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SUMMARY

Cybr (Cytohesin binder and regulator) is an adapiostein involved in the assembly and
recruitment of protein complexes associated withagellular trafficking and signaling. Cybr has
attracted attention as a potential key contribeiwomolecular mechanisms governing cells of the
immune system due to its exclusive expression lis of hematopoietic origin. Cybr interacts with
members of the ADP ribosylation factor (ARF)-actimg cytohesin family, mainly cytohesin-1,
and it is involved in the cytohesin-1-mediated aiihie of LFA-1 to ICAM-1. Cybr expression is
highly and rapidly responsive to, and regulatedrbgny cytokines and other soluble effectors of
the immune system suggesting a potential functionld in the vesicle formation, endocytic
trafficking, regulation of TCR signalling and regtibn of dendritic cell (DC)/T cell interaction
during the antigen presentation. To characteriearthvivo physiological role of this molecule, a
Cybr-deficient mouse strain was creat€ybr deletion does not profoundly affect the developmen
of the immune system, bi@ybr-KO mice display a reduced or delayed capacityespond to
different stimuli and in stress conditions.

This project aimed at investigating the biologidahction of Cybr in cell-mediated immune
response to tumors induced by the retroviral comptnstituted by the Moloney murine sarcoma
virus/Moloney murine leukemia virus (M-MSV/MuLV, hreafter indicated as M-MSV).
Intramuscular injection of M-MSV in immunocompeté2b7BL/6 (B6) mice causes sarcomas that
spontaneously regress because of a strong immaotiaie primarily mediated by cytotoxic T
lymphocytes (CTL) specific for viral antigens. Censely, Cybr-deficient mice injected with M-
MSV developed larger tumors than B6 mice, whichitmlthlly regressed with a slower kinetics.
To disclose the biological bases of this behavidiVISV-injected Cybr-deficient and wild type
mice were characterized for the lymphocyte pher®tgpd function in tumors, lymph nodes and
spleens at the peak of tumor growth (day 11 to W&).found a reduced number of CDahd CD8

T cells, as well as of antigen-specific CTL, in tienor infiltrating cells (TIL) ofCybr-deficient
mice. However, this defect was recovered afteroatgamporal shift.

Similarly, a three-day delay was also reportechandnset of lytic activity irfCybr-deficient respect
to wild type CTLs. On the contrary, wild type @ybrdeficient memory T cells from tumor
regressor mice did not show any difference in teobtic activity. Overall, these data indicate
that Cybr deficiency has a significant impact on the actoratof naive T cells and expansion of
primed T cells, but do not clarify whether Cybr nhpsnfluence priming and/or cell adhesion or
trafficking and migration of immune system cells. 8ddress this issue, we transferred n&ybr-

KO or wild type GFP T cells in tumor-bearing RAG2«-/- mice, that lack T, B and NK cells and
5



do not spontaneously regress M-MSV-induced tunespite T cell transfer, tumors continued to
growth indicating that transferred naive T cellsreveot able to mount a fully effective immune
response in this setting. This was probably dua smboptimal recruitment and priming phase in
lymph nodes, that were found to be hypoplasticpfiavide a mechanistic insight, reconstitution of
nu/nu athymic B6 mice with T cell-depleted bone marfrom either wild type oCybr-KO mice,
followed by adoptive transfer of naive or memorgdils fromCybr-KO/GFP or B6/GFP animals,
will provide the appropriate experimental set upagsess the role of Cybr in the APC or T cell
compartments.

Taken together, outlined results indicate that Qydficiency has a significant impact on antigen-
specific immune response, but further studies hause performed to fully dissect the role played
by this molecule in the priming phase and in thiaykxl onset of lytic activity.



RIASSUNTO

Cybr (cytohesin binder and regulator) € una preteidattatrice coinvolta nellassemblaggio e nel
reclutamento di complessi proteici associati cotrafficking intracellulare e la trasduzione del
segnale. Grazie alla sua esclusiva espressionellinecdi origine ematopoietica, Cybr ha attirato
I'attenzione come potenziale proteina chiave netegarismi molecolari che controllano le cellule
del sistema immunitario. Cybr interagisce con i rhandella famiglia delle citoesine attivanti gli
ADP ribosylation factors (ARF), specialmente comoesina-1, e regola I'adesione citoesina-1
mediata di LFA-1 a ICAM-1. La sua espressione édaapente regolata da molte citochine e da
altri effettori solubili del sistema immunitario.l@uni ruoli funzionali proposti per questa molecola
sono la partecipazione nella formazione delle wedej nel trafficking endocitico, nella regolazione
del signaling del TCR e nell'interazione tra cadlulendritiche e cellule T durante la presentazione
dell'antigene. Al fine di caratterizzare il ruolsiblogico di questa molecoia vivo, € stato creato
un ceppo di topi deficienti peCybr. Questi topi, nonostante un normale sviluppo sisiema
immunitario, mostrano una ridotta o ritardata cépadi rispondere a diversi stimoli e in condizioni
di stress.

Questo progetto di ricerca si e prefisso di ingzse la funzione biologica di Cybr nella risposta
immunitaria cellulo-mediata nei confronti di tumandotti dal complesso retrovirale costituito dai
virus sarcomatogeno e leucemogeno murini di MolgqiMyWISV/MuLV, in seguito indicato come
M-MSV). L'inoculo intramuscolare di M-MSV in topi &7BL/6 (B6) immunocompetenti causa lo
sviluppo di sarcomi che regrediscono spontaneamgraeie ad una forte risposta immunitaria
mediata principalmente da linfociti T citotossi€TL) specifici per gli antigeni virali. Al contranj
topi Cybr-deficienti inoculati con M-MSV sviluppano tumorii dlimensioni maggiori e che
regrediscono piu lentamente rispetto ai contrdder comprendere i motivi di questo diverso
andamento, dopo I'inoculo del complesso retroviraléopi Cybr-deficienti e wild type, sono stati
caratterizzati a livello fenotipico e funzionalénfociti presenti nei tumori, nei linfonodi drenae
nelle milze al momento della massima crescita tateo¢giorni 11-15). Abbiamo riscontrato un
ridotto numero di linfociti T CD4e CDS§ e di CTL antigene specifici nella popolazione ltrdinte

il tumore nei topiCybr-deficienti. Tuttavia questa differenza si e ridotilla fine del periodo
analizzato.

Inoltre, un ritardo simile é stato riportato neffeiluppo dell’attivita litica nei CTL provenientiad
topi Cybr-KO rispetto a topi wild type. Al contrario, linfacT memoria wild type eCybr-KO non
hanno mostrato nessuna differenza in termini diititt litica. Complessivamente, questi dati

indicano che la deficienza di Cybr ha un signifie@impatto nell’attivazione delle cellule T naive
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e nella loro espansione dopo il priming, ma noninigfono se questa proteina influenzi
maggiormente la fase di priming e/o adesione aakub il trafficking e la migrazione delle cellule
del sistema immunitario. Per chiarire questi agp&tho stati trasferiti linfociti T naive provemig

da topiCybr-KO/GFP o B6/GFP in topi RAG2-fc-/- inoculati con il complesso retrovirale. Questi
topi mancano di cellule T, B e NK e non regrediscgpontaneamente i tumori M-MSV indotti.
Nonostante l'infusione di cellule T, i tumori hanoontinuato a crescere, indicando che le cellule T
naive non sono state in grado di montare una riapmsmune pienamente efficace in questo
modello, un aspetto probabilmente dovuto ad urutagiento e priming sub ottimali nei linfonodi,
che sono risultati ipoplastici. Al fine di rispondea questi quesiti biologici, topi B6 nu/nu atimic
ricostituiti con tessuto midollare depleto di liofto T provenienti da topi wild type €ybr-KO e
successivamente infusi con linfociti T naive o mem@rovenienti da topCybr-KO/GFP o
B6/GFP, dovrebbero costituire un modello sperimenti&timale per investigare il ruolo di Cybr sia
nel comparto T che nel comparto APC.

Nell'insieme, i risultati ottenuti indicano che digficienza di Cybr ha un significativo impatto aell
risposta immune antigene-specifica, ma studi addai devono essere condotti al fine di definire
con maggior precisione il ruolo di Cybr nella fade priming e nel ritardo dello sviluppo

dell’attivita litica.



INTRODUCTION

1. Theimmune system: innate and adaptive immune r esponses

The immune system evolved under selective pressyesed by infectious microorganisms
through various defense mechanisms that have thacitg to be triggered by infection and to
protect the host organism by destroying the invgdimcrobes and neutralizing their virulence
factors. It is composed by two main arms, the iar@atd the adaptive immune response. The innate
immune system is the first line of host defensdreggpathogens and is characterized by receptors
with a fixed germline-encoded specificity, whicltognizes a genetically-determined set of ligands.
One key group of innate receptors is the pattecogmeition receptor (PRR) superfamily which
recognizes evolutionary-conserved pathogen-assomiatecular patterns (PAMPS) [1]. Moreover,
Toll like receptors play the major role in pathogenognition and in inflammatory initiation of the
immune responses [2]. Cells of the innate immurgporse include neutrophils, monocytes,
macrophages and dendritic cells (DC), which reapidly to control pathogen growth and promote
inflammation [3] However, remains unclear the molecular mechanibetween the
polymorphonuclear (PMN) cells and tumor cells. dtknow that FgR on PMN interacts with
antibody-coated antigens on tumor cells, leadinth¢orelease of cytokines and chemokines which
influence the recruitment and the activation of & macrophages in tumor sjid. Macrophages
can efficiently eliminate apoptotic tumor cells pllagocytosis. Furthermore, they expresgR-c
that, when is activate, stimulate cytotoxicity tomior cells [5]. Nevertheless, the macrophages are
the major contributors to a chronic inflammatioattaffords an immune suppression environment
in the tumor milieu, that can benefit its growth. [Bhe DC are professional antigen presenting cells
(APC) and are the interface between the innate aaptive immune response. When DCs
encounter a pathogen, mature and process the mantiggeasing the Major Histocompatibility
Complex (MHC) molecule expression, and migrateh® lymph nodes where they can prime the
naive T cells [7].

Normally the innate immune system responds withpgdmechanism without recourse to the
adaptive immunity; however, sometimes the innagtesy required this cross-talk with the adaptive
immune response to deal with the infectiqaid Therefore, adaptive immunity is triggered in
vertebrates when a pathogen evades the innate ismsystem and generates a threshold level of
antigen [8]. An antigen (short fantibodygererator), is defined as any substance (in particular
proteins and many polysaccharides) capable to tuna specific antibody and elicit the adaptive
immune response [9]. The parts of the antigen thtdract with an antibody molecule or

lymphocyte receptor (namely, BCR- B cell receptord TCR- T cell receptor, respectively) are
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called epitopes. Most antigens contain a varietyemfopes and can stimulate the production of
antibodies by B cells, specific T cell responseasbath. BCR and TCR possess variable regions
created by a complex process of somatic gene sdgmamangement. This mechanism allows a
small number of genes to generate a vast numbdiffefent antigen receptors, which are then

uniquely expressed on each individual lymphocytd also account for the varying and random

specificities of immune cells. The variable-regregeptors of the adaptive immune system respond
to particular pathogen structures, with BCRs diyetcognizing peptide sequences on pathogens,
such as components of bacterial cell membranesT&mRk recognizing peptide sequences only in
the context of the MHC. As a result, B cells playagge role in the humoral immune response,

whereas T cells are intimately involved in cell-naed immune responses [10].

The efficiency of the adaptive immune responseesetin the capacity of immune cells to
distinguish between the own body cells from unwdntevaders. The adaptive response is thus
triggered only after recognition of non-self antige This ability is acquired during maturation
processes in the thymus by T cells or bone marrgwBbcells. In these organs, immature
lymphocytes undergo positive and negative selegilmses. In particular, in the thymus, immature
T lymphocytes, harboring misfolded TCR or TCR tisatinable to bind with self MHC molecules,
are committed to die by apoptosis. Whereas, lymytiegcthat recognize MHC complexes with the
right avidity are selected (positive selection).ridg negative selection, T cells that strongly
interact with MHC coupled with endogenous peptidescommitted to die [10].

Finally, only naive lymphocytes able to recognizegenous peptides in the context of self
MHC can exit the thymus and reach lymph nodes,espénd damage tissues. In the lymph nodes
and spleens, lymphocytes interact with and arevatetl by mature dendritic cells only if their
antigen receptors bind with the peptide presentedhle DCs and they receive co-stimulatory
signals from the DCs. Hence, naive T lymphocytest findergo an intense period of proliferation,
termed clonal expansion and then differentiate aitioer several classes of effector T lymphocytes
or memory T lymphocytes. In the lymph node, DC9ldig non-self antigens on their surface by
coupling them to MHC molecules (also known in husmaa Human Leukocyte Antigen —HLA [9].
Although some exception does exist (cross-presentgbrocess and autophagy), exogenous
antigens are usually displayed on MHC class |l males, which activate CD4helper T cells
while endogenous antigens (from viral or mutatemtgans), are typically displayed on MHC class |
molecules, and activate CD8ytotoxic T cells. As well as activating T celBCs are important
inducers of peripheral tolerance to self antigehat are captured by DCs in the periphery and
presented to T cells in the lymph nodes. Presemtati self antigens under steady state pathogen-

free conditions induces tolerization through T eglbptosis or anergy [7],[11],[12].
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2. T cdls

2.1 Helper T cells

T cells contribute to immune defenses in two mayawys, by directing and regulating the
immune responses and by directly attacking infectedancerous cell<CD4" lymphocytes, as
called also helper T cells, are all variously insaal in the regulation of immune responses, through
the action of cytokines that either stimulate drilit the function of other lymphocytes and APC
and furthermore lead to co-stimulation or diredtilmtion through cell-to-cell interactions. These
cells can also display direct cytotoxic activity8[1but primarily they manage the immune response
by directing other cells to kill infected and carases cells or clear pathogens.

