order b generate repertoire of
fully human immunomodulatory mAbs against sevesaabets to be used in
monotherapy or in combinatorial treatments for cancer therapy
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Throughthis technique, a geneneoding a protein of interest can be
inserted intoa phage coat protein gene, inthgethe phage to "display” the
protein onthe capsidhus allowing for its interaction with a specific target.

Large libraries of scFvsan be screened in a process calleditro
selection, which is analogous to natural selection.

The scFv is the smallest portion of the immunoglobulin, which retains
the antgenbinding ability. Indeed, an antibody in the scFvnfiat consists of
the variable regiorof heavy (VH) and light (VL) chaingpined together by a
flexible peptide linker, wh a molecular weight of 27 kJAhmad Z.A., et al.
2012]

The phage display technologllows for the generation of libraries
containing up to 1% different variants, that can be used in a screening process
with the aimto select antibodies agairestalmost unlimited array of biological
(including human selartigens) andnonbiological targets (includingoxic
molecules)The gene encoding each scFelsned in phagemidsacked inside
the virion as dusion construct with the gene encoding the coat proawic the
corresponding producs expressed as a fusi@roteinwith the plll prdein of
the phage coat (Figure 12

g8p molecule

plll protein

sckv

Figure 12 Schematic representation of scFexpressed as a fusion product with
the plll protein of the phage coat.
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Then, he scFvphages can bpannedeither on targets immobilized on
solid support or expressed on the cell surfaegscting the bindezlones from
the whole repertoire by ugiraffinity selection techniquesthe target

In our laboratorya largenumber of scFvgargetingtumor or other
receptors have been successfully isolated by panning human scFv libraries either
on purified proteins or on live cells expreggitne targets on their surfafiee
Lorenzo C., et al.2002; PalmieriD., et al.2015; PacielloR., et al.2016; Sasso
E., etal 2018]

A novel strategywas defined by our research grolgp rapid parallel
screening of phage displayed antibody libraries byctirgpanningon activated
human lymphogtes. This novel approach allowéat the productive selection
in one single pnningof several phage clon@scognizingmultiple targetsas
they are displayedn thelive cell membrangin their native conformatian
Subsequent panning rounds performed on human purified proteins allowed for
the isolation of scFvs specific for thaading of each ICAs a proof of concept
fully human IgGs from threphage cloneollections specific for PEL, PDL1
and LAG3 were successfully characterid&adsscE., et al.2018] Among them
some antibodies targeting PDD PDL1 and LAG3 were found able to
specifically bind and activate T cells vitro more efficiently than the clinically
validated Nivolumab.

antibody phage display library 7 S¥ (RC2 A £
& ampiification of ant
phage
4 § Panning
o selection of phage
displayed antibody
fragments
coinfection
helperphage

> (@3cycles)

’@Iecﬁn scFv

lym Aleg <
ph°‘-‘}'fe, y (scFv) i —— Antibody
screening s / generation

Figure 13 Strategy of scFvs selection by phage display against immune
checkpoints.The phages were incubated with activated lymphocytes after a subtractive
step on untreated lymphocytes in order to select specific phages for receptors expressed
upon activation. The screening of enriched clones was performed by Next Generati
Sequencing, and the identified scFvs were then converted into IgG4.
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1.8 Novel combinatorial approaches

The combination of different treatments involving IClotrertargeting
antrtumor agentsis considered a suitable stratetfy achieve adtve or
synergistic activity. Indeedhé combination of Nivolumab dripilimumab has
been usedn patierts with metastatic melanonfdlomura M., et al 2017}
advanced renal cancer cflletin B., et al 2019] metastatic colorectal cancer
[Ciardiello D., et al. 2019 and recarent smaklcell lung cancefCope S, et al
2019] leading to encouraging clinical benefits in some malignant tumors,
espeially for advanced melanonfearkin J., et al.2019]

Since both ErbBzositive tumors and TNB express high levels of PD
L1 [Turcotte M., et al.2017; StovgaarcE.S.,et al.2018] and a high proportion
of PD-L1 positive tumes are cenfiltrated with PD1+lymphocytesa new
combinatoriaktrategycould also include the combinatiohanttErbB2 orantt
EGFR agentsvith novel antiPD-L1 mAbs. Combination of Trastuzumab and
Pembrolizumab, antrbB2 and antPD-1 mAbs respectively, areunder
investigationgDe Melo GagliatoD., et al.2017 for the therapy of breast cancer
[De Melo GagliatoD., etal. 2017; Turcotte M., et al.2017; StovgaardE.S.,
et al.2018]

Furthermore, the IMpassion130 Trial  [IMpassion130
ClinicalTrials.gov number, NCT02425891]combined nalpaclitaxel with the
ant-PD-L1 Atezolizumab, evidencing a remarkably prolonged pregjosfree
survival (PFS) in patients with metastatic TNBC, and leading to FDA approval
for patients with unresectable advanced|PDpositive TNBC.

Despite the great success in terms of OS and PFS, these combinatorial
treatments are characterized by morarkedimmunerelated adverse events
(irAEs), such as cytokine release syndrome, dermatologic toxicities (occurring
in 40-50% of patients treated with Ipilimumab and8W% of patients treated
with ICIs which target the P2 axis), endocrine dysfunctionastrointestinal
and hepatic adverse effects, neurologic (occurring in 6 to 12% of patients and
are generally of low gde), ocular and renal irAE€hhabra N., et al.2021].

Recently some cases of I&klated cardiotoxicity, which mainly occurs
in the early stage after treatment, have been reported, such as cases of
myocarditis, dilated cardiomyopathy, pericarditishgthmias and heart failure
[Yang S, et al. 2018] In particular ombinatorial ICIs treatment with
Nivolumab plus Ipilimumab have been associated tofaldb higher risk of
cardiotoxicity when compared to monotherapies.

Thus, there isirgent need for the identification of novel combinatorial
treatments that could overcenthese limits and allovior effective and safe
therapy.
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AIMS

The main goal ofmy PhD project was the developnt of novel
therapeuticapproaches based on the generation of fully human mAbs to be
combined in order to increase thaiti-tumor potency.

Considering the rare but severe cardiotoxic side effects observed with the
combination of Ipilimumab and Nivoluab, we aimed at setting well-based
assays to early identify those combinations of m#fik high efficacy against
cancer cells, bulevoid of harmful side effects.

The firstaim was repesented by the generation of nowdly human
antibodies recognizingoth human and mou£&TLA-4 immune checkpoint in
its native conformationto be used in future fam vivostudies on mouse models
In this regard, the phases of the research activity were the following:

1 setup of aninnovative strategy based on phage dispfsrform
a parallé selection on both human and mouse chimeric
recombinant CTLA4 protein

1 identification of the most enriched scFvs clomeghe parallel
selectiondy NGS and bioinformatics;

1 conversion of the setéed scFvs into fully human IgG1

1 purification andcharacterization of the ar@iTLA-4 antibodies.

The leader candidates were tested in comparison withP&ntil
antibodies, previously generated in our laboratorytHer binding affinity by
ELISA assays on lymphgtes and on purified proteins; faheir ability to
activate T cellsn co-cultures with tumor cellsandfor their antitumor effecten
intracellular pathways

An additional aim was the identification of the best combinatorial
treatments of immunomodulatory mAbs by testing them on both tamor
cardiac cells, in order to identify those endowed with synergistic effects on tumor
cells but ineffective on cardiomyocytes.

The final aim was represented by the development of novel
immunoconjugates made up of mAbs and aptamers, in order to loigadeific
molecules that could combine the properties of these drugs overcoming the
limits of smal aptamers, such as rapid cleara and lack of effector fations.
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MAT ERIALS AND METHODS

3.1 Cell cultures

MDA-MB-23 1 br east cancer cells were culture

Medium (DMEM, Gibco, Life Technologies, Paisley, UK). BEB49 SK-BR-3,
LNCaP,MDA-MB-453and mouse CT26ancer cells were cultured in Roswell
Park Memorial Institute 1640 Medium (RPMI 1640, Gibco, Life Technologies,

Paisley, UK). A549 lung cancer cells were culturedkira i gndés Modi fi cat.

Ha mo6-32 Medium (F12K, American Type Culture Collection, Manassas,

VA, USA). MCF-7 cells were cultr ed i n Modi fi dMEMEagl eds

Gibco, Life Technologies, Grand Island, NE, USAHuman fetal
cardiomyocytes were cultured Cardiac Myocte Medium (CMM, Innoprot,
Derio-Bizkaia, Spain).

All the cell lines were purchased from the American Type Culture Collection
(ATCC) and cultured in humidified atmosphere containing 5% €® 3 7
The media were supplemented with 10% (wvall\{20% in the case of H4T8

cells) heainactivated fetal bovine serum (FBS, Sigma, St Louis, MO, USA) and
were used after addition of 50 U/ mL
L-glutamine (all from Gibco, Life Technologies, Paisley, UK).