CD4" T lymphocytes can be grouped into different subaetording to functional properties
and cytokines secretion patterns. Originally, theses were simply classified as Type 1 (Thl) and
Type 2 (Th2) helper T cells. The differentiationTdfl is primarily driven by interleukin-12 (IL-12)
and interferon+ (INF-y). Thl regulates delayed type hypersensitivity tieas, cell-mediated
immunity to intracellular pathogens and tumor cdlis producing high levels of IFN- tumor
necrosis factor: (TNF-o)), and IL-2. Conversely, Th2 cells are characteriag 1L-4, IL-5, IL-10,
and IL-13 production, operate in coordinating huahammunity, eosinophilic inflammation, and
are also involved in the control of helminthic icfiens.

In the last few years, new distinct subsets of CD4ells have been identified. A lineage
distinct from Thl and Th2 was recently describedTad7 cells, a CD4 T cell subset that
selectively produces the IL-17 cytokine, in additito TNF«, IL-6, IL-21, and IL-22. The
autocrine production of IL-21, together with IL-Inda low doses of IL-12, were shown to
antagonize the Th1l differentiation in favor of ThMoreover, IL-23, whose action is inhibited by
IFN-y and IL-4, is necessary for the maintenance of Tdrid IL-17 production. Th17 are supposed
to coordinate tissue inflammation and autoimmuaitygl protect against extracellular bacteria and
fungi [14],[15]. More recently, a population of CD# cells secreting IL-22, but neither IL-17 nor
IFN-y, was isolated from human skin-homing memory Tscadind, therefore, identified as Th22
[16],[17]. The differentiation of this subpopulati@f helper T cells, that show a potential role in
skin homeostasis and diseases [18], may be pronbgtetimulation of naive T cells in the presence
of IL-6 and TNF or by the presence of plasmacyt®ddritic cells [16],[19].

In addition to helper cells, CD4T lymphocytes also include a heterogeneous pdpulaif
cells endowed with regulatory functions, namelyutatpry T cells (Tregs). In particular, Tregs are
of pivotal importance in the homeostatic controdd asuppression of immune responses, thus

constituting an important mechanism in controllthg autoimmune diseases development. Tumor
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Growth Facto3 (TGF)-induced, naturally occurring or peripherally-imgd Tregs derive from
the thymus and express high levels of CD25, gludmmd-induced TNF receptor, and the
transcription factor forkhead box protein 3 (FoxP3hese cells mediate immune suppression
through a cell-to-cell contact-dependent mecharasih, once activated, they are able to induce

suppression in an antigen-independent fashion[2q],

2.2 CD8" T lymphocytes and cytotoxicity

Cytotoxic T lymphocytes (CTL) are a sub-group otélls whose role is to monitor all the
cells in the body, and are ready to destroy aayithconsidered to be a threat to the integritghef
host; for example, CTLs kill virally infected cellpreventing them from being the source of more
viral pathogen [22]. Moreover, CTLs are also thdughprovide some degree of protection against
spontaneous malignant tumors, by virtue of theititgbto detect quantitative and qualitative
antigenic differences in transformed cells. In tieigard, transformation results in an altered pmote
repertoire that can be sensed by CD8cells through binding of peptide-MHC class | qilexes
[23].

Naive CD8 T cells are activated into effector cells whenrtA€R strongly interacts with a
peptide-bound MHC class | molecule and concomiyargteive costimulatory and IL-2 mediated
signaling. Once activated, CTL undergo a procedkectalonal expansionin which it gains
functionality, and divides rapidly, to produce aimmg of effector cells, that display cytotoxic
activity upon encounter of an infected or mutatadet cell in an inflammatory milieu. CTLs may
kill target cells by one of, at least, three distipathways, two of which involve direct cell—cell
interactions between effector and target cells. thivd is mediated by cytokines, such as lBnd
TNF-a, that differently impact on target cells (Fig. 1) particular, TNFe engages its receptor on
the target cell and triggers the caspase casceddinh to target-cell apoptosis. IRINhowever,
induces transcriptional activation of the MHC clasaolecules and Fas in target cells, leading to
enhanced presentation of endogenous peptides, raardases Fas-mediated target-cell lysis.
Cytolytic activity, requiring direct cell—cell camtt which results in apoptosis of target cells, lsan
mediated by two different mechanisms. In one ctse,Fas ligand, expressed on the surface of
CTLs, binds to the Fas receptor (Fas, CD95) ontdinget cell (Fig. 1b) and triggers apoptosis
through the classical caspase cascade [24]. Inother case, the CTL releases perforin and
granzymes into the intercellular space (Fig. lc)ictvhare highly cytotoxic, but CTLs have
elaborated a mechanism to protect themselves agbbweing cells from being killed accidentally.
Firstly, the majority of the cytotoxic proteins gree-synthesized, and so ready to be used ingillin

upon encountering a target cell. The regulatedesagr organelles, in which the lytic proteins are
12



stored, mobilize themselves to the cell surface exjubse their content only upon contact with a
target. CTLs use their lysosomes as regulated teegrerganelles, which are often referred as
secretory lysosomes [25]. Secondly, the secretgspsiomes do not exocytose their content
randomly, but are mobilized to a defined point Ire tplasma membrane that is immediately
opposite the target cell, termed secretory domdinthe immunological synapse (see below).
Thirdly, the secretory lysosomes release theiremannto a defined space, or “cleft,” that is fodne

between the otherwise tightly opposed CTL and #nget-cell membranes, thus sparing innocent
neighboring bystander cells. This organizattberefore, concentrates the cytotoxic proteins for
maximum impact and confines them to the environnoétihe target cell. The entry of the granular

material in target cell causes cell death in aassflependent or —independent manner [26].
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Figure 1. CTL-mediated cytotoxicity. (a) Indirect killing of target cells by release ofitar necrosis factor-
a and IFNy. (b) Induction of apoptosis in target cells via deetheptor triggering.d) Direct killing by
release of granzyme B and perforin into the intérze space between CTL and target cell. TNF, tumo
necrosis factor; TNFR, tumor necrosis factor remepf-NR, IFN receptor; Fas-L, Fas ligand. Modified
from [22].

Upon infection resolution, most of the effectorlgetflie by apoptosis due to prolonged
activation (AICD, activation-induced cell death)danytokines starvation or undergo a state of
functional exhaustion [27]. Only a few of theseigern-specific cells are retained as memory cells
[8]. Upon a later encounter with the same antigbe, memory cells quickly differentiate into
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effector cells, dramatically shortening the timeguieed to mount an effective response and
conferring thus a protective immunity to the host.

Progressive T cells differentiation from naive tteetor and memory T cells is characterized
by particular phenotypic, functional and transcapal attributes [28]. Naive T cells (TN cells) are
conventionally defined by the co-expression of e isoform of the transmembrane phosphatase
CD45, the lymph node homing molecules L-selectiD§2L) and CCR7, and the co-stimulatory
receptors CD27 and CD28 [29]. These phenotypicadtearistics facilitate T cell to entry into sec-
ondary lymphoid organs to probe APCs for cognateyan and to respond to activating signals that
give rise to more differentiated memory and effegmgeny [30]. Among CD45RO-expressing T
cells, two major subsets of memory T lymphocytes dgefined on the basis of CD62L and CCR7
expression [31]. Similar to TN cells, CD62L and CC&pression is retained on central memory T
(TCM) cells, whereas it is lost on more differetdh effector memory T (TEM) cells. Functionally,
these phenotypic differences allow antigen-speci@M and TEM cells to patrol the central
lymphoid organs and the peripheral tissues, res@bgt[30],[31]. The co-stimulatory receptors
CD27 and CD28 are also found in the majority of mgnT cells; however, expression can be lost
as cells become terminally differentiated by pregneely acquiring inhibitory signaling molecules,
such as killer cell lectin-like receptor subfami®, member 1 (KLRG1) [32],[33] and through
transition into senescence [32],[34]. In contrasTN cells, memory T cells are capable to rapidly
release of cytokines on restimulation [35]. Botbsets are capable to produce TaFwhile TCM
cells secrete IL-2 more efficiently. TEM cells hasa increased capacity to IFNrelease and
cytotoxicity [32],[31]. All antigen-experienced Teks upregulate the common IL-2 and ILBL5
receptor (IL-2B) — conferring the ability to undergo homeostatioliferation in response to
IL-15 [36],[37] — and also display high amounts @D95 [38], a receptor that provides either
co-stimulatory or pro-apoptotic signals dependimgtioe efficiency of CD95 signalling complex
formation and on which particular intracellular reajng proteins are part of the complex31.
Recently, CD95 and IL-2Rhave been found to be expressed in a subset abpfmcally naive-
appearing T cells [39]. These cells were observedinal and tumor-reactive T cell populations
and, similar to conventional memory T cells, digpld a diluted content of TCR excision circles,
possessed the ability to rapidly release cytokareactivation and proliferation in response to B-1
[39]. These cells, the least differentiated popafatof antigen-experienced T cells identified to
date, were termed stem cell memory T (TSCM) cejlvitue of their enhanced capacity to self-
renew and their multipotent ability to generatenaimory and effector T cell subsets [39].
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2.3 Theimmunological synapse

An immunological synapse (or immune synapse) is therface between an antigen-
presenting cell and a lymphocyte [40]. In the CHirget cell junction, a cascade of activation
signals causes rapid segregation of cell surfagepters into three concentric compartments, called
the central, peripheral and distal supramolecutdivaion complex (SMAC) (Fig. 2) [41]. The
peripheral SMAC (pSMAC) comprises Leucocyte Funttidssociated antigen 1 (LFA-1),
clustered with the cytoskeletal protein talin ore t&€TL, and Intercellular Adhesion Molecule
(ICAM) on the target cell. Within the pSMAC is tlkeentral SMAC, where TCR accumulates. This
area is also enriched in TCR associated signaliageims including TCR, Lck, ZAP-70 and PK@,
CD2, CD4, CD8, CD28, Lck, and Fyn, and was assutndxt the site of TCR signaling. Beside it,
there is a secretion domain where lytic granule® fio release their content. The centrioles of the
centrosome dock beside the cSMAC, which acts ascal fpoint for minus end microtubule-
mediated delivery of lytic granules. Actin accuntigda occurs in a distal SMAC (dASMAC) (Fig. 2)
[42], [43].
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Figure 2. Schematic representation of the mature Immunological Synapse . The IS is composed of three
major regions: the cSMAC containing TCR and acagssoolecules, the pSMAC containing adhesion
molecules and the dSMAC containing large and hgalilcosylated trans-membrane proteins. Intracadlul
signaling components and cytoskeleton componegiegate in parallel with surface molecules withie t
three major zones of the IS. Modified from [44].
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The central part in the immunological synapse ie ThCR, a heterodimer molecule
responsible for recognizing antigens bound to MHGletules. The TCR is composed of two
different protein chains that are expressed asragbaa complex with the invariant CD3 chain
molecule. In 95% of T cells, this consists of aphal ) and betaf{) chain, whereas in 5% of T
cells this consists of gamma and dejta)(chains. Each chain is composed of a Variabler§gjon
and a Constant (C) region. The Constant region @ascthe TCR to the cell membrane and
including a short cytoplasmic tail, while the exe#ular Variable region binds to the antigen-MHC
complex.

The Variable domain of both the TCdRchain andB-chain have four hypervariable (HV)
or complementarity determining regions (CDRs), tbantact the antigen-MHC complex. TCRs
possess unique antigen specificity, determinedhbystructure of the antigen-binding site formed
by the alpha and beta chains [8], which are geeérdty V(D)J recombination. The unique
combination of these segments, which correspondbidoCDR3 region, accounts for the great
diversity in specificity of the T cell receptor fprocessed antigen.

The TCR associates with other molecules like CDBiciv possess three distinct chainsd(
and €) in mammals and either (a(CD247) or a{/m complex. These accessory molecules
have transmembrane regions that are vital to paipathe signal from the TCR into the cell;
the cytoplasmic tail of the TCR is extremely shamgking unlikely to participate in signaling. The
CD3- and(-chains, together with the TCR, form the T celleqgor complex. The TCR signal is
enhanced by simultaneous binding to the MHC mokcilily specific co-receptors, namely CD4
and CD8 molecules, which not only ensure the spégifof the TCR for an antigen, but also allow
prolonged engagement between the APC and the Tawdllrecruit essential molecules (e.g., Lck)
involved in the intracellular signaling of the aetied T lymphocyte.

When the TCR engages antigens/MHC, the T lymphdogtsmme activated through a series
of biochemical events mediated by associated engyme-receptors, specialized accessory
molecules, and activated or released transcriptamtors. The most common mechanism for
activation and regulation of molecules beneath thigpid Dbilayer, is via
phosphorylation/dephosphorylation by protein kisadecells utilize the SRC family of kinases in
transmembrane signaling largely to phosphorylat®siges that are part of immunoreceptor
tyrosine-based activation motifs (ITAM) [45].

In particular, when a T cell receptor is activatgdcontact with a peptide-MHC complex,
CDA45 dephosphorylates and activates Fyn, whichuiin phosphorylates the ITAMs on the CD3
and( chains. This allows other kinases like ZAP-70 todbon the ITAM near Lck, previously
recruited and activated by CD4 or CD8. Lck phosplabes ZAP-70, which in turn indirectly
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activate PLCy, resulting in gene transcription in the nucleus][& his is accomplished through an
adaptor protein such as LAT, which brings togethiee activate ZAP-70 and PL{- The
recruitment of proximal signaling kinases like ZAB-and adaptor proteins, initiates a downstream
signaling cascade events including activation ob Ramily GTPases, Ras/MAPK, PLC, and
C&* mobilization [47],[48],[49]. The actin cytoskeletoeorganizes, the Golgi and the microtubule-
organizing center (MTOC) reorient toward the targeit [50],[51]. Upon TCR ligation, cytolytic
granules move via polarized microtubules to theoregf the MTOC where they dock prior to
release. The mechanisms regulating the dockingoriusind the release process are not well
understood. However, there is evidence to sugggsbitant roles for the small GTPase Rab27A,
and Munc13-4, a member of a family of proteins kndar their roles in priming neuronal synaptic
vesicles for fusion and release [52],[53]. In thEL&Gynapse, vesicle release appears to occur in a
secretory domain distinct from the signaling domedmtaining the TCR complex [54],[55]. The
close opposition and highly organized topographthefCTL synapse, allows the release of highly
toxic components of secretory granules in a protesslikely avoids damaging nearby cells. Tight
control is critical since the contents of just aaimumber of granules are enough to elicit apaptos
in the target cell [54].

However, there are key differences between thepsgéormed by active CD8CTLs and
CD4" T cells. A CD4 T cell interaction with its target may last marguhs, prolonging signaling
cascades necessary for gene activation, proliteraind differentiation, while a CTL might only
require minutes to initiate an irreversible apojgasscade to its target [54]. The antigen/MHC |
recognition complex is a potent inducer of CTL ¢gtac activity. Remarkably, as little as one

TCR/MHC I interaction may be all that is necesdarglicit a cytolytic response [56].

3. Trafficking and cell adhesion

3.1 Moleculesinvolved and mechanisms

Trafficking and cell adhesion are key properties baith innate and adaptive immune
responses. To facilitate T cell interaction withigen-presenting cells, leukocytes that circulae a
non-adherent cells, can be recruited to a spesitiecof infection or inflammation [57]. Cytokines
(i.e. IL-4 or IFN+«) released at the site of infection, create a chaatic gradient to recruit T cells
and inflammatory stimuli, activate vascular endb#hecells to express adhesion molecules and
chemokines that physically engage circulating leykes and promote their adhesion to these
vessels. The process of recruitment first invol¥esells rolling along the surface of vascular
endothelial cells, followed by the arrest and, ffiynaransendothelial migration (diapedesis) of T

17



cells into tissue [58],[59],[60],[61]. The cell aefion molecules (CAMSs) involved in the initial
steps of recruitment are E- and P-selectins, falbwy L-selectin [62],[63]. The arrest process
involves the tethering (adhesion) and spreading o€lls [64],[65]. Molecules that play a critical
role in controlling this process are integrins,lsas Very Late Antigen-4 (VLA-4), which is one of
six identifiedB1l integrins, and LFA-1, a member of {2 integrin family [66],[67]. The ligands for
these integrins include VCAM-1 (Vascular Cell AdisesMolecule-1) for VLA-4 and ICAM-1, -2,
and -3 for LFA-1. In particular, LFA-1, a cell sade receptor found on leukocytes, is composed by
al- and B2-subunits, which are designated as CD11a, and Ci2$pectively. ThelL-subunit of
LFA-1 contains an I- (inserted) domain that is esis¢for binding to ICAM-1. ICAM-1, a member
of the immunoglobulin superfamily (IgSF), is a tsamembrane glycoprotein that has five
immunoglobulin-like domains (D1-D5); mutational dies have revealed that domain-1 (D1)
contains residues that are crucial for binding ALl [68],[69]. ICAM-1 is found at the cell
surface of endothelial and epithelial cells, leykes, dermal fibroblasts, melanocytes, and many
carcinoma cell types; its expression is up-regdldtg cytokines such as IFN-IL-1, and TNFe,
leading to a selective recruitment of leukocytea wariety of pathological states [70],[71].

The secure adhesion of T cells to epithelial orotimelial cells represents the demarcation
point that allows T cells to complete extravasatito the surrounding tissue. When ICAM-1/LFA-
1 interact, the adhesion mediated by VLA-4 and ebreases, indicating that a hierarchy exists in
which LFA-1 plays a predominant role over VLA-meei@ T cell migration [72]. By inhibiting
ICAM-1/LFA-1 interaction, T cells are prevented rindfirm adhesion to epithelial, endothelial, or
APC cells and are thus prevented from taking pattié immune response.

The ICAM-1/LFA-1 interaction plays also a criticadle during the priming phase. Indeed,
naive T cells require both an antigen-specific ando-stimulatory signal (namely, Signal-1 and
Signal-2, respectively) to be fully activated dgyithe interaction with the APC [40]. This co-
stimulatory signal is provided by interactions ef/eral different pairs of molecules at the integfac
between T cells and APC, including LFA-1 on T celitsl ICAM-1 on the APC or B-7 (found on B
cells) and CD28 (found on T cells). The TCR-MHCigen binding in the absence of the Signal-2,
not only fails to activate the cell, but also letals state called anergy, in which the T cell Inees
refractory to activation. A high density of TCR—MHFoDtigen complexes cannot compensate for
the lack of a co-stimulatory signal such as ICAMAA-1 interaction for CD4 T cell
activation [73]. Moreover, the source of this setamy signal can influence the type of response
generated by T cells. For example, blocking CD28/Bwibits IL-4 and IL-5 (Th2 cytokines)
production, while blocking ICAM-1/LFA-1 leads to sagnificant increase in Th2 cytokines [74].
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Another study demonstrated that co-stimulation IBAM-1/LFA-1 strongly inhibits IL-10
production, which may favor the development of Tather than Th2 cells [75].
3.2 Integrin regulation

Integrins participate in T cell activation and etfa functions by promoting T cell contact
with APCs during antigen recognition and priming][7Moreover, they are important in the
migration and retention of T cells in different mienvironments in the body. Naive T lymphocytes
exhibit a high rate of motility that facilitatespid movement into and through secondary lymphoid
organs [77],[78], where they are continually exgbde integrin cognate binding partners.
Consequently, integrin receptors expressed on wasetl T cells exhibit a low basal state of
functional activity that does not promote strondnesion between T cells and relevant counter-
receptors and extracellular matrix ligands. Howewgon TCR ligation, the functional activity of
integrins is rapidly enhanced following stimulatiof the antigen-specific CD3/T cell receptor
(TCR) complex; it results in robust increases itegmin-mediated adhesion of T cells to purified
integrin ligands and to antigen-laden APCs [79]8Q] and reduced motilityn vitro [82], and
enhanced interaction with APCs in lymphoid orgaosrd) antigen stimulatiom vivo [77],[78].
Thus, integrin activation provides a mechanism lyctv T cells can enhance their interactions with
the extracellular environment in order to receivel antegrate extracellular signals critical for
optimal antigen-dependent T cell activation andedéntiation [83]. In this so-called outside-in
signaling, cytohesins have been implicated as plessignaling intermediates. Integrin activation
initiated by TCR occurs within minutes following dell stimulation and is one of the earliest
detectable changes in the behavior of T cells ¥ahg activation. Increased integrin-mediated
adhesion following TCR stimulation does not requhanges in levels of integrins on the T cell
surface. Consequently, alterations in integrin fiomc following TCR signaling involve either
gualitative alterations in integrin conformation @mhanced clustering of integrins on the T cell
surface. Changes in the redistribution of integimgesponse to TCR signaling have been well
documented, the most notable examples is the maveaidhe LFA-1 and a4bl integrins to the
periphery in the contact site between activate@lls@nd APC [41],[84],[85]. However, changes
in integrin conformation in the context of antigstimulation of T cells, particularlyn vivo, are
incompletely understood. In the case of T cellsglyss of LFA-1 function using fluorescence
photobleaching recovery and single-particle tragkias shown that LFA-1 mobility (regulated by
cytoskeletal attachment) and conformation are Iyldenked [86]. These experiments indicate that
multiple conformations of LFA-1 exist on the T cslirface, each with a unique diffusion profile.
On resting T cells, both inactive and active comfations of LFA-1 are mobile, while intermediate

conformations of LFA-1 are tethered to the cytésken and thus are immobile (Fig. 3).
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Stimulation of T cells with the phorbol ester pharth2-myristate-13-acetate (PMA), which
activates protein kinase (PK) C, releases cytotMeleonstraints on the intermediate LFA-1
receptors, thereby promotes receptor—ligand intiersc In contrast, LFA-1 in the active
conformation, becomes immobile following stimulatito stabilize adhesion, and this cytoskeletal
attachment is further enhanced following ligand aayegmment. Thus, changes in the distribution of
the LFA-1 various conformations between mobile andoskeleton-attached immobile pools
provides a dynamic mechanism by which T cells emulate their adhesive potential. The ability to
rapidly modulate integrin function in response xteenal signals is common to many hematopoietic
cells. In particular, the control of the activatisiatus of LFA-1on DC may be a key mechanism by
which these cells regulate their interaction witb€ells [87].

Early during the T cells priming, a scanning pracéskes place, connecting the antigen-
presenting cell with the T cell for a limited tim{&8],[88]. The initial contact between T cells and
DCs is antigen independent, [89] and only if amtigecognition occurs, the interaction is
productive, leading to a strengthening of the cgafa, synapse formation and finally activation of
antigen-specific T cells. Otherwise, the interatctlmetween T cell and DC is loose and transient
[90],[77],[43]. In both cases the connection retedetween the two cell types is necessary to
continue the process of immune response, eithaltdw the clonal expansion of activated T cell or
to continue the scanning process. Although manyeoubés are known to build cell conjugates, the
termination of them was not equally studied. Gitle® importance and the calculated incidence of
DC-T cell contacts during the scanning processchvihanges between 500 and 5000 encounters
per hour [78], it is well assumable that this pssces actively regulated. For example, the scaffold

protein Cybr is an emerging candidate regulatdrFA-1 activity in both dendritic and T cells [87].
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Cytohesin-1 DC

CYTIP

Figure 3. A hypothetical scenario of signaling events underlying contact formation of T cells and
antigen-specific DCs. Notice the cycle between guanosine diphosphate §@®bénd inactive Rapl and
guanosine triphosphate-bound active Rapl. The tiwduof the active form is mediated through the €a2
and DAG-guanine exchange factor (CalDAG-GEF), waerthe GTPase activity of Rapl is initiated by the
Rapl-GTPase-activating protein (Rap1GARddified from [91].

4. The scaffold protein Cybr

4.1 Discovery of Cybr gene

Cytohesin binder and regulator (Cybr) is a novehpdr protein that participates in the
assembly and recruitment of protein complexes &s®at with intracellular trafficking and
signaling. Owing to its exclusive expression inlc@f hematopoietic origin, Cybr is consider a
potential key contributor to molecular mechanisrmageggning cells of the immune system [92]. The
Cybr cDNA was originally cloned and sequenced by Diaoid Pohajdak group in the early 1990s
from a subtractive hybridization of human natundlek (NK) cell-enriched transcripts minus those
of a T helper cell line [93]. Of the several hurdirelones obtained, 13 were new, previously
undiscovered gene transcripts. In 1998 the cDNAusege for this protein named cytohesin-
binding protein HE has been deposited in the Gdnbdath the accession number AF068836. It
was similar to the sequence of a protein termedl B@th the L06633, submitted by Dixon and
colleagues [93], which today corresponds to a #iiginuncatedCybr cDNA. On the basis of its
deduced amino acid sequence, B3-1 was classifiadnas-secreted non-membrane-bound protein
containing an unusually long leucine zipper, a fwganuclear targeting sequence, and a motif
found in many oncogenes, transcription factors smerleukins. The full transcript was finally
elucidated based on genomic clones and the huer@nge sequencing project, and the 29 kb gene

was ultimately assigned to the human Chromosonmend lg11.2 and renam&ECDBP(Pleckstrin
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homology Sec7 and coiled coil domains binding pmtg94], also known asCybr, CASP
(cytohesin-associated scaffolding protein,[95]) &dTIP (cytohesin interacting protein,[96]). The
Cybr gene comprises eight exons giving a transcriph wit1077 bp open reading frame, and

corresponds to a polypeptide of 359 amino acids.