3.2 Antibodies and Human Recombinant Proteins

The following antilmdies were used, as reporteghtrEGFR polyclonal
antibody; ErbhcAb human antErbB2 compact antibody (Biotecnplantk
human PDB1 human mAb Nivolumab (Opdivo®); amCTLA-4 mAb
Ipilimumab (Yervoy, Bristol Myers SquibbNY, USA); antthuman PDBL1
human mAb (G&P Biosiences, Santa Clara, CA, USApmmercial Human
antrhumanCTLA-4 Antibody (R&D Systems, Mineapolis, MN, USA)HRP-
conjugatd antibody antrhumanigG (H+L) (Promega, Mdison, WI, UR\);

HRP-conjugatedantth u man | gG (Fabdéd)2 goat ,monocl

Cambridge, UK); anthuman pErk rabbit polyclonal antibody, antiuman
Cleaved Caspse 3 rabbit polyclonal antibodygntiphosphe(Ser/Thr) Aktand
anttEGFR polyclonal antibodyall from Cell Signalng, Danvers, MA, USA);
NF kappaB p65C-20 polyclonal antibody,NF kap@ B p65A-8 monoclonal
antibody and amvinculin monoclonal antibody (all fromSanta Cruz
Biotechnology, Inc.Dallas, TX, USA); antiactin antibody (Sigm&ldrich,
Darmdstadt, Germany)HRP-conjugated antigoat IgG (R&D Systems,
Minneapolis, MN, USA; HRP-conjugatedantrhuman IgG (Fespecific) HRP-
conjugatd anttMouse IgGand HRP-conjugatedani-rabbit 1gG (all from
Sigma) antrhuman 1gG antibody (Fluoresce(fITC) AffniPure Gat Antk
Human IgG (H + LYJackson ImmunoResearch Laboratories Inc., Madison, WI,
USA).
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The following recombinant proteins veeused: human RI/Fc, human PD
L1/Fc and lmman IgG1 Fc Protein (all from R & Bystems, Minneapolis, MN,
USA); human CTLA4 Protein (His & Fc Tag)houseCTLA-4 Protein(Fc Tag)
(both from Sino Biological, Wayne, PA, USA);StreptavidinHRP (BioRad,
Hercules, CA, USA)

ID-1 and ID-8 (anti-CTLA-4), PD-1_1 (antiPD-1), PDL1_1 and1Gi 12 (antt
PD-L1) monoclonalsvere produced taking advantage from the enhanced cell
line HEK293_ ES1 expressing a long n@moding SINEUP RNASasscE., et al.
2015]

3.3 Aptamers

2' Fluorepyrimidines (2' Fpy) RNA aptamers (CL4, its corresponding versions
containing a C&NH ohiotin &' terminal mdification, and CL4Sc
representingthe scrambled from of CL4 used as a negative control) were
purchased from TriLink Biotechnologies (Tebio, San Diego, CA, USA) with
purity above 95%PAGE analysis, short wav@fPassariello M., et al. 2019;
Passariello M.,et al.2020]

Sequence ofL4:
5' GCCUUAGUAACGUSCUUUGAUGUCGAUUCGACAGGAGGC 3!
[Esposito C.L.,etal.2011,Camorani S.,et al.2015 Camorani S, et al. 2017]
Sequence ofL4Sc:
5'UUCGUACCGGGUAGGUUGGCUUGCACAUAGAACGUGUCA 3'
[Esposito C.L.,et al.2011, CamoraniS,, et al.2015, CamoraniS,, et al 2017]

Before each treatment, the aptamers were subjected to a short denaturation
renaturation step (85°C for 5 minutes, swapled on ie for 2 minutes, and
allowed to warm up to 37°C for 10 minutes). For cell treatmentgelotihan 24
hours, the aptamewnas renewed each day and the RNA concentration was
determined to ensure the contimgaconcentrationof 200 nM taking into
account the @ourslife of the aptamein 10% (vol/vol) serunjEsposito C.L.,

et al.2011, CamoraniS.,et al.2015]

3.4 AntibodyOligonucleotide Conjugation

The conjugation of EAncAb,10_12or IpilimumabmAb with CL4 gtamer was
obtained by using armAntibody-Oligonuclotide Solulink ConjugatiorKit
(TriLink Biotechnologies)Briefly, in the first step, the amir@rminated CL4
aptamer wasl a b e | e dwithaah ard@naticaldehyde functional group
(formylbenzamide, 4FB), by reactionittv an aminereactive NHS ester(S-
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4FB), following thema nuf act ur er 6 s Inrthe secamdnstep theat i on s .
antibody was modifiedvith HyNic functional groups byncubatingit with S-
HyNic reagent at RT for 2 hfhen, 4FBoligonucleotide was incubated with
HyNic-modified anibody for 2 h at RTto allow for conjugation. After the
incubatbn, the reaction mixture was beffexchanged by centrifugation at
1500xg for 2 min h a spin column (Solulink kit)lo obtain the conjugate, the
reaction mixture was transferred into a tube containing maghetidsand
incubated for 40 min at RT, taking care to mix the beads every d@uning

the incubation periodThe beads were then placed on a magnetic stand for
discarding the sugrnatant. After several washeke beads wereesuspended
into the Elution Bufér (Solulink kit) and ioubated for 15 min, taking cate
resuspend them every 5 min. After the last resuspensiobe#its were placed

on the magnetstand © elute the immunoconjugate. The final antibody
oligonucleoide conjugate concentration wastermined by using a BCA protein
assay Kit (Pierce, Perbio, Rockford, IL, USA).

3.5 Isolation of Human and Mouse Peripheral Blood Mononuclear Cells

Human PBMCsvere isolated from bloosampledy using Greiner Leucos@p

tube (SigmaAldrich, 227,288)following the manufacturérs | nstructi ons
frozen in asolution containing 90%BS and 10% dimethyl sulfoxid®MSO)

until use.Mouse PBMCs were isolatdtbm the pleen ofsacrifiedanimals by

mashing the orgammto the cell strainelSplenocytes were isolated by lysing red

blood cells by using ACK lysis buffer and then frozen in the same solution used

for hPBMCs.

Before their use, the samplegre thawed out byeswspending them iRPMI
medium supplemented with 2 nMglutamine, 1_ CTLWash Supplement 10_
(Cellular Technology Limited, Shaker Heights, OH, US#)d 100 U/mL
Benzonase (Merck Millipore, Burlington, USA). PBMCs weneubatedfor
overnight resting at3 in R10 mediummade up of RPMI 1640 medium,
supplemented as described above, with the addition of MIBHEPES. For
mouse lymphocytesO mMi -Mercaptoethanol (both from Gibco Thermo Fisher
Scientific, Paisley, Scotland, UKyas also addedAll the PBMCs were then
counted by using the Muse cedlnalyzer (Merck Millipore, 0503115,
Darmdstadt, Germany)

3.6 Isolation of NK Cells

Human NK cells were isolated from hPBMCs by using the NKiselation kit
(MACS, Miltenyi Biotec, Bergisch Gladbach, @eany) following the
ma n u f a quidelmesrBdiedly, the samplef hPBMCs was incubated with
NK Cell Biotin-Antibody Cocktail for five minutes at 4 . N K micrebead
cocktail was then added and incubated for 10 min at, 4liluted with buffer,

24



Materials and Methods

and pacedon a magnetic separator. The cells in the ftivough, corresponding

to the enriched fraction of NKells, were collected by centrifugation at0D2

rpom for eight minutes at 25. The <cel |l rpsedpdnaedt in RIDs t hen
medium and counted by usimgMuse cell analyar (Merck Millipore, 0500

3115, Darmdstadt, Germany).

3.7 Selection of scFPhage Clones

Phagemid particles, recovered from the cells infected with theryillryy using
the M13KO07 helpemphage (Invitrogen, Thermo Fisher Scientift@grisbad, CA
92008, USA)were isolated by precipitationith PEG aspreviously described
[SasscE., et al. 201§. In a first roundhe phages were incubated withman
PBMCs, previously activated with HumanrAlctivator CD3/CD28Dynabeads
(ThermoFisherScientific, Baltics UAB, Lithuania) for 96 h. The recovered
phages weramplified by infecting E. CollTG1 cells to prepare phages for the
following second round perfored on coated Recombinant Human CTiAc
protein (20>g/mL), followed by two parallelaunds ofselection on coated
RecombinantHuman or Mouse CTLA! Fc proteins. Before each round of
selection on the chimeric proteitle phages were submitted to two subsequent
rounds of negativeelection on Recombinant HumiyG1 Fc Protein to remove
phage-scFv recognizing the Fc dwin, agreviously describefSasscE., et al.
2018

3.8 Preparation of DNA Fragments and Generation of Libraries for High
Throughput Screening

Phagemid doublstrand DNAs containing the scFvs wereganeed by Endo free
Plasmid MaxiKit (Qiagen, 12362) from the three slibraries. The variable
heavy chains @re extracted in a twsteprestriction process by BamHI (R3136)
and Hindlll (R3104) followed ¥ Ncol (R3193) and Xhol (R0O146(New
England Biolabslpswich, Massachusetts, USAs previously ngorted[Sasso

E., et al. 2018] Libraries were preparedy TruSeq ChIP sample prep kit
(Numina, 15,023,092) and sequencedattinal concentration of 10 pM with 2
X 300 nt SBS kit v3 oran lllumina MiSeq aparatus The sequencing was
performed at theCenter for Translational Genomics arioinformatics,
Hospital San Ra#ele, Milano,ltaly. Paired end 2 X300 sequencing was
performed and FastQC software wasdito examine quality of fadiites. Reads
were joinedby using fastegjoin and Fastqc was used for gtyathecks on joined
sequencesRaw counts were normalized to the total number of counts within
eat sublibrary, obtaining countper million values. Joined sequences were
translatecconsidering the correct open reading frame.
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3.9 ScFv Reconstitution and Antibodies Production

The full length sequences of scFvs of interest were isoledadliuman_Cycle3
by overlapping®CR. Briefly, using clonspecific primers designed withihe
heavy CDR3 region, VH and Vitagments were obtained separately in two PCR
reactions by Phusn HighFidelity DNA PolymeraséThermo Fisher Scientific,
F530S,Waltham, Massachusetts, USAhe two obtained fragments were
overlapped by CDR3 sequence anteaded to get the full scFySasso E.get

al. 2019. The scFvs of interest wegenverted into whole human IgG1 and IgG4
antibodies by cloninghe corresponding/Hand VL cDNAs in SINEUR
competent, Fc encoding vectors by-HasionHDcloning kit Clontech
Laboratories, 639,69Mountain View, California, USA). PEUVL4.2_SA was
used to subdone the VL sequences. PEUVHl1and PEUVHS8.2 were
respectively used to generate the selected antibodig&1 and IgG4 isotypes
[SassoE., et al. 2018] The vecbrs encoding the heavy and light chains of
interest wergrepared with an endotoxinee system (EndoFree Plasmid Maxi
Kit, Qiagen, 12,362) and were -t@nsfected in HEK293EBNA SINEUP
(HEK293ES_1) cells by using Lipofectamine Transfection Reagent (Life
Technologies, Inc. 11,668,01@arlsbad, California, USA) anda@vn up for
about 10 days at 37 i n chemical thedium (Gébcb, LEeD CHO
Technologies, Inc. 10,743,029) complemen#gth 5 mL of L-glutamine 200
mM (Gibco, Life Technologies, A2916801),rBL of PenicillinStreptomcyn
10,000 U/mL (Sigm&Aldirch, Cancers 2020, 12, 2204 19 of R@781) in 150
mm Corning® tissueulture treated culture dishes. The antibodies were pdirifie
from the conditioned media by using Protein A HP SpinTrap30 (GE Heaéh
Life Sciences, 28031 32. Chicago, lllinois, USA). The quality of antibodies
preparation \as evaluated by SBBAGE NuPAGE4i 12% BisTris Protein
Gels (Thermo Fisher Scientific, NPO32DR,Waltham, Massachusetts, USA)
followed by Coomassie blue stainifBiorad, 1,610,786. Hercules, Califoa,
USA). Purified antibodies were desalted and éwéikchanged by PO
Columns (GE Hediicare Life Sciences, 17085101). The antibpthparations
were sterilized by filtration with 0.22m durapore hydrophilic figrs(Millipore,
SLGS033SS. Burlington, Massachusetts, USA) and stored in aliqu8s at