4.2 Expression profile, transcriptional activation and transcript properties

The expression profile of Cybr in Unigene (NCBIpogted high expression in the lymph,
lymph nodes, blood, bone marrow, spleen and thyamdswas supported also by northern analysis
of a panel of cell lines, such as showed in lymgheglls (NK/T cell) stimulated with PHA/PMA
(phytohemagaglutinin/phorbol 12-myristate 13-acétated/or interleukin (IL)-2. In particular, Cybr
MRNA was found to increase 2-fold in NK/T cells apstimulation with IL-12 and 25% upon
stimulation with PHA/PMA [93]. Cybr expression halso been found in the lymphoblastoid cell
line 721, in the T helper cell line Jurkat (incre@sipon stimulation with PHA/PMA) and in CD14
monocyte-derived dendritic cells. Moreover, Cybr N#fRlevels were dramatically higher in mature
DCs (20-fold increase) when compared to immatulls.ce

Cybr expression is also highly regulated in T ¢ellad several microarray studies and
northern analysis have shown that induction of Cgkpression is affected by the stage of
development of T cells; more differentiated C@Bymocytes express reduced Cybr levels than the
less differentiated CD3cells. Microarray, northern analysis and real-tilRER studies have
demonstrated that Cybr in T cells is at least de@sipressed in Thl polarized conditions compared
to Th2 [92]. Cybr was later found to be overexpeesm T cells (Jurkat) following T cell receptor
engagement, and to have effects on T cell recefgpendent downstream events, such as
enhancement of nuclear factor of activated T d¢HAT). This aspect confers a role for Cybr to
participate in the TCR signalling by regulating Vialrosphorylation and enhancing JNK and p38
MAPK upon CD3 crosslinking [97]Cybr expression not only increases NFAT activity bugoal
NFAT may act on theCybr promotor, since the upstream region of tbgbr gene contains
numerous potential binding sites for NFAT as wallfar several lymphoid-specific transcription
factors. This sets up a potential positive feedbdack betweerCybr andNFAT transcription during
T cell activation and proliferatiorCybr expression also enhances AP-1 activation, thatslea
enhance AP-1 transcriptional activity and involeesoperation with NFAT- AP-1[97].

Overall, Cybr is widely accepted as a hematopoiegitspecific transcript and it appears to
be differentially regulated and specifically coftied within this lineage. Expression is basally low
in many of these cell types, but is highly and dapiresponsive to, and regulated by, many

cytokines and other soluble effectors of the immsystem. In T cells and DC8ybr expression is
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readily inducible by specific stimulation of eaaspective cell type. This attribute is surely aeclu

to the nature o vivo Cybr protein function.

4.3 Protein interactions, intracellular localizations and functional activities

Cybr is a 40 kDa adaptor protein, since it contaimgltiple protein-protein interaction
domains and motifs (namely, an N-terminal PDZ danai PSD-95/DIg/Z0-1, an unusually long
central coiled-coil motif or leucine zipper and ae@minal PDZ-binding motif or PDZbm) that
participate in the assembly of larger protein caxps (Fig. 4) [98]. Theoiled-coil motif mediates
the interactions with cytohesin-1 (B2-1), the fi&gbr binding partner discoveretihe cytohesins
are a ubiquitous group of proteins that have bemiowsly implicated in several biological roles,
including intracellular trafficking and signalinthrough ARF (ADP-ribosylation factor) activation,
cytoskeletal rearrangement, endocytic traffickimgl @ell adhesion througp? integrin signaling.
The intracellular Cybr function is particularly ilnénced by the interaction with cytohesin-1 (Fig.
4), described using a yeast two-hybrid system, farther confirmed byin vitro protein-binding
assays andn vivo using transfection and immunoprecipitation expenis. These studies also
showed that Cybr could interact with other memlrghe cytohesin/ARNO family of guanine-
nucleotide exchange factors (ARNO/cytohesin-2 arRIN®/GRP1/cytohesin-3), demonstrating
that Cybr may act as an adaptor for all membetkisffamily.

Another Cybr binding partners is represented byirspmexin 27 (SNX27), a molecule with
an active role in the polarization during lymphayhigration and tumor cell engagement. Cybr
interacts with SNX27 through PDZ-PDZbm interactidhys bringing together members of the
cytohesin/ARNO family to SNX27, as demonstratéd vivo in lymphocytes with co-
immunoprecipitation studies. Moreover, the co-laalon of Cybr and SNX27 in early endosomal
compartments implicates a function of this molesuteendocytic trafficking and/or signaling [99]
(Fig.5). Finally, it is also possible that othepf&ins interact with the respective coiled-coil hot

and the PDZbm, as these motifs can be promiscunighgeract with several distinct proteins.
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cytohesins

| CcASP

Figure 4. Domain and motif architecturein the Cybr interactome. Protein domain distributions of Cybr,
the cytohesin/ARNO family and SNX27. All four membécytohesin-1, ARNO, ARNO-3 and cytohesin-4)
of the mammalian family are identical in domaintdgition. SNX27 exists as two isoforms with moddi

C termini. GRP1-associated scaffolding protein (&RA with a domain composition the same as CASP,
may also play a role in potential redundant patrsv®omains: PDZ: PSD-95/Dlg/z0O-1; CC: coiled-caill;
PH: pleckstrin homology; PX: phox homology; Secéagine-nucleotide-exchange factor (GEF) activity
with similarity to S. Cerevisiae SEC7 protein; RRas-associated; B41: component of FERM. Modified
from [98].

With regard to the intracellular localization, imetfirst experiments with transfected COS-1
cells, full-length Cybr construct showed a perimael localization, but failed to display co-
localization with Golgi or endoplasmatic reticuluedated proteins or markers. Moreover, Cybr was
shown to be recruited by cytohesin-1 to separadtedlular locations, including the cytoplasm and
membrane, dependent upon cytohesin-1 related si¢@f].

Cybr localization, investigated in Jurkat cellspamstrated that Cybr shows a cytoplasmatic
and vesicular localization , and also it's assedatith the cortex with a cytoplasmatic domain
directly below to the plasma membrane (Fig. 5)céfis co-expressing cytohesin-1 and Cybr, Cybr
acts on, and sequester, cytohesin-1 from the memakuartex to the cytoplasm. The detachment of
the Cybr-cytohesin-1 complex from the plasma memdran turn induces the inhibition of the
cytohesin-1-mediated adhesion of LFA-1 to ICAM-16]9 The relationship between the
cytohesin/ARNO family and Cybr is found to be dynarand differentially regulated. Indeed,
while certain stimuli appear to cause cytohesiedruitment of Cybr to the membrane (Epidermal
Growth Factor-EGF and cell adhesion-associated tgjeathers (PMA) induce Cybr to recruit
cytohesin-1 away from the membrane/cortex to theptgsm. The regulation likely relies on both
intracellular signaling and the particular cytolmeg$amily member, as well as further protein
components (such as Cybr-PDZ-binding partners, ARI®l others), is associated with the
particular complex implicated.

In DCs, Cybr is localized in the cytoplasm in aydiffuse distribution. It was observed that

normal immature DCs (characterized by low endoge@ybr expression) adhere more effectively
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than mature DCs (characterized by high endoge@ys expression), but Cybr silencing, using
small interfering RNA, enhanced the adherence dtimaDCs to fibronectin, indicating a role for
Cybr in reducing DC adherence. Moreover, Cybr aadatas at the contact zone between dendritic
cells and T cells when co-cultured [100]. Cybr sti@g in dendritic cells inhibited their ability to
efficiently detach from T cells durinign vitro T-cell priming assays. In this way DCs keep longer
contacts with T-cells and the stimulatory capatityantigen-specific CD8T cells is diminished,
indicating a possible role of Cybr in the de-attaelnt of T cells from dendritic cells [100] (Fig.5

APC or Target

Figure 5. A mode implicating Cybr/CASP in putative novel polarized hematopoietic endosomal
sorting events. A Cybr/CASP-mediated link between members of $ieleesin/ARNO family and SNX27
gives this novel complex a dynamic affinity for gpboinisitides enriched both at the plasma membrane
(through the PH domain of cytohesins) and endosawoalpartment (through the PX domain of SNX27).
Likely, dependent on the cytohesin/ARNO implicateglsicle initiation may take place on either membra
(for example with cytohesin at the plasma membmneaith ARNO at endosomal compartments). While
shown from the T cell side, this complex may welpgort a parallel mechanism on the APC (antigen-
presenting cell) side. SE: sorting endosome; T@ s Golgi network; Pl: phosphoinositol. Modifiedrh
[98].

Altogether, Cybr's localization has emerged as dyicaand varied. Endogenous Cybr
localization has been shown to be both endosontlcgtoplasmatic, depending on the cell-type
examined. Cybr can translocate to and from thenmasnembrane and/or cell cortex upon
stimulation in a variety of contexts (for exampl&E PMA, cell adhesion, immune synapse
formation) (Fig. 5). This localization pattern segted functional roles of Cybr in ARF vesicle
formation [101], endocytic trafficking and/or sidimg [99], regulation of TCR signaling [97] and
regulation of dendritic cell-T cell interaction t@® during the screening process for antigen-specifi
T cells [100]. In particular, the Cybr translocatim DCs to the immunological synapse is critical
for efficient cell-cell interaction and detachmealtpwing DCs to rapidly contact and subsequently

leave T and B cells in their search for a T or B imeeptor corresponding to the presented antigen.
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A reduction in the efficiency of these interactiplesding to longer and less cell-cell interactions
each case, would cumulatively promote a delayed raddiced migration of immune cells to
appropriate tissue sites [102]. Indeed, reducedr G3ipression in DCs, leads to a longer
interactions due to a reduced detachment duringeptation to lymphocytes, aimal vivo setting,
this would wreak havoc on the process of screemaige lymphocytes to an efficient activation and
proliferation [100],[102] (Fig. 6).
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Figure 6. A model depicting the role of Cybr expression in antigen presentation by dendritic cells. A)
In normal conditions, antigen presentation at ymeph node involves interactions between DCs anellE ¢
which include engagement, presentation and disemgeagt, followed by proliferation and migration of
activated T cells. B) In the absence of Cybr, &ctlisengagement is impeded, resulting in a bottlerffect
where ultimately fewer T cells are being primedjated and exiting the lymph node and blood streasn
evidenced in several distinct studies [103],[1®@§][examining Cybr knockouts from both the T celtldDC
side. Modified from [98].
4.4 Functional characterization in the context of immunity: insights from Cybr-knockout
mouse models

Forin vivo characterization of Cybr, tw@ybr-deficient mice were created, one by replacing
parts of exon 2 and exon 3 by enhanced EGFP-ergadiguence [103], the other by the removal
of exon 1 using the cre-lox system [104]. In botbuse models, the lack of Cybr only marginally
affects the development of the immune system. Aomidevelopmental ofCybr-deficient
hematopoietic stem cells relative to wild-type salh a bone marrow competitive repopulation
model, was interpreted as not substantial, thusdleeof Cybr was rated as nonessential, possibly

due to functional redundancy with other proteir@3jL

26



However,Cybr-deficient mice older than 6 months display fewiecudating white blood cells
and lymphocytes in the inguinal lymph nodes [18]th regard to functional activity, leukocytes
trafficking was only impaired in stress conditiomamely Thl-polarized milieu. In an aseptic
peritonitis modelCybr-KO mice showed a significantly lower number of ipmreal inflammatory
cells than wild type controls and only a limitediwetion in the number of circulating WBC, due to
the fact that neutrophils fail to efficiently exihe bloodstream. Moreover, the CD8-mediated
immune response to Moloney murine sarcoma virusM®Y) is significantly delayed, in
accordance with the impaired trafficking capacityyonphocytes [104], and the finding that Cybr-
silenced human dendritic cells show a reduced #$itory capacity for antigen-specific CD8
positive T-cells [100].

Contrasting results were obtained by Heib and aglkes [105] in a contact hypersensitivity
model inCybr-KO mice. Indeed, in deep contrast with human D@ytfound that murin€ybr-KO
dendritic cells display a greater ability to actevd@ cells [105]. Differences in the mouse model
used and technical procedures can account fodibtsepancy, but also a different Cybr expression
between humans and mice has to be considered.dnasg-time PCR has shown that normal Cybr
expression in mice is markedly lower than in humaresticularly in the thymus (~ 7-fold) and
lymph node (~ 20-fold) [103].

Overall these observations point to a role for Cybra number of critical aspects of the
immune response. Indeed, Cybr deficiency may affgotphocyte interaction with vascular
endothelial cells during rolling and extravasationhoming to tumor and infection sites and/or
lymphoid organs, efficient migration and presewoiatof antigen by DCs to lymphocytes, and
cytotoxic T lymphocytes interaction with cells tatgd for destruction. Despite the fact that, due to
the presence of redundant proteins, Cybr may nesbential in immunity under normal conditions,
but it turn out to be a streamlined protein thagatlly ameliorates the efficiency of the immune

system under circumstances of significant stress.

5. Tumor immunity and tumor antigens

5.1 Cancer immunoediting: from immunosurveillance to immunoescape

Cancer immunology is the study of interactions lesmvthe immune system and cancer cells.
Progresses in the knowledge of the cell-mediatehune response function and of the tumor’s
biology disclosed that a competent immune systesrahiey role in the prevention and treatment of
cancer. The immune system has the ability to rezegantigens continuously generated by genetic

and epigenetic events in the tumor [106],[107] aady out humoral and cell-mediated responses
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directed against tumor cells, potentially inhibitithe tumor development. The discovery of over
1000 human tumor antigens and clinical evidencepated the fundamental concept of cancer
immunosurveillance, developed first in 1957 by Birand Thomas. They proposed the theory
that lymphocytes act as sentinels in recognizing atliminating continuously arising, nascent
transformed cells. Cancer immunosurveillance agpeaibe an important host protection process
that inhibits carcinogenesis and maintains regekliular homeostasis [106]. Important proofs
came from studies conducted on immunodeficient raioe in particular in mice lacking B and T
lymphocytes and STAT-1 (the transcription factoattinediates the IFN-signaling) in which it
was demonstrated a higher incidence of adenomas afe&hocarcinomas compared to
immunocompetent control mice. In human malignamhdrs, the presence of leukocytes with
specific properties of inhibiting the establishmant growth of tumor cells, was known since the
1970 [108],[109]. Moreover, recent observationsdate that the infiltration of tumor by T cells is
an important predictive marker of survival in salecancer types (e.g. ovarian and colorectal
cancer) [110], [111].