3.10 ELISA Assays

To measure the abilityfaghe mAbs or aptamet® bind to receptordisplayed
on the cell surfageghuman or mouse lymphocytes (4® cells/well) previously
activatel with ant-rCD3/CD28 beads for 492 h, or cancer cells (X 10

cells/wel) were plated on roundottom 96well plates and incubateslith the

mAbs or aptamersn PBS/BSA 3% bu#r solution for 2 burs at Room
Temperature, pgently shakingAfter extensive washes with PBS,1Ke plates
were incubated witan anthuman 1gG (H+LHRP-conjugated antilbdy or with

HRP-conjugated Streptadin (to detect the binding @@L4 aptamerjor 1 hour

at room temperature.
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The binding ability of the mAbs was also tested on the fiexi
recombinant human or mou€a LA-4/Fc,human PBL1/Fc or theisolatedFc
portion used aa negativecontrol in parallel assays. After coating on NuncTM
flat-bottom 96well plates at a concentration of ¥g/mL and blocking with
PBS/milk 5% at 37 for 1 hour, the imnobilized chimeric proteins were
incubated wih the indicated mAbs in PBS/BSA 3% beiffsolution for2 hours
at room temperature. After extensive washes with PBSildtion, plates were
incubated wh HRRconjugated anthuman IgG( Fab 6) 2 g oaht
antibody in PBS/milk 3% buér solution forl hour at room temperaturéfter
the second incubatiothe plaes were washed again with PBS 4 incubated
with TMB (SigmaAldrich, St. Louise, USA)reagent for 10 min, before
guenching with an equal volume of Nl HCI. Absorbance at 450 nm was
measured by the Envision plate reader (Perkin Elmer, 2102, ego,BCA,
USA). The Kd valuesvere calculated by elaboration of ELISA binding curve
analyses byrism (GraphPad Prism 5) tool

3.11 Western Blotting Analysis of Cell Extracts

Cancercellswere plated at a density of 61¢° cdls/well in six-well plates in
the absence or in the presencermfgs under treatmefdr 72 h Thepopulation
entiched in NKcells were plated at a density of 118 cells/well in 48well
platesin the absence or in the presencemifgs under treatmefidr 66 h.Cells
were scraped ancbllected by centrifugation d200 rpm for 10 min. The cell
pellets were resusperdiéen a lysis bufer of 10 mM TrisHCI pH 7.4, 0.5%
NonidetP-40, 150 mM NacCl, containing 1 mM Sodium orthovanaddtgma
Aldrich, St. Louise, MO, Cancers 2020, 12, 2204 21 oUSA) and protease
inhibitors (Roche, Indianapolis, IN, USA). After lysis, thteinconcentration
of cell extracts was determined by the Bradford colorimetric afSeyna
Aldrich, St. Louise, MO,USA) and analyzed by SD®AGE followed by
Western blotting analysg®rformed by incubating thetrocellulose filters with
the indicated comercial primary antibodiesfollowed by specific HRP-
conjugated secondary amtidies used for the detectiofhe analysis of signal
intensity was performed bysing ChemiDoc Imaging Systen{Bio-Rad
Laboratories, Inddercules, California, USA) and tlggiantification of the bands
was performed by ImagelLab software.

3.12 Confocal Microscopy

SK-BR-3, MDA-MB-453 and MCF7 cells (10 cells/well in 24well),
previously seeded on a coverslip 4 h, were incubated fdr0 minutes with
FAM-labeled CL4or for 1 h with 10_12, Ipilimumab, 10_12CL4 or CL4-
ipilimumab conjugates in BlockAE B 1 o Sdutiam (Life Technologies) at
RT. Then, cells were washed threaés in PBS and fixed in PBS/PFAo for
20 min. For the fluorescence visualization of mAbs and gantg@s, cells were
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incubated withFITC-labeled anthuman IgG antibody #&niPure Goat Anti
Human IgG (H + L)1:300, Jackson ImmunoResearch Laboratories Inc.,
Madison, WI, USAfor 1 h at RT and then washtmlee times with PBS. Finally,
cells were incubatedvith 1.5 >M  &-®iamidino-2-phenylindole (DAPI,
D9542, SigmaAldrich) and mounted with glycerol/PBS. Samples were
visualized by Zeiss LSM 7QWETA confocal microscopy equipped with a Plan
Apochromat 63X1.4 Oil DIC objective.

3.13 Cell Growth InhibitionAssays

In order to evhuatethe effects induced ke different druggheir combinations

or derived conjugatetholeculescancercells were plated at a density of 36
cells/well, whereas HFC were plated at a dendityx 10 cells/well in 96well
flat-bottom plates for 16 h. Then, they were incubated in the absanin
presence of the specific drugs or an unrelated dg6irol for 72 or 48 h,
respectively. Viable cells wemmunted by the trypan blue exclusion test and cell
survival was expresseas percent ofiable cells with respect to the untreated
cells used as negative control.

3.14 Cytotoxicityin co-culturesAssays and LDH Detection

Co-cultures of cells with hPBMCs or immune population enriched in NK cells
were ugd to test thecytotoxic effects of different moleculassed as single
agents or in combination. Tumor cells were plateflé-well flat-bottom plates

at the density of 1 20* cells/well, whereas HFC cardiaells were plated at a
density of 1.5 XL0%, for 16 h. Then,immune cellsvere added in the absence or
presence omAbs, aptamer or conjugatesed alone omicombinatiorat 37

for 24 0or 48h. Untreated cells and cells incubated with an unrelat€dclgntrol
were used asegative controls. Tumor and cardiadl tgsis were evaluated by
measuringhe release dhactate dehydrogenase (LDH) in the supernatant-of co
cultures described above by LDHetection kit (Thermofisher Scientific,
Rockford, IL,USA , f ol | owi ng redoremendations.fCealldysisir er 6 s
was analyzed by measuring the fold iease of LDH inthe presence of each
treatment, with respect to the amoymnesent in the supernatantaafcultures
untreated or treated with an unrelated m@iptolysis values were obtainé@m

at least three indepeendt values.
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3.15 Cytokine Secretion Assays

The secretion of Inten&in 6, Interleukin 2 and IFN by hPBMCs or NK cells
treated with the mAbalone orin co-cultureswith tumor or cardiacellswere
evaluated by ELISA assays. Briefly, afteeatments culture supernatantsre
centrifuged and analysed by ELIS6r quantification ofhuman I-6 (ELISA
MAXTM Deluxe Set Human IE6, BioLegend, San Bgo, CA, USA), oiL-2
and IFN! (DuoSet ELISAR&D Systems, Minneapolis, MN, USA), according
tothe producerds recommendati ons.

3.16 In vivo studies on mouse models

Six-weeks old female BalBC mice (Ego, USA) were used for in vivstudies.

Mice were challenged wita subcutaneous injection of 28 CT26 cells(day

0). Three days after, miceereleft untreated (control) or treated with RID_1

(200 €g #impuse Bkl amh200 <€g i p,Bioxcdllone 10F.
administered at day 3, 6 and 10. Tumor growth for individual mice was

monitored over time using a digitahliper every B4 days up to dagl. Tumor

volume was calculated by using fleemula: 0.5 x length x widthZiumors from

control group and mice treated with B 1 were harveste at day 21,

subjected to threeomogenization cycles (3 minutes at 30 Hz) by using RIPA

buffer, containingProtease inhibitors and Na3vO4nd centrifuged. For the

analysis of tumor cells in the absence of infiltratipgnbhocytes, tumors from

controlgr oup and mi en®Dltliweraadlse cut inkeimallpiecds

and digested at 3C with Collagenase Cdl suspension was filtered through a

70 em cell strainer and incubalglaedi wi t h AC
USA). After a last filtration, the cell suspension was placed in afltgk at

37°C, overnight. The day afteradherent cells were washedith PBS,

trypsinized, collected and centrifuged. Cel pel | et s weéQuatl st or ed &
protein extraction and Western Blotting analysese performed as described

above Experiments involving animalsvere approved by the Italian Ministof

Health (Auhorizations213/2016 PR) and have been done in accordance with

the applicable Italianaws (D.L.vo 26/14 and followingamendments), the

Institutional Animal Care and Use Committee of CEINGE and Allevamenti

Plaisant SRL.

3.17 Statistical Analyses

All the in vitro experiments were performed in triplicates and the reported values
were obtained as the mean of at least three determinakoms. bars were
calculated by considering the results obtaingdbleast three detminations
obtained in three independent experiments. Error bars depict ne&is
Statistical analyses weees s e s s e d btgst (#¢0 vardhldeas)t Stasistical
significance wa established as *** @{.001;** p <0.01; * p <0.05.
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RESULTS

4.1 Selection of human antibodies cressactive for human and mouse
CTLA-4

The phage displagtrategy used for the isolation aft-CTLA-4 scFvs
consisted in alternate panningundsof phage antibody librariesitheron live
activated hPBMCs x@ressing the target protein on recombinant purified
argets, aperformed inpreviousstudies[SassoE., et al. 201§. This approach
guaranted an dficient selection of a largeaumber of clmes with a high
specificity for CTLA-4 antigen in it1ative cofiormation, as that presented on
the cell membranelo this aim, page particles from a Bgemid library of up
to 10°°different cbnes were prepared as descrilveMaterials and Methods. In
the first selection round, human PBMCs, previoustyivated with Dynaleds
Human TFActivator CD3/CD28 for 96 hwere used as antigepositive cells.
Then, he subsequenpanning roundsisedas bait for parallelselectons the
recombinanthuman or mouse chimeric CTk&Fc protein Subtractive
selectiorrounds consisted in twsuccessive pannings untreated lymphocytes
to remove from theepertoire all the nespecifc phagesecognizingcommon
antigens on the cell surfacé hPBMCs usedn the firstpanninground, or on
the Fcportion, to subtract the phag#ésat recognizéhe Fc domain present in the
CTLA-4/Fcchimeic proteins, used in the following twaarallelrounds.