During the tumor growth, continuous interactionswaen tumor cells and immune system
take place at tumor site and at tumor draining-lgmpode. In the initial phases of tumor
development, even few antigenic differences betwesamal and mutated cells and the disruption
of tissue homeostasis could activate local innatmune responses, mediated by macrophages,
natural killer T cells (NKT) and natural killer ¢&l(NK) [112]. Local inflammation recruits
dendritic cells and promotes their maturation angration to lymph nodes, where they become
able to activate B and T cells, the effectors ceflthe specific anti-tumor immune response. In
tumors there is a synergy between the innate aagtia@d immune response that maintain the
malignant growth under control in a dynamic equilim. However, under the immunological
pressure, some tumors could acquire mechanismsaideeor suppress the immune attack, thus
surviving in the immunocompetent host [113].The duravolution in immunocompetent hosts is
therefore associated with the selection of scarceigunogenic cells and/or cells which are able to
escape the immune-mediated effector mechanismsahéd allow the tumor reject, as proposed by
Dunn, OIld and Schreiber [114],[115],[116] in thencept of immunoediting The tumor
immunoescape include alterations of immune effeat@chanisms and/or acquisition by tumor
cells of the resistance against the immune respofisere are different mechanisms of tumor
immune escape, for example the loss of compondrttsegrocessing and presentation of antigen
system, such as large multifunctional protease (LMRd transporter associated with antigen
processing (Tap), the downregulation of expressioRlHC and co-stimulatory molecules as well

as tumor antigens, especially the most immunogdidi¢]. Furthermore, tumor cells could acquire
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a resistance to CTL lysis [118], and the capadtproduce cytokines that inhibit T-cell responses,
such as TGH- or IL-10 [119], or could induce the apoptosis oflymphocytes [120]. Tumor
microenvironment, moreover, could supply signalat tblock the development of the innate
immune response and consequently the inflammateagtion [121]. In addition, tolerance or
suppression of T lymphocytes can be induced byiteeent of myeloid-derived suppressors cells
(MDSC) or other suppressors cells as NKT or T ragul cells [122],[21].

5.2 Tumor antigens

Tumor antigens are produced in tumor cells, ang tten trigger an immune response in
the host. The first proof of the presence of imnmgeroc molecules on tumor cells was
demonstrated in chemical tumorigenesis studiesyhith sarcomas methylcholanthrene-induced
and then surgically removed, were rejected whemspianted in original hosts, while caused death
in syngeneic previously untreated mice. Furthedistirevealed that the tumor rejection was related
to the recognition of molecules present in theaxefof transformed cells, called tumor antigens, by
the host immune system. Tumor antigens were braadssified into two categories based on their
pattern of expression: Tumor-Specific Antigens () S#hich are present only in tumor cells and
not in normal cells and Tumor-Associated AntigeR&8A), which derive from not mutated
proteins, are specific for particular cell lineagesl are present in tumor cells but also in normal
cells, even if at lower levels [117],[123].

Three classes of TAA can be distinguished:

* Oncofetal antigens. These proteins are normally expressed in the stalyes of embryonic
development and disappear when the immune systéuflyisdeveloped in adult tissues-:
fetoprotein (AFP) and carcinoembryonic antigen (§Eke well characterized oncofetal
antigens. AFP is a-globulin that is normally produced in the yolk sad liver during fetal
development, and successively is replaced by albufirelevant increase of AFP levels
can be a symptom of a tumor mass presence inviledr in germinal cells [124]. CEAis a
membrane protein that belongs to Ig family, priatiyp expressed in the gut, pancreas and
liver during the first six months of gestation. Tiherease of CEA concentration is associate
with colon tumors. The oncofetal antigens are nahunogenic, but they can be used for

diagnosis and to monitor an anti-tumor therapy prognosis [125].

» Cancer/Testis antigens. Cancer/testis (CT) antigens are a category of tuantigens with
normal expression restricted to male germ celkhéntestis but not in adult somatic tissues.

In malignancy, this gene regulation is disrupteskuiting in CT antigen expression in a
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proportion of tumors of various types [126]. Chaeaistics commonly shared by CT
antigens, aside from the highly tissue-restrictegression profile, include existence as
multigene families (namely MAGE, BAGE, GAGE, RAGRY-ESO-1), frequent mapping
to chromosome X, heterogeneous protein expressioaricer, likely correlation with tumor
progression, induction of expression by hypometiilaand/or histone acetylation, and

immunogenicity in cancer patients [127].

» Tissue-specific or differentiation antigens. These antigens are encoded by genes expressed
in tissue-specific manner which, in particular éiéintiation stagesf cell cycle or tissue
development, and can induce a T cell response. gnihiese antigens, melanocyte
differentiation antigens (gp100 protein, MART-1/MEN-A and tyrosinase) are important,
as they were first identified in melanoma, but alsonormal melanocytes [128]. Other
examples are components of clusters of differantigiCD) on lymphocytes, such as CD10
or CALLA (Common Acute Lymphoblastic Leukemia Argig), a molecule expressed on
normal pre-B lymphocytes and on mature neoplastynibhocytes [129], and the Prostate-
Specific Antigen (PSA), a serine protease syntleelsin epithelial cells of prostatic and

vesical cancer, thus used as humoral marker fatatio carcinoma [130].

» Altered cel surface glycolipidic and glycoproteic antigens. This class of antigens
includes gangliosydes, mucins, glycolipids and gpyoteins expressed at unusually high
levels on cell surface of several tumors. It isspreed that their presence can promote the
invasion of surrounding tissues and the metaspaiicess. They can be used as anti-tumor
vaccines for their ability to stimulate the prodantof IgM and 1gG against tumor cells.

The group of Tumor Specific Antigens comprises:

» Antigens encoded by mutated oncogenes and tumor suppressor genes. Two groups of
genes are included in this category: proto-oncagiewhich normally are silent and when
activated or overexpressed become oncogenes arat guppressor genes involved in the
regulation of cell cycle, which inactivation detenes the production of mutated or the
absence of proteins. Mutations of oncogenes agnent, for example the p53 protein that
if mutated is recognized by specific CTLs [131].wéver, also the native form of p53, as
the protein encoded by Her2/Neu oncogene, is abtgeherate a specific CTL response, if

produced in large amounts compared to normal |18[3].
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Oncogenic viruses encoded antigens. Both DNA and RNA viruses can be involved in
tumors development, in animal models and human8][1Several viruses own in their
genome well-known oncogenes inducing therefore tanmand are defined as “acutely
transforming viruses”, for example the Rous sarcomss and the Kirsten murine sarcoma
virus. On the contrary, other viruses do not cantaicogenes in their genome, but are also
able to induce tumors several months or years dfterinfection and are known as
“chronically transforming viruses”. Thegan induce tumors not only by insertional
mutagenesis, but also by expressing proteins titetfere with the activity of cellular genes
and proteins involved in the growth, the differatibn or the transcription in normal cells.
Examples of human oncogenic virus are representétBY (Epstein-Barr Virus), HTLV-1
(Human T-lymphotropic type | Virus), HPV (Human RHekpma Virus), HBV (Hepatitis B
Virus), HCV (Hepatitis C Virus) and KSHV (Kaposi&arcoma Herpes Virus).

Among murine tumor viruses, we focused our attenta the Moloney murine sarcoma
virus/Moloney murine leukemia virus retroviral coleyp (M-MSV/MuLV), described in
depth in the next Section, as a model in which attarize antigen-specific T cell responses.
Indeed, from an immunological and immunotherapaltigoint of view, viral tumor
antigens represent a privileged group of antigerdeed, due to their non-self origin, they
are potentially able to induce even strong immuesponses without the need to break

tolerance.

31



6. Experimental model: the M-M SV/M-MuLV retroviral complex

Moloney murine sarcoma virus (M-MSV) is an acutdéhansforming type C murine
retrovirus, containing the oncogen®sin its genomeMos encodes for a kinase protein that is
responsible for the transformed phenotype. The g&oe insertion in the viral genome determined
the deletion of envelope-encoding sequences; threreM-MSYV is replication-defective and needs
the helper activity of the chronic transforming Moéy murine leukemia virus (M-MuLV).
Consequently, M-MSV particles as well as the vinfected cells have the antigenic specificities
associated to the helper virus M-MuLV. M-MuLV genems constituted bgag pol andenvgenes,
by the LTR sequences and the encapsidation seq&ericegag pol, andenvgenes encode for the

viral core proteins, for the reverse transcriptaseyme and for the viral envelope, respectively
(Fig. 7).

LTR LTR
[Feme T bo ISR [] v-muLv
LTR LTR

M-MSV/M-MuLV = | mos | M-msv

retroviral complex

Yoy £ s /0y
C57BL/6

Tumor size

Days after M-MSV
3 6 9 12 15 injection

Figure 7: Experimental model of the viral oncogenesis. Intramuscular injection of the M-MSV/M-MuLV
retroviral complex in immunocompetent C57BL/6 (BBice causes sarcomas to develop at the inoculation
site, followed by subsequent spontaneous tumoess@n.

The gag gene contains the information for two principagéqursors, the 65 kDa (P69
protein that is phosphorylated and cut in smalleteins respectively of 15, 12, 30 and 10 kDa
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(p15, p12, p30 and p10), which constitute the vigbside proteins, and the 80 kDa (gP80
protein that contains a N-terminal additional pmwtiand is glycosylated starting from a 75 kDa
precursor (Fig. 8). gPr8% has no function for the replication of M-MuLih vitro, but it is
necessary for the efficient diffusion of viral iofon and for the pathogenesis vivo. The
translation of this second precursor does not bigim the ATG of Pr6%“ (located at base 621
of the viral genoma), but from the upstream CTGgstermining the translation of an additional
region in respect to the N-terminal of the pro{did4].

15 12 30 10
NH; i Y! e S i E COOH gPrgo9ad
N el ez v e w0 possa0 L gpss9an . gpagea
l (surface) (extracellular)
15 12 30
NH, [ Y: = F i |~ COOH gpg5929
(surface)
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NHy — P (& COOH Pre592d
&
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NHy ——  PF= ¢ * F & COOH
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Figure 8: Synthesis and post-translational modifications of the Gag polyproteins in the leukemia
murine viruses (MLV). The scheme represents the metabolic pathways afogilated and non
glycosylated MLV Gag polyproteins. The aminoacisijuences of the two forms are identical, excapt fo
the N-terminal region, showed in grey. The locdl@a of the glycosydic groups is indicated by the
branched structures. Moreover, the phosphorylatind the proteolysis of the 65 kDa precursor are
represented. The proteolysis produces the intestnattural proteins of the mature virion. The numsbe
indicate the protein molecular weight expressekDa (ppl2 = phosphoprotein of 12 kDa).

Theenvgene encodes for a 80 kDa (gPt80precursor, that is glycosylated and cut in two
proteins: gp78" that is involved in the entry of the virus in thellc and p18"™, the most
hydrophobic protein of the viral particle that dafound associated to the virion and infected cell

membrane.
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Intramuscular injection of the M-MSV/M-MuLV retrandl complex in immunocompetent
C57BL/6 (B6) mice, not older than 10-12 weeks, esusarcomas to develop at the inoculation
site after a short period of latency. Sarcomasirélae maximal growth about 10-12 days after the
injection; subsequently, tumors regress spontamgawsil they completely disappear [135].
Studies previously conducted in our laboratory destrated that this spontaneous regression is
due to the induction of a strong virus-specific ioma reaction, primarily mediated by CTLs
specific for viral antigens. The T population inigg was demonstrated to be crucial in
contrasting the M-MSV tumors development, and iaraing their regression [136].

Using different approaches, two works led to thdiniteon of two M-MuLV specific
antigenic epitopes, one from gP80and the other one by gp70 The first one, namely Gagos
(CCLCLTVFL) presented in the context of H-2@llele, was identified as the immunodominant
epitope by Chen and colleagues [137]. They stuttiedesponse generated by the immunization of
B6 mice with FBL-3 cell line, a murine leukemiaginally induced by the Friend leukemia virus.
The Friend leukemia virus and the Moloney virusohglto the same group and share an elevated
Gag sequence homology. The second peptide wasilibbdry Sijts e colleagues [138]. It is an
optameric epitope, situated in position 189-196hefgp76"* aminoacidic sequence (SSWDFITV)
and is presented in association with the H-2liele.

Previous experiments carried out in our laboratooypfirmed the immunodominance of
Gags.ozpeptide in terms of frequency of Gag-specific-pAmlmice that regressed a M-MSV/M-
MuLV induced sarcoma, as assessed by limiting idituanalysis (LDA) technique. The majority of
the tumor-specific CTL response is therefore dedctgainst this epitope while the pCTL

frequency that recognize Eny.196iS conversely much lower (8%) in regressors miGo].