In eachselectionround the tubes either containing CTL-A positive
lymphocytesor coated withthe recombinant chimeric protsiwere incubated
overnightat4°C with th phage library. After extensive washgisageound to
the cell surface or to the coated protein were eluted iog @slow pH buffer,
and used tanfect Escherichia coliTG1 for amplification and further selection
rounds[PassarielloM., et al. 2020] The screening of scFvs crossactive for
human and mouse CTLA proteins was performed byhigh throughput
sequencingass shownin Figure 15. Briefly, in collaboration with the group of
Prof. Zambrano and Prof. Nicosia, after eselection roundn human or mouse
protein the cDNA encoding the/H region of the scFy was extacted from
each sudibrary by restriction enzyme digestion, rather than by PCR
anplification, to preserve the défences in relate representativeness. Three
different barcodes were incorporatesspectively, for humanycle_2,human
cycle_3 and mouseycle_3 suHibraries. The fragments ave woled into a
single run ofsequencing on MiSeq lllumina platform (San Diego, CA, USA) to
obtan at least 1.5 X 10sequenceom each sanip.

After the analysis of the resulting dathe tabundance of each encoded
protein sequence was normalized withie throper suldibrary according to
count per million (cpm values and the sequencesithout a significant
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abundancé<10 cpm) were discardedhe fourscFv clonesnoreenriched by
the third cycle on the human protevere identified as potenti&inders ad
named IDB1, ID-4, ID-5, and ID8 according to their riking against the human
protein (Figure 1p

To predict the crossreactivity to murine CTLA4, the anking of ID-1,
ID-4, ID-5, andID-8 was analyzed in the siibrary obtainedfrom the panning
performed o mouse protein. Two out of tHeur clones resulted sidgmgantly
enriched in theublibrary from mouse CTLA4 selectiorand werdound to be
respectively IB1 andID-8. Interestingly, IB1 resulted thenost enriched clone
in bothhuman and murine sttbraries,suggestingts potentiakrecognition of a
conserved region of CTLA in the two different specie$he enrichment of 1D
4 and ID5 dones in the murine sdlibrary was not significant and predictive
for weak or no bindingo the mouse proteinOn the bais of the analysis of
parallel sequencing data, H2 and ID8 clones were considered as potential
binders for both mouse and hun@fLA-4 and were thus selected for additional
characterization. To itk aim, the correspondingBvswere rescued from the
library by overlapping PCR, and the cDNAscoding the variable heavy and
light regions were used to generate full IgG1 antiboffessariello M., et al.
2020}

Human scFv displayed on phage

Subtractive selection
on untreated —
Lymphocytes or
on Fc portion

amplificaticn of

anlibiody
phage

Panning
X » )
o selection of phage
displayed anlibody BV T GO
fragments. &ﬁﬂ_ o nijﬂ
£ > (2-3cyclkes) coinfection with

P TIIEN

Positive selection on
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elution of antibody phage
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Figure 14. Representative scheme explaining the selection pannimmunds to isolate scFvs.
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Figure 15. Screening strategy and next generation sequencing data aysis. The screening was carried
out starting from the first panning round on hPBMC indicated as colored deddgonumarrecombinant
cytotoxic T lymphocyteantigen 4 (CTLA4) protein was used as bait in the secesidction cycle and the
relative enrichment of indicated clones was represented as small circles. ldnchanurine CTLA4
recombinant proteins were used to perform the third parallel panning rdiredsountper million (cpm)
values for each clone are depicted in the corresponding sidefigfuttee(left side in light green for murine;
right side in light blue for human) as large circles. The rankini@-1, ID-4, ID-5, and IB8 clones was
also deéermined according to the belonging quartile (Q1, Q2, Q4) in each sulibrary as indicated by
dark green (in murine sdibrary) and dark blue (in humasublibrary) rectanglegPassarielloM., et al.
Cancers2020]
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4.2 Binding of the Convertetimmuno-modulatory mAbs to Human or Mouse
Lymphocytes and Purified Recombinant Protein targets

The strategy used for the isolation of seplsges recognizinGTLA-4
waspreviously used to identifgcfvsphages that recognize AL IC with high
affinity. After the efficient selection of a large number of clones able to
recognize wih high specificity the targetspme of the best scFv binders were
converted into full size 1g&

Hence, the convertechonoclonal antibodies, named RD 1, PD
L1 2, PBL1_3 (in the case of arBD-L1 mADbs) or ID1, ID-5, ID-8 (antt
CTLA-4 mAbs), were firstly analysed by ELISA assays on both untreated and
activated hPBMCs, using the mAbs at increasing concentrationsftoctheir
ability to bind to their specific targets. As shown in figure 16A, the three novel
ant-PD-L1 antibodies were founatapable of specifically binding to the
activated hPBICs, whereas only poor binding wabbserved on untreated
lymphocytes Amongthe novel antCTLA-4 mAbDs, ID1 and IB8 were found
ableto bind to their target expressed on activated lymphocytes, with a higher
affinity than that observed on the untreated lymphocytes, thus confirming the
validity of the strategy used for the selenti®n the contrary, I did not show
a highly specific binding to activated lymphocytekreover, since amCTLA-
4-schvs were isolated by performing a parallel panning round on both human
and mouse recombinant CTEAprotein, ELISA assays were carriatt also on
mouse PBMCs (see figure 16B) to determine their ereastivity for mouse
CTLA-4. As shown in figure 16B, Il and ID8 were found able to bind with
high specificity to the mouse protein, whereasblla selected clone with low
specificity, used as negative control, was not crgsactive for mouse CTLA
protein.

To further investigatéhe binding specificity of the novahtibodies, we
also tested their ability to recognitteerecombinant purified human and mouse
target proteins. The ELISAsaays performed on human purified -BD-Fc
chimeric protein showed that all the three @iD-L1 mAbs were able to bind to
the target with high affinity, whereas only a poor binding was found on Fc
protein, used as a negative control (Figure 17A). As shiowigurel?, alsothe
anttCTLA-41D-1 and ID8 mAbswere found able to bingith high dfity and
specificity to bothhuman (Figure 17B) and mouse (Figure 17C) CI4-Ac
chimeric proteins, whereas only a poor binding was observéuedrcportion,
usedasnegaive control. These data confirthe binding specificity of the two
selected antibodiesD-1 and ID8, for their targets and thdfieiency of the
strategy designed fahe selection omousehuman crosseactiv mAbs As
shown in tables 2 and 3, the calculated Kd values, corresponding to the half
saturating concentrations, resulted in the low nanomolar range for both the anti
CTLA-4 and the artPD-L1 mADbs. In addition the Kd values of iDand 1D8
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for human CTLA4 weae quite identical to those obtained for the mouse
counterpart.

=== Activated human lymphocytes
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Figure 16. Binding curves of the novel gearated anti-PD-L1 or anti-CTLA -4 mAbs to human or
mouse lymphocytesCell ELISA assays on humaA) or mouseB) lymphocytes untreated (grey cegy

or activated (black curves) for 42 hours by testing PD1_1, PDL1_2, PBL1_3, ID-1, ID-8, and IB5

at increasing concentrations. Ipilimumab was used as positive control. Error bars depict ngans +
[PassarielloM., et al. Cancer2020]
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Figure 17. Binding curves ofthe novel gerrated anti-PD-L1 and anti-CTLA -4 mAbs to human or

mouse purified PD-L1-Fc or CTLA-4-Fc. (A) Binding curves oPD-L1_1, PD-L1_2 ard PDL1_3to

immobilized human PR.1-Fc (black curves)purified proteinor to the correspondg Fc portion (grey
curves)Binding curves of ID1, ID-8 and ID5 mAbs to the humar or mouse ) purified CTLA-4-Fc

(black curves) or to the corresponding Fc portion (grey curves), usatkgstive control. Ipilimumalas

used in parallel assays asatrol. Error bars depict meansSD. [PassarielloM., et al. Cancer2020]

Kd values of the selected

anti-PD_L1 mAbs

Activated
PDL1/Fc
hPBMCs
PDL1 1 0,3nM 9nM
PDL1 2 ey 0,4nM
PDL1_3 1.2 nM 16nM

Table 2 Binding affinity of the selected mAbs for PBL1 purified or expressed on lymphocytesThe
Kd valuesobtained from the binding curve$ the novel isolated anPD-L1 mAbs on humarPD-L1-Fc
recombinant pratin and on activated human lymphocytes are reportttkitable
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mAbs HumanCTLA4 Human activated Mouse CTLA Mouse activated
protein lymphocytes protein lymphocytes
Ipilimumab 0.17 nM 0.32nM N. D. N.D.
ID1 25nM 0.22 nM 2.35 nM 0.45 nM
ID8 1.95 nM 0.34 nM 1.25 nM 0.62 nM

Table 3. Binding affinity of the selected mAbs for CTLA-4 purified or expressed on lymphocytesThe
Kd valuesobtainedfrom the binding curves of the novel isolatedi4DTLA-4 mAbs on human or mouse
CTLA-4-Fc recombinant protein and on activated human arsadymphocytes are reportedtire table

4.3 Effects of the Novel immunomodulatory mAbs on lymphocytes activation

Antibodies targeting ICs are aimed at inhibiting these key regulators of
T cells in order to potentiate immune response against cancer cells. Thus, the
novel mAbs were firstly tested for their ability to induce the activation and
proliferation of immunecells. To this aim, we evaluated the levels oflland
IFN-! released byunfractionated human or mouse PBMG8mulated with
Stgphylococcal Enterotoxin B (SEB)r Phytohaemagglutinin (PHAQt the
concentrations o f 50 ng/ mL and
presence of the novel aRD-L1 or anttCTLA-4 mAbsfor 66 h In parallel
assays, as positive controls, we treated the stimulated lymphocytes with the
clinically validated antPD-1 (Nivolumab), antPD-L1 (Atezolizumab), anti
CTLA-4 (Ipilimumab) antibodies or an unrelated IgG. As shown in Figure 18,
PD-L1_1 was found tostrongly activate Icell proliferation and to induce
cytokines secretion more efficiently than the clinically validated ardibe
Nivolumab and AtezolizumabSimilarly, ID-8 activated the hPBMCs more
efficiently than Ipilimumab(Figure 19A), whereas H2 showe a similar
activity to that of Ipilimumab. As expectedD-5, used as negative control,
showed a poor activity othe stimulation of hPBMCs compared to that of the
othe two novel mAbs, thus it has been discarded and not usedirfibvef
characterization.Interestingly both ID1 and ID8 antibodies eftiently
activated the I[E2 and IFNo cyt oki nes ssenulatedmousen al s o
PBMCs (see Figurel9B), confirming their crossreactivity for the mouse
receptor ad the possibility to use them in both human and mouse
speciefPassarielloM., et al.2020] Since previous data reported the expression
of CTLA-4 not only on CD3+ T cells but also on Neells we further
investigatel on theeffects of the novel mAbs on this immune cell populatioyn,
using thenseparately in distin@ssays. To this aim, we analysbd biological
efficacy of ID-1, ID-8, or Ipilimumab, used as a positive control, on a fraction
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of lymphocytes eriched in NK cellssolaied from hPBMCs by usinthe NK

Cell Isolaton Kit (MACS, Miltenyi Biotec,Bergisch Gladbach, Germanlyy
foll owing the manTheNKdells werg shirmulatgduwittd e | | ne s
SEB (50 ng/mL) for 66 h in the absence or in the presence of the mAbSJ0.5
nM). As shownin Figure 19C, the novel mAbsled to aslightly stronger
activation of the NK cell populationthan Ipilimumab, by inducing a more
efficient secretion of both H2 and IFNo ¢ y t, m pairtioukreshenlD-8 was
comparedwith Ipilimumab. Furthermore, theffectsof the novel mAbsand
those of Ipilimumab on NK cells are comparable to those observed on
unfractionated hPBMCs, confirming thenportantrole of NK cells in the
immune responses mediated by &ifiLA-4 mAbs, such as
IpilimumaljPassarielloM., et al. 2020}
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Figure 18. Effects of the novel PEL1_1 mAb on IL-2 and IFN-! cytokines secretion by stimulated
hPBMCs. Unfractioned humaf®BMCs were incubated with PDL_1 (circles), the clinically validated
Atezolizumab (triangles) or Nivolumab (rhomboids), used as positive controls, or an unrelated human IgG4
mADb (negative control) ahcreasing concentrains in the presence of SEB (56/mL) or PHA (2.5 g/mL),

f or 66 .Thedetels8ftytokine secretion were evaluated by BldSsays on supernatants of the
treated lymphocytesError bars were calculated by considering the results obtained by at least three
determinations obtaineid three independent experiments. Error bars depicted means +\@lueg for

the indicated treatments relative to untreated cells, or to the treatment with Ipilimumab when indicated with

vertical bars, are: *** p§).001; ** p < 0.01; * p < 0.05.
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Figure 19. Effects of the novel aniCTLA-4 mAbs on IL-2 and IFN-* cytokines secretion ly
stimulated human or mouse PBMC or NK cells.Unfractioned humanA) or mouse B) PBMCs or
naturalkiller (NK) cells (C) were incubated with IEL (triangles), IB8 (circles),or ID-5 (rhomboids) mAbs
atincreasing concentrations (050 nM), in the presence of SEB (50 ng/mL) or PHA (2.5 g/mL), 6h6
at 3 7The levels of cytokine secretion were evaluated by BldSsays on supernatants of theated
lymphocytes.Ipilimumab or an unrelated 1gG antibodyere used as positive or negatigentrok,
respectively. Error bars were calculated by considering thétsexbtained by at least thrdeterminations
obtained in three independent experiments. Erros Hapictedmeans + SD. yvaluesfor the indicated
treatments relative to untreated cells, or tattbatment with Ipilimumab wheindicatedwith vertical bars,
are: *** p .001; ** p < 0.01; * p < 0.09PassarielloM., et al. Cancer2020]
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4.4 Binding and effet of the novel immunomodulatory mAbs on tumor cells

Due to the ability of the novel isolated R2_1 mAb to recognize with
high affinity and specificity PEL1 IC, not only as a purified protein but also
its native conformatiorwetested its binding tBD-L1 displayedn breast tumor
cellsand its effects on cancer cell viabiliffo this aim, weused both TNBC
MDA-MB-231and ErbB2positive breast cancer SBR-3 cell lines expressing
satisfatory levels of PBL1 on theirsurface. The MCH mammary cellihe,
expressingdw levels of PD-L1 protein was used as a negative control. As
shownin Figure 20APD-L1_1 selectively binds to RD1-positive tumor cells
with an affinity comparable to thgbpreviously observed on lymphocytes,
whereas only a poor bindinwas observed on MCGF cells, thus confirming its
binding specificity for the target cells with a positive correlation between the
level of expression of PID1 on the cells and the extent of binding of-BD 1
to those cell§PassarielloM., et al. 2019] In order to investigatéhe in vitro
effects of this mAbon breast tumor cell$D-L1_1 was tested at increasing
concentrationg50i 200 nM) on mammary SIBR-3 and MDAMB-231 cells
for 72 hours at 37 °C in the absencéyaiphocytes. As a control, RD1_1was
also tested in parallel, in the same conditions, orLPDegative MCF/ breast
cancer cells. As shown in Fig. 204D-L1_1 significantly inhibited the growth
of both the PEL1-positivecell lines in a dose dependentainner, whereas no
effects were okerved on the viability of MCF cells, thusconfirming the
specificity of its biological effecfPassariello M., et al. 2019] In order to
compare the biological artimor activity of PBDL1_1 with hat of theFDA
approvedanti-PD-L1 mAb Atezolizumab, we tested them in paradskaysat
the dose of 100 nM on the indicated breast cacelés (Fig 20B), by usng as a
negative controlan unrelated 1gG4 isotype antibodfs a further positive
control, two variants of PID1_1 with higher affinity for PDL1, called 10 _3
and 10 _12were tested in parallel assayhese affinitymatured antPD-L1
antibodies were obtained by yeast surface display FB&3®d methodology
coupled with a CDRargeted mutagenesis protocol applied tonglsi CDR in
the heavy chain of PID1_1[Cembrola B., et al.2019] Accordingly, they were
found able to strongly inhibit the growth of bakte tumor cell lines, with effects
even more potent than those of the patentBD-L1 1 and
AtezolizumalpPassarielloM., et al.2019]

Similarly, sincerecent reports have evidenced the expression of CTLA
4 not only on immune cells bailso on he surface of tumor cel[Mao H., et al.
2010; Contardi E., et al. 2005; Zhang H., et al. 2019] we investigated the
effects of the human ar8TLA-4 mAbs ortumorcell lines expressing different
levels of this antigen to verify whether they skeal@lso a direct antiumor cell
activity independent from the immune response. Firstly, we analyzed by ELISA
assays the expressitevels of CTLA-4 on mammary and prostate tumby
measuring the corresponding binding of the antibodies. As shown in RitAire
all the threeantrCTLA-4 mADs, ID-1, ID-8, and Ipilimumatbound to SKBR-
3 and LNCaP cells, thus confirming CTEpexpression on these cellgshereas
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no significant binding was observed on MZ[ells, used as a negative control
(data not shown). Intestingly, ID-1 showed a higher binding affinitthan
Ipilimumab for the CTLA4-positive tumor cells.We then tested the effects of
the novel mADbs in comparison with Ipilimumab on tumor cell viability of SK
BR-3 and LNCaP cells when incubated at increasargentratios for 72 h. As
shown in Figure 21Bthe three antibodies inhibited the growth of both CTLA
4-positive tumor cells also independently from the immune system. As expected,
the novel antibodies and Ipilimumab showed no significant effects on-MCF
tumor cells expressing very low levels of the two antigamsl thus used as
negative control (data not shoidassarielloM., et al.2020}

These results clearly indicate that the ICs-IPDand CTLA4 are
expressed also on tumor cells and thus likegrean additional role in tumor
cell survival, as the antibodies directed against them can inhibit tumor growth
also in the absence of immune cells.
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Figure 20. Binding of the novel isolated antiPD-L1 mAb to tumor cells and its dfects on tumor
growth. (A) Binding curves oPD-L1_1mAbtested by ELISA assays at increasing concentrations en SK
BR-3, MDA-MB-231 and MCF7 tumor cells. B) Anti-tumor effects oPD-L1_1 on SK-BR-3, MDA-
MB-231 and MCF7 tumorcells treated with increasing concentratiofishemAb f or 7 2(C)h at
Anti-tumor effects of PEL1_1and itshigh affinity variantsl0_12 or 10_3 mAbs on SRR-3, MDA-MB-

231 andVICF-7 tumor cells treated at 100 nfigr 72 h at 37 CThe percentage of viable cells is expressed
with respect to untreadecells. Cells treated with an unrelated IgG are the tivegaontrol, whereas
Atezolizumab was used as positive contiBiror bars depict means +SD-vplues for the indicated
treatments relative to untreated cells are: ** p < 0.01; * p < 0.05.
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Figure 21. Binding of the novel isolated antiCTLA -4 mAbs to tumor cellsand their effects on tumor

growth. (A) Binding cunes of ID1, ID-8, or IpilimumabmAbs tested by ELISA assays at increasing
concentrations on SBR-3 and LNCaP tumocells. B) Anti-tumor dfects of ID1, ID-8 or Ipilimumab
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unrelatedigG were $sed asegative contr@ Error bars depicineans £SD. pvalues for the indicated
treatments relative to untreated cells are: ** p < 0.01; * p < (RissarielloM., et al. Cancer2020]