34



AIM OF THE PROJECT

Cybr is a scaffold protein mainly expressed inlibenatopoietic cells and involved in the assembly
and recruitment of protein complexes associatetl watracellular trafficking and signaling. These
characteristics place Cybr in a crucial positiorcemtrol cell adhesion, cell-cell interactions, and
migration of cells of the immune system.

This research project aimed at characterizmgivo the physiological role of Cybr in the cell-
mediated immune response in a mouse model of sardoduced by the M-MSV retroviral
complex. By taking advantage of @ybr-deficient mouse strain, we focused our attention
principally on T cells dynamics in tumors, spleansl lymph nodes. In particular, we compared the
phenotype, the antigen specificity and the lytiovaty of Cybr-KO and wild type T cells at the
peak of tumor growth and after its spontaneousessyon. Furthermore, we investigated the
priming phase and the tumor homing capacity of e&ybr-deficient/GFP T cells adoptively
transferred in M-MSV tumor-bearing Rag2yt-/- mice.
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MATERIALSAND METHODS

1. Mice

All mouse strains were houséd our Specific Pathogen Free (SPF) animal facilRyocedures
involving animals and their care were in conformatigh institutional guidelines that comply with
national and international laws and policies (DLIL6/92 and subsequent implementing circulars).
The experimental protocols were approved by thall&thical Committee of Padua University
(CEASA). Mouse strains used for this study are rigabas follows:

C57BL/6 (B6) mice. 6-8-week-old female C57BL/6 (B6) mice (M)} 2vere purchased fro@harles

River Laboratories (Calco, Como, Italy).

C57BL/6-Tg (UBC-GFP) mice. These transgenic mice were purchased fi©harles River
Laboratories and are hereafter indicated as as B®&/@ice. They express the enhanced Green
Fluorescent Protein (eGFP) under the transcriptionatrol of the human ubiquitin C promoter.
Mice homozygous for the transgene are viable,légntiormal in size and do not display any gross
physical or behavioral abnormalities. Some hema&tigocell types display distinct expression
levels of GFP, allowing identification of differenéll types by cytometry analysis. GFP expression
is uniform within a cell type lineage and remaimsistant throughout development. T cells have a
2-fold higher GFP expression than CDB220" B cells or peripheral blood cells.

Cybr-deficient mice. This strain was generated and kindly providedGmppola and colleagues
[104]. The Cybr-specific targeting vector was obéal by DNA recombinant technology. Briefly,
an 8.8-kb DNA fragment containing Cybr exon 1 (EXBs retrieved from BAC 265C23 (ResGen;
Invitrogen Corp., Huntsville; AL) and inserted intine targeting vector. Subsequently, by
recombination in the DY380 bacterial strain, a lost¢ was introduced 83 bp upstream of EX1.
Finally, a cassette containing the neo resistaeoe lanked by both loxP and Frt sites was placed
63 bp downstream of EX1Cybrmutant mice were generated by a standard genetiagg
approach using the CJ7 embryonic stem cell linegprasiously described. Removal of EX1 was
accomplished by crossing the offspring of chimewvéh the targeted allele to a Cre deleter strain.
Resulting mice were negatively selected for thesgmee of Cre and backcrossed with B6 mice for
nine generation in the original animal facility,danp to generation 22 after being imported in our

facility, before being used for experiments.
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Cybr-deficient/GFP mice. The Cybr-deficient/GFP mice were obtained by crossyipr-deficient
mice with UBC-GFP mice for 8 generations. The cglaras screened at each generation by PCR
to detect the homozygosity of the mutated forn€gbr, and by flow cytometry analysis to detect

the homozygosity of GFP expression in the blootscel

C57BL/6 Ragz-/- yc-/- mice. These mice were purchased fr@mconic (Laven, Denmark). The
common gamma chain knockowgc{/-) mouse lacks functional receptors for manyokyies
including IL-2, IL-4, IL-7, IL-9, and IL-15. As aansequence, lymphocyte development is greatly
compromised. The mouse lacks natural killer (NK)scand produces only a small number of T and
B cells. To eliminate the residual T and B cellss tmouse was crossed to the Rag2 (recombinase
activating gene 2) deficient mouse. The double koot lacks T cells and B cells, due to the
inability to initiate V(D)J rearrangement, and lagK cells. Double knockout mice were found to
appear normal except for thymuses, spleens andhymges, that were small and hypoplastic. No
detectable alterations were observed in otherdssested. In the Results section they are referred

to as Rag2-/yc-/- mice.

2. Mouse DNA extraction

Genomic DNA was obtained from mouse whole bloodectéd by retrorbital puncture under

isofluorane/oxygen anesthesia and purified by ustogegene Blood Kit (Qiagen, Milan, Italy).

After treatment with EDTA (pH 8, 0.5 M) as anticodant, erythrocytes were lysed using RBC
(Red Blood Cells) lysis solution 1X (Qiagen). Whiteod cells (WBC) were lysed with an anionic
detergent (Cell Lysis Solution, Qiagen), and RNAswamoved by treatment with a RNase A
solution (Qiagen). Other contaminants, such asprst were removed by salt precipitation (Protein
Precipitation Solution, Qiagen). Finally, the genor®DNA was recovered by precipitation with

isopropanol, washed with ethanol and resuspendstiite water. The DNA was stored at -20°C.

3. PCR for Cybr-deficient mouse screening
Genomic DNA samples extracted from WBCsQybr-deficient/GFP mice were tested by PCR in
order to detect the mutant form Glbr gene.Cybr-deficient DNA was used as positive control.
The following primers were used:

A) 5-GAGTATCAAACTCTATGTTCCGGCTG-3

B) 5-GGAATAAGGCTGGTAGTCAAAG-3’

38



C) 5-GAGAGGGGCGGATCAATTCATAACT-3

PCR conditions were the followings:
1) 96°C 2 min;

2) 94°C 1 min;
3) 53°C 1.5 min;
4) 72°C 3 min;

Steps from 2 to 4 were repeated for 40 cycles;
5) 72°C 10 min;

6) 4°C hold.

The expected resulting fragments were 600 bp quoreting to the wild type gene, and 340 bp
corresponding to th€ybr-KO gene. PCR-amplified DNA samples were then ebgttoretically
run on a 2% agarose gel.

4. Preparation of blood samples for flow cytometric analysis of Cybr-
deficient/GFP mice

Mouse blood samples were collected in a tube widiT & to avoid blood coagulation. RBCs were
lysed for 7 minutes at 37°C with 0.83% MH (Sigma, Milan, Italy) and then washed with PBS.
This procedure was repeated twice. WBCs obtaine wesuspended in 250 PBS and flow

cytometry analysis was performed to detect Gégls.

5. Tumor cdl lines

MBL-2, a T cell leukemia cell line (H® derived from a M-MuLV-infected B6 mouse, were
cultured in Dulbecco’s modified Eagle’s medium (DMEsupplemented with 2 mM-glutamine,
10 mM HEPES, 2@M 2-mercaptoethanol, 150 U/ml of streptomycin, 20@nl of penicillin and
10% of heat-inactivated fetal bovine serum (FBS).réagents were purchased from GIBCO BRL
(Monza, Italy).

6. Virus preparation and M-M SV tumor induction
The cell extractgontaining defective M-MSV copelleted with its natuhelperM-MuLV (M-

MSV/M-MuLV) were prepared from primary sarcomasundd by serigbassages in 1-week-old
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BALB/c mice, which had ain vitro M-MSV titer of 3 x 16 PFU/mI on 3T3/FLcells. M-MSV
extract (100 pl) was injected intramuscularly ie tihigh region of adult mice, which developed
sarcomas at the site imfjection that underwent spontaneous regressiohinvit5-20 days. Tumor
growth was monitored daily by caliper measuremesitsting 6 days after inoculation when

sarcomas become apparent and until day 20 whernrsuiisappear.

7. Histological analysis

To study the infiltrating cell population in M-MSwWduced tumors ofcybr-KO and B6 mice,
animals were sacrificed at different days. Tumoeserexcised, formalin-fixed (PFA 1%, Thermo
Scientific, Milan, Italy) for 1 hour and then trdesed in PBS 20% sucrose (Sigma) for the
hematoxylin and eosin (H&E) staining. Alternativellgey were frozen in OCT (Bio-Optica, Milan,
Italy) for the immunohistochemical (IHC) analys@$igh muscles from normal B6 ar@ybr-KO
mice were used as negative controls. The H&E ar@ $khinings were performed in collaboration
with the group of Professor P. Musiani, Departn@n¥iedicine and Aging Science, University of
Chieti, Italy. For the IHC staining, the sectioneres incubated with the following primary
antibodies: rat anti-mouse CD4 (clone H129.19), €8one 53-6.7), CD11b (clone M1/70), Ly-
6G and Ly-6C (clone RB6-8C5), CD45R/B220 (clone ReER) (all from BD Pharmingen,
Buccinasco, lItaly), CD68 (clone FA-11; Abcam, Caitpe, UK), FoxP3 (clone FJK-16s;
eBioscience, Milan, Italy) mAbs; Armenian Hamstertianouse CD11c mAb (Clone HL3, BD
Pharmingen). After incubation with the appropriséeondary antibodies, immunocomplexes were
detected using Bajoran Purple Chromogen SystemcéeoMedical, Concord CA, USA), and
Vulcan Fast Red (Biocare Medical).

8. TIL isolation

Tumors excised at different time points after M-MSKjection were dissociated using a
combination of mechanical tissue disruption andyeraic digestion with a mixture of DNAse |

(270 U/ml), Collagenase (200 U/ml) and laluronidé&3® U/ml) for 40 min at 37°C (all reagents
were from Sigma). Cells suspensions were then wdagiaece and the tumor infiltrating

lymphocytes (TIL) were analyzed at FACSCalibur (BD)

9. Mixed Leukocyte Tumor Cell Cultures(MLTC)

Mouse spleens were removed at different time paftey M-MSV injection and MLTC cultures
were set up byn vitro restimulation of 25 x 1splenocytes with f&syngeneic irradiated (60 Gy)

MBL-2 cells. Cell cultures were maintained in DMEM)% FBS, in 25-chtissue culture flasks
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(Falcon, Becton Dickinson) for 5 days at 37°C, 5@,@nd then tested for Iytic activity in°&Cr

release assay.

10. Peptides

The Envge.1e6 (H-2KP-restricted; SSWDFITV) peptide was obtained fronmcAreogen (Naples,
ltaly). The Gags.o3 peptide (H-2B-restricted; CCLCLTVFL) was modified by replacingSH
groups with —OH groups, because it contains 3 pys$eforming disulfide bonds that avoid the
correct biomonomer/tetramer folding. The modifiegpppde Abu-Abu-Leu-Abu-Leu-Thr-Val-Phe-
Leu (Gag/Abu, a-aminobutyric acid [140]) was thus synthesized ke tCentro Ricerca
Interdipartimentale Biotecnologie Innovative (CRIBdf Padua University. All peptides were
purified by high-performance liquichromatography (HPLC) reaching a purity of >95%.
Lyophilized peptides were finally dissolved in DM&010 mM (Sigma) and stored at -80°C.

11. MHC-biomonomer and MHC-tetramer preparation

The synthesis of MHC-peptide tetrameric complexselsased on the use of prokaryotic expression
systems for MHC class | heavy chain g#tmicroglobulin. The MHC heavy chain (H-20or
Gag/Abu peptide and H-2Xfor Env peptide) was modified by substitution bé transmembrane
and cytosolic domains with a signal sequence coimigiia biotinylation site for the enzyme BirA.
The MHC heavy chaif}2m and epitope peptide were subjected to a refgldivitro in Tris-HCI

pH 8, L-Arginin-HCI, NaEDTA, oxidized glutathionend reduced glutathione (Sigma). The
complex was isolated through dialysis, concentrated purified by HPLC to separate monomers
from unconjugated components. Monomers were theyneatically biotinylated by the enzyme
BirA. The biomonomers obtained were purified anentlguantified with a spectrophotometer. The
tetramers were finally assembled with phycoerytifRit)-conjugated extravidin (Sigma) for the
subsequent use of tetramers in flow cytometry amslyrhe MHC-tetramers obtained were stored at
4°C. The correct volume of extravidin-PE and hetieeefficiency of tetramerization was verified
by ELISA. Briefly, 96-well plates (Maxisorb, NUN@®ochester, NY, USA) were coated overnight
(ON) at room temperature (RT) with rabbit anti-humfi2 microglobulin antibody (1:5000 in PBS
1X; Genetex, Irvine CA, USA), that recogniZ¥s microglobulin of free biomonomers. The coating
was then removed and the assay buffer (AB: PBRUXBSA, pH 7.4) was added for 1 hour at RT
to saturate the aspecific sites. After three wastids wash buffer (WB: Tris HClI 50 mM, 0.2%
Tween 20, pH 7.4), serial dilutions starting fromut/ml of Gag or Env tetramers or the
corresponding biomonomers were added for 1 hoRTatThe Gag and Env biomonomer solutions

were used as positive controls. The plates wera thashed three times with WB and Poly-
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Horseradish Peroxidase-Streptavidin antibody (1005@ AB; Endogen, Rockford, IL, USA) was
added for 1 hour at RT. After three washes with WERD solution ¢-Phenylenediamine
dihydrochloride, Sigma) was added for 3-5 minu@sthe detection of peroxidase activity. The
reaction was finally stopped with HCI 3N and thes@ibance was read at 490 nm in the ELISA
plate reader (Victor X4 Multilabel Plate Readerrke EImer, Santa Clara, CA, USA).

12. Cdll staining and flow cytometry analysis

To assess clonal dynamies vivq fresh lymphocytes were isolated from lymph nodiesiors and
spleens at different time points, and labeled BithGag(Abu) or K-Env tetramer-PE5 pg/ml) for

20 min at room temperature. Each samyds then stained with the APC-conjugatadanti-mouse
CD8a (clone 5H10; Invitrogen, San Giuliano Milanekaly) or the isotype control for 30 min at
4°C and then analyzed on a FACSCalibur. Data delteevere evaluated with FlowJo software
(TreeStar Inc., Olten, Switzerland). Cells from nojected mice were used as negative controls,
while Gag- or Env-specific cytotoxic T lymphocytelsnes, previously obtained in our laboratory,

were used as positive controls [141].

13. Cytotoxicity assay

The cytotoxic activity of MLTC was assessed in a[Zftr]-release assay after 5 days of culture.
Briefly, MBL-2 cells were labeled for 1 hour at 37°C withO3(Ci of N&°’CrO, (DuPont, Boston,
MA, USA), washed twice and added to the effectettsplated in serial dilutions, starting from an
effector/target (E/T) ratio of 100:1. Triplicates feach assay condition were set in round-bottom 96
well plates in a final volume of 20QL/well. The supernatant was collected after 4 hcamd
radioactivity was assessed using-eounter (Cobra Gamma Counting System, Packardumsint
Company). The percentage of specific lysis wasutaled as [(cpm experimental release — cpm
spontaneous release)/ (cpm maximum release — cpmaspeous release)] x 100. Where indicated,
cytotoxic activity was expressed in terms of Lytloit (LU)30 or LU;s (number of effectors in 1 x
10° of total effectors, which cause 30% or 15% of lysis

14. Adoptive Cdl Therapy (ACT)

Single-cell suspensions were obtained from sple¢idBC-GFP and Cybr-deficient/GFP donor
mice. Naive T cells were isolated using Pan T m=allation kit Il (Miltenyi Biotec, Calderara di

Reno, Bologna, Italy), according to the manufacturestructions. Briefly, splenocytes were
resuspended in staining buffer (PBS pH 7.2, 0.5%ngoserum albumin-BSA, and 2 mM EDTA)

and incubated at 4°C for 10 min with the proper anmt@f Biotin-Antibody Cocktail. This cocktalil
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comprises biotin-conjugated monoclonal antibodgesrest CD11b, CD11c, CD19, CD45R (B220),
CD49b (DX5), CD105, MHC class Il, and Ter-119. Mibeads conjugated to an aiotin mouse
mAb were then added for additional 15 min. Afteisiag, purified naive T cells were obtained by
magnetic negative separation using a LS column.iddiated populations were stained with APC-
conjugated rat anti-mouse CD8a (clone 5H10, Ingiérg, CD19 (PeCal; Immunotools, Friesoythe,
Germany), F4/80 (clone BM8; Biolegend, London Uthd PercP-conjugated rat anti-mouse CD4
(clone GK1.5; Biolegend), and Armenian Hamster -amiuse CD3e (clone 145-2C11, BD
Pharmingen), to assess their purity by flow cytognenalysis. A total of 10 x fonaive T cells
were then injected into the tail vein of recipi@AG2-/- yc-/- mice after M-MSV injection. Mice
were daily monitored for tumor growth by caliperasarement. Moreover, at different time points
and until day 29 after the M-MSV and T cell injectj blood was collected and analyzed by flow
cytometry. WBC were stained with the Armenian Hamsinti-mouse CD3e (clone 145-2C11, BD
Pharmingen) or the isotype control for 30 min af 4thd then analyzed on a FACSCalibur. At day
32, tumors, spleen and lymph nodes were colleateldamalyzed for the presence of GFP T cells.
Each sample was labeled witf-Bag(Abu) or K-Env tetramer and then stained with the APC-
conjugated rat anti-mouse CD8a (clone 5H10, Ing&rg or the isotype control for 30 min at 4°C
and then analyzed on a FACSCalibur. Data collectede evaluated with FlowJo software

(TreeStar Inc.).

15. Statistical analysis

For the kinetics data, ANOVA for repeated measurgse/as performed to determine a significant
difference between the tumor growth in control &ydr-deficient groups. P< 0.05 (*) and P<0.01
(**) were considered to be statistically signifitatatistical differences between mean values of
lymphocytes numbers, CD8CD8/Gag and CD8/Env’ CTL expressions were calculated with
the Student test for independent samples.
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RESULTS

1. Assessment of growth kinetics of M-MSV/M-MuLV-induced sarcomasin wild
type and Cybr-deficient mice

To assess the potential role that Cybr could play in the immune response mediated by T
lymphocytes, we took advantage of our knowledge of MSV mouse model, which had been
previously characterized in depth in our laboratory. Briefly, the intramuscular injection of M-MSV
causes sarcomas that develop at the inoculation site, after a short period of latency. Subsequently,
tumors regress because of a strong immune reaction primarily mediated by CTL specific for viral
antigens [141]. Thus, Cybr-deficient and wild type B6 mice were injectegiramuscularly with the
retroviral complex and the tumor growth was momtbiup to day 20 after virus injectiofihe
incidence of tumor development in Cybr-deficient mice appeared slightly higher (67 out of 76,
88%) compared to wild-type mice (64 out of 86, 74%). Notably, Cybr-deficient mice developed
larger sarcomas that additionally underwent regpassith a slower kinetics in contrast to that
observed in control mice (P < 0.001; Fig. 1). Furthermore, we noticed, that such difference was
more evident from day 11 to day 15 after virus injection, which corresponds to the phase where the

tumors reached the maximum size.

12 -
—0— WT (n=86)
11 4 [=#— cYBRKO (n=76)
10 4
9 -l

Tumor size (mm)
(o]
1

6 7 8 9 10 M1 12 13 14 15 16 20

Days after M-MSV injection

Figure 1. Analysis of M-M SV-induced tumor growth in Cybr-deficient mice. Cumulative kinetics of
tumor growth inCybr-knockout (filled circles) and wild type controttirmates (open circles). Sixty-seven
out of 76 (88%) Cybr-deficient and 64 out of 86 (74%) wild-type micevelmped sarcomas after the
intramuscular injection of M-MSV. Tumor size (in llimheters) was monitored up to day 20. P < 0.001
(ANOVA Repeated measures analysis of variance).
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2. Histological and immunohistochemical analyses of Cybr-KO mouse tumors.

Based on the information of tumor growth kinetics Gybr-deficient and wild-type mice, we
decided to study the immune cells infiltrating thenor site at different days during cancer
development and regression. Indeed, our purposetavdstect any possible difference in the cell
types infiltrating tumors betwee@ybr-deficient and B6 mice, to gain insight about patdn
mechanisms involved. Thus, mice were injected wiitl retroviral complex and sacrificed at
different time points. Tumors were then collectead aevaluated by H&E staining and by
immunohistochemistry. Representative images of tuseotions from day 9 to 15 of H&E staining
are reported in Figure 2.

We could not notice apparent differences in ther@lamount of tumor cellular infiltrate between
the two groups. In both of them, the infiltrate dwally increased from day 9 to day 13 to gradually
decrease thereafter, as expected by the resolafidhe inflammatory process. Conversely, the
immunohistochemical analyses (Fig. 3) showed soifferehces in terms of the cellular types
infiltrating the tumors. As it can be observed épresentative tumor sections at day 12, the day of
the maximal tumor growth, the rich inflammatoryilinhte appeared to be mainly constituted by
cells of the myeloid lineage: neutrophils expreg<Br-1, macrophages expressing CD11b and, in a
large percentage, also CD68. Only a few CD1dendritic cells were present. No significant
differences in myeloid infiltrate were evident betm the two strains (Fig. 3A). However, the
number of infiltrating T cells was quite differebetween the two groups. Indeed, both CRAd
CD8" cells were less represented Qybr-KO compared to wild-type mice. Notably, no Fox-p3
positive cells (regulatory T cells) were presentl &D45R B cells were scarcely represented in
either strain (Fig. 3B).
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Figure 2. Histological analyses of Cybr-KO and B6 mouse tumor sections. Representative images of
tumor sections from day 9 to 15 in H&E stainingX20
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Figure 3: Immunohistochemical analyses of Cybr-KO and B6 mouse tumor sections. Analyses of A)
myeloid and B) T cells markers. Representative #sagf tumor sections at day 12, the day of the maki
tumor growth, are reported.

3. Evaluation of virus-specific CTL responsein tumors, lymph nodes and spleens

of M-MSV-injected wild-type and Cybr-deficient mice.

To assess the immunological features that maydponrsible of the different tumor growth kinetics
betweernCybr-deficient and wild-type mice, animals of both goewvere injected with the retroviral
complex and sacrificed at the peak of tumor gro(idny 11, 12, 13 and 15 after virus injection).
Subsequently, tumors, spleens and tumor-drainimgply nodes were collected, the leukocytes
isolated and finally analyzed by flow cytometryarder to evaluate the amount and specificity of
the CD8 T cell populations directed to tii&agandEnvyviral antigens.

For this purpose, we took advantage of the tetraewmology in use in our laboratory. The Gag-
and Env-specific tetramers were produced from treesponding biotinilated biomonomers by the
addition of Extravidin-PE, and subsequently wereiflgadl by HPLC. The tetramerization was
carried out with good efficiency, as assessed biSEL(Fig. 4A). Indeed, the presence of free
biomonomers was negligible in both tetramer prejpamg, since the absorbance values obtained
were markedly lower than the corresponding unlinkedmonomers. Then, the capacity of
tetramers to stain specific T cell clones isoldi®an splenocytes of tumor regressor mice [139],
was tested by flow cytometry. Results clearly shibwleat both tetramers were capable to stain
100% of cells with a relatively high intensity (Fi¢B).

Cybr-deficient and wild-type B6 tumors were collected processed with a cocktail of enzymes
that digest tissues to obtain tumor infiltratingikecytes (TIL) in suspension. Leukocytes were
counted and normalized with the tumor volumes (B®). Although no apparent differences were
noticed at day 11, at day 12, the day of the makiommaor growth in both groups of animals, the
number of TIL was clearly lower i€ybr-deficient mice than wild type B6 animals (P <0.01)
Moreover, while the amount of TIL in B6 mice gratlyalecreased during the following days, the
number of TIL inCybr-deficient mice remained nearly constant and saxierise only by day 15.
These data were further confirmed by flow cytometnalysis of the CDBT cell populations in
TIL, which disclosed a three day delay in the iase of lymphocytes iCybr-deficient mice
compared to wild type animals (Fig. 5B). To evadudte amount of CO8T cell populations
specifically directed to th&ag andEnv viral antigens, we subsequently stained the Tlthwhe
specific tetramers. The results obtained are ptedeams number of lymphocytes positive for the
specific tetramers (CD8Gag and CD8/Env') adjusted according to the tumor volume (Fig. 5C

and D). Data confirmed the same trend observedqursly, emphasizing the difference between B6
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and Cybr-deficient lymphocytes especially at day 13, although they did not always reach statistical
significance. In contrast, the number and the tetramer spegifioft ymphocytes isolated from
lymph nodes and spleens were not different betweentwo groups of mice (Fig. 6 and 7,
respectively). Representative flow cytometry imagésuch experiments are presented in panel E

and F of Figure 5, 6 and 7.
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Figure 4. Evaluation of Gag- and Env-specific tetramers. A) Tetramerization efficiency of Gag-specific
(left panel) and Env-specific tetramers (right ganas assessed by ELISA. The absorbance of differe
dilutions (starting from 1pg/ml) of the tetrameeparations (open circle) and the respective biormemns
(filled circles) were compared. B) Flow cytometrgadysis was performed to evaluate the capacity of
tetramers to stain Gag-specific (left panel) and-gpecific (right panel) T cell clones.
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Figure 5. Analysis of leukocytes and specific CTL populationsin tumors of Cybr-deficient and B6 mice

at days 11-12-13-15 after M-M SV injection. A) Leukocytes numbers standardized with the cooedpnt
tumor volume inCybr-deficient and B6 mice. Figure shows mean + SD ioidépendent experiments (10-15
mice/day for each strain). B) CDg lymphocytes as analyzed by flow cytometry afterrelation with
leukocyte numbers shown in A. C) Cb8ag and D) CD8/Env' T lymphocyte analyzed by flow cytometry
and correlated with leukocyte numbers shown in AFERepresentative images of flow cytometry aredys
of CD8'/Gag (E) and CD&EnV' T cells population (F) in B6 andybr-deficient mice at day 13. * P<0.05
and ** P<0.01 versus wild type, Studertttest for independent samples.
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Figure 6. Analysis of leukocytes and specific CTL populationsin lymph nodes of Cybr-deficient and B6
mice at days 11-12-13-15 after M-MSV injection. A) Leukocytes numbers in lymph nodes @ybr-
deficient and B6 mice. Figure shows mean + SD aidépendent experiments (10-15 mice/day for each
strain). B) CD8 T lymphocytes as analyzed by flow cytometry afterrelation with leukocyte numbers
shown in A. C) CD8Gag and D) CD8/Env’ T lymphocyte analyzed by flow cytometry and caatetl
with leukocyte numbers shown in A. E, F) Repredardgamages of flow cytometry analyses of CliBag

(E) and CD8/Env' T cells population (F)in B6 an@ybr-deficient mice at day 13. * P<0.05 and ** P<0.01
versus wild type, Studenttgest for independent samples.
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Figure 7. Analysis of leukocytes and specific CTLs populations in spleens of Cybr-deficient and B6
mice at days 11-12-13-15 after M-M SV injection. A) Leukocytes numbers in spleens@fbr-deficient and
B6 mice. Figure shows mean + SD of 4 independemrxents (10-15 mice/day for each strain). B) CD8+
T lymphocytes as analyzed by flow cytometry afterrelation with leukocyte numbers shown in A. C)
CD8'/Gag and D) CD&/Env' T lymphocyte analyzed by flow cytometry and catetl with the leukocyte
numbers, shown in A. E, F) Representative imageflowf cytometry analyses of CD&ag (E) and
CDS8'/Env' T cells population (F) in B6 andybr-deficient mice at day 13. * P<0.05 and ** P<0.@&rsus

wild type, Student'$-test for independent samples.
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4. Functional characterization of CTL.