4.5 Tumor growth inhibition by antPD-L1 mAbs directly affecintracellular
pathways downstream RD1

In order to shed light on the intracellular pathwaffected byPD-L1_1
antibodyinvolved in the inhibition otumor cdl proliferation, we performed
Western blotting analyses of extracts from breastBR<3 and tiple negative
MDA-MB-231 tumor cells treated for 72 hours at 37 °C in the absence or in the
presence of PIL1_1, used at theoncentration of 200 nM. Ashown in Figure
22, thephosphorylation oErk, P38 and JNK proteirsgnificantly decreased
when bothSK-BR-3 and MDAMB-231(data not showmnjells were treated with
PD-L1_1 comparedo untreated cells. No significantfets were observed on
thetotalamount ofErk, P38 and JNK (data not shown)was| as no significant
effects were observed on both thedls of pAkt and totd Akt (data not shown

Atezolizumab, used as a positive control on-BiR-3 tumor cells,
showed similar effects on-lprk, but, differentlyfrom the novel antPD-L1
mADb, did not affect the level of-@NK, and showed onlysight effect on pP38
(Fig.22. Asadditional controls, the two high affinity variants of D 1, 10_3

41

h

at



Results

and 10_12, were tested in parallel assaySI#BR-3 or MDA-MB-231 tumor
cells. After treatments with 10_3 and 10_12, the phosphorylation level&of Er
P38 and JNK were found to be strongly reelli by these variants (Fig.)22hat
showed a more potent effébtanthe parental PL1_1 mAb in both tumor cell
linegPassarielloM., et al.2019]

Whentested on MCH cells, used as a negative control,-PD 1 and
its high affinity variants did not show significaetfects (data not shownas
expectedHowever, the effectsbtained with the two variantd PD-L1_1 were
more marked on SIBR-3 cells compared to those observed on MMB-231
cells, in linewith the result®n tumor cell viabilityyPassarielloM., et al 2019]
in which 10_3 and 10_12 inhibited tumor cell growthSt-BR-3 tumor cells
more efficiently compared to MDMB-231 tumor cells.Furthermore, we
demonstratetere for the first time tham cancercellsthe intracellular pathways
downstream PEL1 IC, involving MAPKSs, are inhibited bant-PD-L1 mAbs,
even though furtheinvestigationsare still needed tdoetter clarify their
mechanisms of actio.o confirm this hypothesis on the roleRID-L1 on tumor
cells, we tested also the effects of-BD 1 in parrallel witha commercially
available antmouse PBL1 mAb (clone 10F.9G2, BioXcell) previously
validatedin vivo, on thesgpathways in PEL1-positive colon CT26 tumoris
vivo. To this aimmice weramplanted with CT26 cells (d&3) and then treated
with PD-L1 1 oranantrmouse PBL 1 anti body (200 ¢€g
BioXcell) reactingagainst murine PIL1 (day 3, 6, 10). While the growth rate
of tumors in untreated mice was very fasdl ancontrolledyith the majority of
tumors reaching sizes of >650 @t day 21, a drastic reduction in tumor
volumewas found i n mmPBlel (pt=0.82% and similav effedtls U
were observed in mice treated WiRB-L1_1, as expected (Fig 23ADuring the
period of treatment, the animals did not show significant changesight or
other visible signs of toxiciffPassarielloM., et al. 2019]

We then investigated omhe effects of PEL 1 1 anPDL1 U
treatmentdy analyzinghe acivation & MAPK proteins in treated tumar€ell
extracts, obtainetiom tumors removed at the end of the experiment on day 21
wereprocessed as describedViethods and then analyzed bgtermBlotting.

As shown in Fig. 23Bthe antPD-L1 antibodiesnot only inhibited the
phosphorylatiofactivation of MAPK and JNK, but alsnduced the cleavage of
caspase&3 more efficientlyif comparedo untreated tumor cell$Hence, these
results confirmedhe previousassociation of PEL1 proteinto these pathways
alreadyobservedn vitro, and mentioned above.
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Figure 22 Effects of PDL1_1 on the pathways associated with PID1 in tumor cells. Western blotting
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Figure 23, Effects of antitPDL1 mAbs on tumor growth and signal transduction in CT26tumors in

vivo. (A) Tumor growth in mice inoculated sc with CT26 cells at day O and left urdréasek) or treated

with PD-L1 1 ( g r enPD-L1dlight gtky). Shown is tumor volume for individuaice (n = 20) at day

21 (left panel) and mean of tumor volume for each group over time (right p&mel)0.02. B) Western
blotting wasperformed on cell extracts from tumor specimens of two mice killed ond&gi® untreated
groups or fronresponder groups treatedtvPD-L1_1 orw i t-mPDUL1, as deschied.Protein levels are

also expresseds fold increase with respect to those observed in untreated mice and normalized to actin.
Error bars depictedneans + SD. P values for the indicated mAbs relative to cell extracts froratedtre
groups, ar e*P <00t P <0.050Pas3abicllgM., et al. Sci. Rep2019]

4.6 Effects of the novel anttCTLA-4 mAbs on intracellular pathways
downstream CTLA4 in tumor and NK cells

Considering then vitro ant-tumor effects of the novel isolated anti
CTLA-4 mAbs described above, we hypothesised that these mAbs could act
directly on cancer cells by affecting intracellular pathways similarly to the anti
PD-L1 mAbs. In order to investigatéhe molecular basisef these efécts, we
analyzed the intracellular pathwaydownstream CTLA4 in SK-BR-3 and
LNCaP treated cells by Western blotting analyses of exdlacts with anti
CTLA-4, antipTyr, antipAkt, and anticaspase 3Jantibodies. As shown in
Figure 24 both Ipilimumab and ID1 are able to inducea marked
phosphorylation of the monomeric form of CT4A(25 kDa)probablyacting
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on downstream intracellular pathways, biR-1 mAb also inhibits the
phosphorylation oAkt and induces the cleavage of caspase 3 rebcgently
than Ipilimumab. We annot exclude that Ipilimumab effts other unknown
downstreanpathwaysdnvolved in thecell growthinhibition observed in Figure
21. These resultsuggest that the novel mAb can directly afféet CTLA-4
function on tumor cells binhibiting the downstream survival pathways, such as
that of PBK, and by inducing apoptosis througjkt downregulationthus acting
as an agonistic antibody on tumor cfftassarielloM., et al.2020] Indeed, ID

1 has aisilar effect d apoptosis induction exerted blye CD80 and C386
ligands on these tumor cells (data sledwn), accordingly with previous réts
reported in literatur§Contardi E., et al.2005]

Similar results were obtainedso with ID-8 (data noshown), which in
addition induces a more marked homodimerizatio@BEA-4 (Figure 25 the
arrows indicate the corresponding dimeric and monomeric forrtie blots),
thus increasing theeceptorlevel on the cell surfagein line with the
hyperphosphorylation dhe monomeridorm of CTLA-4, which is required to
avoid its internalization and the subsequéegradatiorjBradshaw J.D.,et al.
1997. The resulting increase of the dimeric form of CTFéAcould be
responsible for the inhibitionfdERK due to the recruitment of phosphatases
such as PP2pPassarielloM., et al.2020]

Considering that CTLA4 is mainly expressed on immune cells and that
ant-rCTLA-4 mAbs can affect the proliferation of lymphocytes, we decided to
investigate on the imtcellular pathways of a subpopulation of lymphocytes
enriched with NK cellsTo this aim, NKactivated cellsvere treated with the
ant-rCTLA-4 mAbs for66 h and thercell extractswere analysedy Western
blotting. As shown in Figure 26ne found that théhree antibodieshduce the
phosphorylation of Erk and Akt, and inhibit the cleavage of caspa#ieaus
indicating that on NK cells thdyave acompletely opposite effect with respect
to those observed on cancer cells, activating proliferation and suival
pathways and inhikitg apoptosisThe novel ID1 and ID8 mAbs induceon
NK cells a more marked phosphorylation of the monomeric form (25 &Da)
CTLA-4, with respect to Ipilimumab, thus suggesting that this event could likely
induce the activatioof the pathways downstream CTt#Passariello M., et
al. 2020] Indeed, Ipilimumab did not adtt the levelof pAkt and cleaved
caspase and showedly slight efects on the awation of Erk, thusuggeshg
that the novel antibodie®uld have a difrent mechanism of action with respect
to theclinically validated antiCTLA-4 mALb.
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Figure 24. Effects of ID-1 on intracellular pathway downstream CTLA-4 in tumor cells. Western
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Figure 26. Effects of the novel antiCTLA -4 mAbs on intracellular pathwaysdownstream CTLA-4

in NK cells. Western blotting analyses of celkteacts from NK cells, treatedvith ID-1, ID-8, or
Ipilimumab, under stimulatio with SEB (50 ng/mL) for 66 h. The staining was performed with the
antibodies specific for4akt, p-Erk, caspae 3 and actin or CTLA and ptyr. Protein levels are expressed
asfold increase with respect to untreated cells and normalized to frRaissarielloM., et al. Cancers
2020]

4.7 Effects of immunomodulatory mAbs targeting A1, PD-1 and CTLA4
on theexpression of ICs and their crosstalk on tumor cells

Since many ongoing clinical trials arevaluating the efficacy of
combinatorial treatments involvingimunomodulatory mAben different types
of cancer, we decided to investigate the effeftant+PD-1, antiPD-L1 and
antrCTLA-4 immunomodulatorymAbs and their combinationsot only on
breast but also on lung cancer cell linEs this aim, we first checked the levels
of expression of PEL, PDL1 and CTLA4 ICson MDA-MB-231 and B1549
breas cancer cells, and-A49 lung cancer cells by cell ELIS®& measure the
levels of these ICexposed on the cell surfaseorderto choose those suitable
for combinatorial treatments. We also analybgdWestern blotting the total
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amounts of the proteig/ using the commercial arfiD-1, anttPD-L1 and anti
CTLA-4 mADbs (see Fige 27A and B.

Thesetumor cell linesexpress satisfactory levels of the selectéd in
particular the expressiolevels of PBDL1 are conparable amonghe three
indicated cellihes, whereas the levels BD-1 are much higher in A£49 cells
with respect to the other two cell linsgure 27) MDA-MB-231cells express
the highest level of CTLA4, which is present in both dimeric and monomeric
forms, & previously reportefPassarielloM., et al.202Q, whereas A549cells
seem to express the lowest levelCdiLA-4 on the cell surface (FiguirA)
[Vetrei C., et al.2021] Onceconfirmed thesignificant expression of tH€s of
interestin two out of three cell linesye andyzed the effects of the human
monoclonal antibodies, currently in clinical use for canderatment,
Nivolumab, Ipilimumab (anttPD-1 andant-CTLA-4 respectively) andf the
novel human antPD-L1 (10 _12 and PEL1 1), antiPD-1 (PD1_1) or ant
CTLA-4 (ID1) immunomodulatory mAbs, previously generated in our
laboratory Consdering the previous results on tumor cell growth inhibition
induced byant-PD-L1 and antiCTLA-4 mADs, we treated the three cancer cell
lines with the novel generated RD_1, 10_12PD-1_1, or ID1 for 72 h at 100
nM, to compare their biological activity to those of the clinically validated
Nivolumab or Ipilimumab.As expected, lathe tested mAbs significantly
affected tumor cell viability. The strongest effect was observed eb43where
PD-1 1, 1D1, 10_12 and P11 reached more than 50 % tumor cell growth
inhibition with respect to the untreated cells or the cells treated with an unrelated
antibody (see figure 28A).

We decided tdurther investigaten the molecular bases of gmantr
tumor effectanduced bythe novel immmunomodulatory antibodiesvenin the
absence of immune cells. Thuge analyzed cell lysates, after treatments of 72
hours with the indicated mAbs at a concentration of 200 folkysng on the
intracelular pahwaysand orthe eventual crosstalk of PQ PDL1 and CTLA
4 ICs. As negative controls we used parallel assays untreated cells or cells
treated with an unrelatadAb. The aniCTLA-4 mAbs (Ipilimumab and ID1)
were not tested on-B49 cells as this ddine does not seeto express sufficient
levels of cell surface CTLAl, as tserved by Cell ELISA (Figure 27B
Surprisingly, we found for the first time an enhanced expression et PD
receptor wherthe tumor cells were treated with aRiD1, antiPD-L1 or ant-
CTLA-4 mAbs (Figure 28B whereasit was confirmed a decreased
phosphorylation of Erk (Figure 28Bthat could partially explain theduction
of cell viability, found after treatment with all of theifiFigure 28A) No
significant effectsvere obseared on Akt phosphorylatiorr@leavage of caspase
3 (Figure 28Band 29A by the treatments with mAbsyith the exception of
10_12 (the atPD-L1 mAb) which already showed effects on caspase 3
cleavage in MDAMB-231, as mentioned abojdetrei C., et al.2021]
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To betterclarify the role ofthe increasedexpressionof PD-1, found
especially when thecells were treated with the antibodies against-1PD
(Nivolumab) and PEL1 (10 _12), wedecided to analyze the cell extracts of
tumor cells treatedith PD-1 orPD-L1 agonists (PBL/Fc or PDL1/Fc chimeric
proteins)for 72 h, in order to compatéeir effects to thosebtainedby their
respective antagonists, Nivolumab 6r 12 mAbs. As shown in Figure 29the
agonists show opposite effects on-Peceptor leveal bysignificantly reducing
its expressiornn treated tumor cellsThe antagonisticmAbsinduced again not
only an increasedxpression of PEL but also an increased phosphorylation of
NF-kB transcription factorwhich is reported in the literatei[Antonangeli F.,
et al.202Q to be involved both directly and indirectly in R[1 expression on
tumor cells (Figure 29 Vetrei C., et al.2021}

Theseresultsled us tohypothesizethat in tumor cellscould occura
crosstalk between RD receptor andts ligand PDL1 to suppet tumor cell
survival and, in casthe PD1/PD-L1 cis-interaction is blocked, eempensatory
increased expression of both the proteins occurs. Indeed, when-thied?BD-

1 induced signaling is affected, as in the case of tredtmigh antagonistic
mADbs, thetumor cells seem to perceive this ligand/receptor unavailability and
respond by activatinlF-kB hyperphosphorylation, provoking its translocation
into the nucleus and likely RD, PD-L1 or CSN5 transcription (see Figure 29B
[Vetrei C., et al. 2021] NFkB activity seems to coordinathe expression of
both these two IC&D-1 and its ligand®D-L1. To test theeventuainvolvement

of mammalian target of rapamyc{mTOR) kinase protein, we furthelnecked

the effects of PEL/PD-L1 agonists and antagonists on its phosphorylation and
level of expression, but no relevaetfects were observed. Unexpectedly, in
parallel to theenhancedexpression of PEL receptor and its ligand, we also
observeda significant increasef CTLA-4 exgesson on the indicated tumor
cell lines,after treatment with the antagonidtszolumab and 10_12. Agaian
opposite effect (decreaseapression oCTLA-4) was foun under treatments
with PD-1/PD-L1 agonists (see Figur@9A). Thesefindings suggest the
additional involvement of CTLA} receptor in the crosstalk existibgtween
PD-1 and PBL1 ICs, like a common thread of coordination to respond to the
effects of the antagonistic or agonistic compounds oflFD-L1 axis also in
tumor cells.
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4.8 Evaluation of cytotoxic effects of immunomodulatory mAbs and their
combinations on cecultures of hPBMCs and tumor cells

Considering tht the most potent artiimor activity of
immunomodulatory mAbs is obtainethy activating tumor infiltrating
lymphocytes against cancer cells, we also investigated th&uardr effects of
the novel antPD-1, anttPD-L1 or anttCTLA-4 mAbs, usedalone or in
combination on tumor cells erultured with hPBMCs. Thus, B3%49 and
MDA-MB-231 TNBC cells, that were found to be the most sensitive to the
previous treatments, were cultured in the presence of hPBMCs (Effector:Target
cells ratio of 5:1) for 48 h irhe absence or presence of single agent treatments
or their combination, at a concentration of 100 nM. In parallel assaygsiltures
treated with the commercial a#fiTLA-4 and antPD-1 mAbs (Ipilimumab and
Nivolumab), or their combinatignvere used agositive controls, whereas cells
untreated or treated with an unrelated human IgG1 mAb were used as negative
controls.

The cytotoxic effects induced by theAbswere detected by measuring
the Lactate Dehydrogenase (LDH) release in the supernatanicaltaees. As
shown in Figures 30 and 31, the 2D1, PDL1 1 and ID1 mAbs, when used
as single agents (black and grey bars), showed stronger cytotoxic effects than the
clinically validated Nivolumab and Ipilimumab, by inducing an increase of LDH
release (~3%) from tumor cells. Mre interestingly, the cytotoxieffects
obtained with the combinations of {Dwith PD1_1 or with PBL1_1 mAb
(striped bars) on both the indicated cell lines, were significantly higher than the
single agent treatments (see FiguB@A and 31A). These combinations seem to
significantly improve not only the artimor effects of each mAb, but they also
show more potent artumor effects with respect to the Nivolumgdilimumab
combinatorial treatment, especially on B9 cell line.Moreover, when we
combined Nivolumab with the novel at@iTLA-4 ID-1 mAb, we observed an
enhanced effect on LDH release raising up to 50 and 60% of cell lysis,
respectively on MDAMB-231 and B¥549 tumor cell lines (Figures 30A and
31A), thus indicating t higher efficiency of this combination, compared to the
lower effect (about 30%) observed when Nivolumab was combined with
Ipilimumab[Vetrei C., et al.2021]

In order to evaluate whether thmmunomodulatory antibodies induce
tumor cell lysis throughhie activation olymphocytes, we therexamine the
release of IE2 andIFN-!. Thus, the supernatant, collected from theglured
cells treated as indicated above, was analyzed by ELISA for the detection of IL
2 and IFN. As reported in Figures 30B and 31B, all temunomodulatory
mADbs used alone or in combination, increased the secretion of both cytokines,
with respect to caultures untreated or treated with an unrelateatrol mAb
(white and light grey bars), thusrdaming theirability to stimulate hPBMGCs
improving immune responses against cancer. The highest release @nid

54



Results

IFN-! was observed on both the cell lines with the combination e P[1 and
ID-1 (striped bars), at the concentration of 100 nM, wheglthed levels of K-
2 up to 6000 pg/mL and of IFNup to 4500 pg/mli[Vetrei C., et al.2021]

Figure 30. Anti-tumor effects of immunomodulatory mAbs and their combinations on BF549 tumor

cells cocultured with hPBMCs. (A) Cell lysis was measured tvaluating the release of Lactate
dehydrogenase (LDH) in the supernatants by58% tumor cells caultured with hPBMCs for 48 h in the
absence or presence of immunomodulatory mAbs, used alone (black and dark grey bars) or in combination
(striped bars), @he indicated concentration&)(The levels of secreted 42 and IFN* were measured by

ELISA on supernatants of emultures treated as indicated. Cytokines are expressed as pg/mL. The values
were reported as the mean of at least three determinati@iseaubin three independent experiments. Error

bas depict means SD *** pKD.001; ** p < 0.01; * p < 0.05; ns, not significaf¥etrei C., et al. Cancers

2021]
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alone (black and dark grey bars) or in combination (striped)bat the indicated concentrationB) (
Activation of lymphocytes by an®D-1, anttPD-L1 or antiCTLA-4 mAbs was analyzed by evaluating

with hPBMCs. (A) Evaluation of tumor cell lysis by detecting LDH release from MBMR-231 tumor
the secretion of K2 and IFNo

Figure 31. Anti-tumor effects of mmunomodulatory mAbs on MDA-MB -231 tumor cells cecultured
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4.9 Comparison of the cardiotoxic side effects of novel mAbs with those of the
clinically validated Ipilimumab and Nivolumab

Despite the considerable advantages of cancer immunotherapy with
respect to conventional therapies, still @evspectrunof side effects haseen
reported. Among the more severe adverse events, some cases of myocarditis and
peiricarditis have been evidenced especially in combinatorial treatments-of anti
ICs mAbgLarkin J., et al.2019] In order to evaluate the safety of the novel
PD-1_1, PDL1_1 and ID1 mAbs, we investigated their effects on Human Fetal
Cardiomyocytes (HFC) coultured in the presence of hPBMCs, and compared
their antitumor effects with eventual cardiac side effett® firstly measured
the levels of expression of P PD-L1 and CTLA4 on HFC andhen we tested
the effects of the mAbs on their growth (Figure.3®$ shown in Figure 32B
even though the ICs are expressed also on these cells, no significant effects wer
observed on HFC cell viability in the absence of immune cells.

To mimic thein vivoenvironment where immunomodulatory mAbs exert
their most potent antumor effects activating infiltrating lymphocytes, HFC
were cecultured with hPBMCs (Effector:Targeells ratio 5:1) and treated with
PD-1 1, PDL1 1, ID-1 or their combination for 24 hours at the concentration
of 100 nM. In parallel assays we tested the cardiotoxic effects of the FDA
approved mADbs specific for the same targets (Nivolumab and Ipilimymsdx)
as positive controls. Goultures untreated or treated with an unrelated human
IgG1 mAb were used in parallel assays as negatingals. As shown in Figure
32C, treatments with PR2_1, PDL1_1 or ID-1 mAbs induced much lower
cardiac cell lysis vih respect to Nivolumab or Ipilimumab mAbs. Moreover, the
levels of IL-6, a proinflammatory cytokine frequently associated with cardiac
injury [Quagliariello V ., et al 2019, Quagliariello V, et al. 2020] resulted to
be lower when the cells were treateith the novel immunomodulatory mAbs
with respect to those observed in treatments with the corresponding clinically
validated mAbs (Figure 32D). Accordingly, the combination of Nivolumab and
Ipilimumab shows the highest4& proinflammatory cytokine sectien (~9700
pg/mL), thus confirming the cardiotoxic side effects of this combination. On the
contrary, the combination of the other a@ffLA-4 mAb ID-1 with Nivolumab,
PD-1_1 or PBL1_1, even though equally or more effective on tumor cells than
the combimtion of Ipilimumab and Nivolumab (see figure 32), showed much
lower toxicity for HFC, as highlighted by reduced LDH release (Figure 32C) and
lower levels of secreted pinflammatory IL-6 (Figure 32D)Vetrei C., et al.
2021]
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Figure 32. Cardiotoxic and pro-inflammatory effects induced by mmunomodulatory mAbs on
human fetal cardiomyocytes(A) Cell ELISA assay performed on HFC cardiac cells by using commercial
antitPD-1, antiPD-L1 or antitCTLA-4 mAbs (200 nM). B) Cell viability assay on human fetal
cadiomyocytes, treated for 48 h with afD-1(black bars), antPD-L1 (striped bars) or antCTLA-4
(grey bars) mAbs. Cell viability is expressed as percentage of viable cells with respect to control untreated
ones. Cells were counted by Trypan Blue exolugest. C) Cardiotoxic effects of immunomodulatory
mAbs were analyzed by evaluating the LDH release on the supernatants of HFC-callsireal with
hPBMC:s, treated for 24 h with single mAbs (black and grey bars) or their combinations (stripe®bars). (
Pro-inflammatory effects of immunomodulatory mAbs were analyzed by evaluating the secretie of IL
in the supernatant of the treatedadtures. 1-:6 concentation in the supernatant is expressed as pg/mL.
The values were reported as the mean of at l[daee determinations obtained in three independent
experiments. Error bars depict means + SD, ** p < 0.01; * p < 0.05; ns, not signifitemei C., et al.
Cancers2021]
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PRODUCTION OF IMMUNO-CONJUGATES MADE UP OF
IMMUNOMODULATORY MABS ANDAN ANTI-EGFR APTAMER

4.10 Evaluation of the effects on tumor cells of combined treatments of Erb
hcAb, PDL1 or Ipilimumab mAbs with aniEGFR aptamer CL4

In the last decade the antibedgied immunotherapy has revolutionize
the cancer therapy, impraxg the outcomes of several types of tumors, but
monoclonal antibodies are not the only promising drugs developed in the last
years. More recently, oligonucleotide aptamers have risen increasing attention
for cancer therapy thanks to their low size (efftiimor penetration) and lack
of immunogenicity, even though their short Hél# and lack of effector
functions still hinder their clinical application¥eefe A.D., et al. 2010;
Camorani S., et al. 2018] Thus, since several pofinical and clinical studies
have been focused on combinatorial treatments to maximize therapeutic benefits,
we decided to analyse the effects of novel combinations including either anti
TAA orimmunomodulatory mAbwith an aptarer.

It has already been reported that combinatorial treatment of human
cancers with artierbB2 and antEGFR antibodies leads to more effective
growth inhibiton than either treatment alofigheng L., et al.2014;Zhou Y.,
et al.2004. Consideringheseobservations, we have investigated the possibility
to combire the antErbB2 compact antibody (E#ticAb) [De Lorenzo C..et al.

2004 with the an#EGFR aptamer (CL4]JEsposito C.L., et al. 201] to
ascertain whether this combinatorial treatmaltdws for more effective and
lower therapeutic doses of these drugs. To this aim, EGRERErbB2positive
cancer cells, including SBR-3 and MDAMB-453 breast and LNCaP prostate
cancer cell lineswere treated with a combination of EtbAb and CL4 at
increagng corcentrations to test whether these two biomolecules togeatieet

cell viability more effciently than when they are used as single agents. As shown
in Figure 33A, the combined treatment led to a stromgebition of tumorcell
growthcompared tsingle receptor blocking (60% growth inhibition aththe

three cell linesfter combinatorial treatments with respect to abou82@% after

their use in monotherapy). As a negative control, we used in parallel assays
mammary MCF/ cells (Figure 33A) expsssing very low levels of EGFR and
ErbB2 and no significant effects were observed either under single or
combinatorial treatments, thus confirming the binding specificity of the
compounds for their targefBassarielloM., et al.2019]

In addition, as searal clinical studies combining RDPD-L1 pathway
inhibitors with EGFR inhibitors in cancer patients aregomg[Gainor J.F., et
al. 20149 and PDL1 expression has been found to be upregulated by EGFR
overexpression in several types of cancer cells, we investigated on a dual EGFR
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and PDL1 targeting strategy. To this aim, we first tested the effects on cancer
cell viability of the aniEGFRCL4 aptamer in combination with the RD_1
affinity variant, named 10_129 verify whether a bspecific construct made up

of these two moieties could be considered beneficial forcamter treatment.

We chog SK-BR-3 and LNCaP cancer cell lines moels since theylisplay

both EGFR and PEL1 on their surface The MCF7 mammary cell line,
expressing low levels of EGFR and D on their surfacewas used as a
negative control. As shown in Figure 33B , the-&iL1 antibody significantly
inhibited the growth of both the PH.1-positive cell lines tested and,
importantly, the combined treatment with CL4 led to additive effects, whereas
no significant effects were observed on MTFells for both single and
combined treatmentPassariello M., et al. 2019] The immune independent
antitumor activity of antPD-L1 mAb was previously ascribed to its ability to
affect the mitogeractivated protein kinases (MAPKs) pathway in tumor cells
[Passarello M., et al.2019.

Furthermore, previously mentioned seslreporting on the expression
of CTLA-4 on tumor cell surface and highlighting a potential tumor growth
inhibition by using CTLA4 inhibitors, also in the absence of immune cells,
suggested us to analyse the effects of Ipilimumab and of thE@RIR apamer
CL4 on tumor cell viability (Figure 33C).

Firstly, we analysed the effects of the single Ipilimumab on cancer cells,
observing a reduction of tumor growth of about 30% irEBK3 and 20% in
LNCaP cells when incubated at a concentration of 100 nMZdr, suggesting
that it directly inhibits the growth of prostate CTi4Apositive tumor cells also
independently from the immune system. In parallel, we tesgaththe effets
of the anHEGFR CL4 aptamenn these tumor cells andg¢cording to previous
findings we observed a significant inhibition of tumor cell growth when used at
the dose of 200 nM for 72 h, whereas no effect was observed with a scrambled
aptamer (CL4Sc), used as a negative control. As expected, both the antibody and
the aptamer showedo significant effects on MCGF tumor cells,used as
negative controhs it expresses low levels of the two antigens

On the basis of these results, wWecided to evaluate the effea$
Ipilimumab combinedwith the anHEGFR CL4 aptamer (Figure 33C). The
combination of the two drugs reduced the cell growth of the double antigen
positive tumor cells (50%60% inhibition), more efficiently than singkgent
treatments, whereas no significant effects were observed on the cell line used as
negative control, tis confirming the specificity of these drugs for their targets
[PassarielloM., et al.2020]
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Figure 33. Combined treatments of antErbB2, anti-PD-L1 or anti-CTLA -4 mAbs and CL4 aptamer
efficiently inhibit tumor cell survival. SK-BR-3, LNCaP, and MCH cells were treated for 72 h with

CL4, (A) Erb-hcAb, B) 10_12 or €) Ipilimumab, alone or in combination, at the indicated concentrations.

Cell survival is expressed as percent of viable treated cells with respect to untreated cells. CLASc was used
in parllel as a negative control. Error bars depict means + SD.

4.11 Construction and prification of new bispecific constructs made up of a
compact antibody or a mAb and the atEiGFR aptamer

Considering the promising resultsobtained with combinatorial
treatmentswe decided to generate noveldgecific immunoconjugates made up
of an antibody moiety and an aptamer. In order to generate the artiptaager
constructs, we conjugated the constant region of the antibody with the aptamer
through a freeammgr oup attached t emodifkdccRNAG6end of
aptamer by exploiting the welinown coupling chemistry of formylbenzamide
(4FB). With the aim to minimize the steric hindrance between the two moieties
of the chimeric constructve inserted a sicaiton spacer arm in the aptamer.
Specifically, theamind er mi nat ed 2NFPy RNA aptamer wa
bifunctional succinimidy4-formylbenzamide linker (&FB), which
incorporated an aromatic aldehyde functional group (formylbenzamide, 4FB) at
the 9Ngnd of the oligonucleotide, and then reacted with tiySic-modified
antibody[PassarielloM., et al.2019] The conjugation was allowed to proceed
for 2 h by gentle rotation at room temperature (RT) following the mathutas
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