To functionally characterize and compare the CTipyations inCybr-deficient and wild type
mice, we analyzed the cytotoxic activity of MLTC s from spleens of either strain. MLTC were
obtained by co-culturing splenocytes collected atsdll, 13 and 15 after M-MSV injection with
irradiated MBL-2 tumor cells expressing viral aetg. As shown in Figure 8ACybr-deficient
CTLs displayed a significantly lower lytic activityhan wild type CTLs at day 11 (P<0.05). The
lytic activity difference between the two groupsswabserved also at days 13 and 15, although
individual variability of cultures precluded the heéevement of a statistical significance. By
expressing the data in terms of 4gFig. 8B), the differences between the lytic catyaaf the two
groups can be further better appreciated. At dayybr-deficient CTLs were confirmed to exert a
significant lower cytotoxicity than effectors frowild type mice (P<0.05), while lytic function was
recovered by days 13 and 15 and was similar tacb@GfLs.

To verify whether the lower lytic activity displagydy Cybr-deficient CTLs at day 11 was simply
due to a reduced number @ag andEnwspecific T cells in culture, we analyzed the patages
of virus-specific T cells in MLTC from mutant and6Bmice by tetramer staining before the
cytotoxic assay.

Tetramer-specific CD8T cells turned out to be more represented in MIffit@ B6 thanCybr-
deficient mice (day 13: 7.45 4s 3.67% for B6 andCybr-deficient cultures, respectively; day 15:
31.8%vs 11.85% for B6 andCybr-deficient cultures, respectively), an exceptiombeepresented
by day 11 when they appeared to be comparable (8s®6% for B6 andCybr-deficient cultures,
respectively). Therefore, data expressed in termkUy, were corrected for the percentage of
specific CTLs to obtain more accurate informatitww the specific lysis of MLTC. Henc€ybr-
deficient specific CTLs disclosed a lower lytic igity only at day 11 (Fig. 8C), while they fully

recovered and were even more cytotoxic than thiggr type counterparts by day 15.
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Figure 8. Analysis of lytic activity of Cybr-deficient and B6 CTL. A) Cytotoxic activity ofCybr-deficient

and B6 MLTC, as assessed by standard 4h chromileases assay. MLTC were set up at days 11, 13, 15
after M-MSV injection and each MLTC was obtaineafra pool of 4-5 animals. Figure shows mean +/- SD
of four independent experiments. B) Cytotoxic attias in (A) is reported in terms of Lb) * refers to a
statistically significant difference (P=0.018, Stutist-test for independent samples). C)&\dorrected for

the percentage of CD8etramel CTL populations, as obtained by flow cytometry lgsia. Figure shows a
representative experiment out of 4 carried out.
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5. Assessment of lytic activity of Cybr-deficient and wild type CTLs from tumor
r egressor mice.

To compare the lytic activity of memory T cells from wild type and Cybr-deficient mice,
splenocytes were isolated at day 40 after M-MSV injection, when mice of both strains had
completely regressed the tumors, and MLTC were set up to be subsequently tested in a standard
chromium release assay. As reported in Figure 9A, 6 weeks after retroviral complex injection CTLs
from both Cybr-deficient and wild-type mice exhibited a fully overlapping lytic activity. These
results are even more evident when data are expressed in terms of LU;s (Figure 9B) and also

confirmed by the correction with the percentage of tetramer specific T cells (data not shown).
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Figure 9. Analysis of lytic activity of Cybr-deficient and wild type CTLsfrom tumor regressor mice. A)
Cytotoxic activity of Cybr-deficient and B6 MLTC as assessed by standardhdbngum release assay.
MLTC were set up from pools of 5 animals each 4gsdster M-MSV injection. Figure shows mean +/- SD
of four independent experiments. B) Cytotoxic dttias in A) was expressed in terms of U
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6. Generation of Cybr knockout/GFP mice.

With the aim to develop a tool to track Cybr-deficient T cells in in vivo models after adoptive
transfer experiments, we generated a Cybr-deficient/GFP mouse strain. Having in our animal
facility the UBC-GFP mice, the Cybr-deficient/GFP mouse straas wbtained by crossing the
eGFP-transgenic mice willybr-KO animals for at least 8 generations. The colobtained was
screened at each generation by PCR to detect tmezygosity ofCybr mutant gene (Fig. 10A)
and by flow cytometry analysis to detect the GFpression (Fig. 10B). Because of a dose-effect
mechanism, the expression of GFP in homozygousrah@mizygous mice is characterized by a

different intensity, thus allowing to clearly disguish the two conditions.

A B

— Wi
1234 56 7389 bp —— hem
= homo
c
>
(@)
O
__ 600
T 340

10° 10" 10° 10° 10*
GFP

Figure 10. Analysis of Cybr-Knockout/GFP mice. A) Expression ofCybr mutant gene in genomic DNA
extracted from peripheral blood Gfbr-KO/GFP mice. The samples were loaded for electrmgsis in the
following order: lines 1 to 4, sample of homozygomutant gene ofCybr-KO/GFP mice; line 5
homozygous mutant gene Giybr-KO mice control; line 6, heterozygous geneCybr-KO/GFP mice; line

7, wild type gene of B6 mouse; line 8, water; Itheébase pairs ladder (bp). B) GFP expression, sesasd

by flow cytometry analysis, in leukocytes obtairfeoim peripheral blood o€ybr-KO/GFP mice. Blood
from wild-type B6 mice (red peak) was used as riegatontrol, while blood fromUBC-GFP and from
UBC-GFP x Cybr-KO F1 mice were used as homozygbuee(peak) and heterozygous (green peak) GFP
expression controls, respectively.
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7. Adoptive transfer of naive GFP-T cells from Cybr-deficient and B6 mice into
Rag2-/- yc-/- animals.

To understand the mechanistic role of Cybr in thenipg or effector phases of the immune
response, further experiments were performed ubmdrag?2 -/yc -/- mouse model, which lacks T,
B and NK cells [142],[143]. First, M-MSV was injed into Rag2-/yc-/- and the tumor growth
was monitored (Fig. 11A). As expected because efahsence of T cells in Rag2+k-/-, the
tumors continued to grow without undergoing regmgsas compared to the wild type mice. Then,
ACT experiments were set up by transferring 10 % fifrified naive T cells (96% CD3, 34%
CD3'/CD§8', 62% CD3/CD4", 0,15% CD19, 0,35% F480) obtained from spleens of B6/GFP or
Cybr-deficient/GFP mice, into M-MSV-injected Rag2yt-/-, and tumor size was monitored daily
by caliper measurement (Fig. 11B). Untreated M-M8bdtulated RAG2-/-yc-/- were used as
controls. Until day 10, mice treated with purifiddcells from either strains did not developed
tumors, which were conversely evident in RAG2«-/- control mice. From day 12 to day 18,
RAG2-/- yc-/- mice receivingCybr-deficient/GFP T cells presented neoplastic masisaswere
larger than those appearing in animals treated B&IGFP T cells; nonetheless, tumors in mice
undergoing ACT with T cells from either mouse steawere smaller than those of untreated
RAG2-/- yc-/- mice, although the observed differences ditireach statistical significance. After
the day 18, tumors continued to growth in all gmuwguggesting that transferred naive T cells were

not able to mount a fully effective immune response
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Fig.11. Analysis of M-M SV-induced tumor growth in Rag2-/- yc-/- mice. A) Kinetics of tumor growth in
Rag2 -/-yc-/- mice injected with M-MSV (filled circles) iseported in comparison to that of wild-type
control mice (open circles). All mice developedceanas, but Rag2 -#c-/- mice did not regress M-MSV-
induced tumors. This preliminary experiment wasugetvith 5 animals for each group. B) Kinetics wfbr
growth in Rag2 -/+yc-/- mice injected with M-MSV and receivinQybr-deficient/GFP (filled circles) or
B6/GFP T cells (open circles). For each group, ihals were injected while untreated Rag2ye-/- mice
inoculated with M-MSV were used as control.

Moreover, blood samples were collected at diffetene points after ACT and the presence and
amount of transferred GFP T cells were evaluatadthe peripheral circulation, the leukocyte
counts were similar between the two groups (Fid\)1Blood specimens were further analyzed for
the percentage of CD&GFF cells and a similar kinetic trend was observeénehough B6/GFP T
cell-injected mice displayed higher percentage§BF T cells in the circulation (Fig. 12B). By
expressing the obtained data in terms of fold-iasee with the post-injection value of both groups
of mice considered as baseline (Fig. 12C), we fotivat the percentage of circulatir@ybr-
deficient T lymphocytes was significantly lower th#hat of wild type T cells only at day 7
(P=0.041). Moreover, based on the CIEFF cell percentages and the number of counted
leukocytes, we could extrapolate the absolute nurob&ansferred T cells in the peripheral blood
(Fig. 12D). Again, by expressing the results asl-fotrease (Fig. 12E) it was confirmed that a
significant differencéP<0.0001) was present only at day 7.
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/- mice. A) Number of peripheral blood leukocytes in Rag2y¢-/- mice injected with M-MSV and
receivingCybr-deficient/GFP (filled circles) or B6/GFP T celispen circles). B) Percentages (mean +/- SD)
of CD3'/GFP T cells in peripheral blood at different time pisirafter virus injection and ACT. C) Fold-
increase of percentage data. * P=0.041, Studet¢'st for independent samples. D) Number of GBBP

T cells in peripheral blood calculated on the basieukocyte counts (A) and CO&FP percentages (B).
E) Fold-increase of CDBGFP T cells. ** P<0.0001, Studenttstest for independent samples.

62



Finally, mice were sacrificed at day 32 and leukesywere isolated from the tumors, spleens and
lymph nodes. Although no difference was found ia ttumber of leukocytes isolated from tumors
of either group of animals (data not shown), no GB8F T cells could be recovered from these
samples. Tumor-draining lymph nodes were hypomaastid were detected only in few animals,
thus precluding a flow cytometry analysis of the &IGFFP populations. Moreover, differences
were not found in the number of leukocytes isoldtedn spleens of Rag2-fc-/- mice injected
with B6/GFP orCybr-deficient/ GFP T cells (Fig. 13A). The CD&FF component was also
similar in both groups (Fig. 13B and 13C), but GagEnv-specific CTLs could not be detected.
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Figure 13. Spleen cell analysis at day 32 after adoptive transfer. A) Figure shows the number of
leukocytes found in spleens of M-MSV-injected R&g®e-/- mice and inoculated witBybr-deficient/GFP
or B6/GFP T cells. B) and C) show the percentagesraimbers of CD3GFP T cells, respectively. Data
are the means + SD of 6 mice receiving B6/GFRyhr-deficient/GFP T cells.
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DISCUSSION

Cybr is a scaffold protein highly expressed in Hematopoietic/immune system. Its interaction
with members of the cytohesin family [95],[101]imteresting because of its ability to control ARF
function and to regulate LFA-1-mediated cell adbesin T cells [96],[100]. Specifically, Cybr
diminishes stimulated adhesion of LFA-1 to ICAMZ6], and also regulates T cell attachment and
detachment from contact zones to DCs [100],[87fsEnfindings place Cybr in a crucial position to
control cell adhesion and trafficking of the immusystem cells; however, the knowledge about
this protein is still limited and mainly relies anvitro studies.

First insights from the two availabl€ybr-deficient mouse strains [104],[103] showed tha th
development of the immune system is only marginaffected by the targeted deletion of Cybr,
and that these mice display a reduced or delayeakcds to respond in stress conditions to different
stimuli, namely Th1l polarized settings [104].

The purpose of this project was therefore to ingagt the biological relevance of Cyibrvivoin a
model of viral induced tumorigenesis, namely thévi8V mouse model [144], taking advantage of
the Cybr-deficient mouse strain described by Coppola anttagues [104]. The intramuscular
inoculation of the M-MSV retroviral complex in immacompetent mice gives rise to sarcomas that
rapidly undergo spontaneous regression, due tmagtmmune reaction mainly mediated by CTL
specific for viral antigens, in particular Gag gl antigenic peptides [141].

In this setting, we found tha€ybr-deficient mice developed larger sarcomas that techailly
regressed with a slower kinetics in comparisondotm| mice. To characterize which subset of
immune cells was affected in Cybr deficiency, wadgtd the immune cells infiltrating the tumors
by H&E staining and by immunohistochemistry. As esjed [144], tumors were characterized by a
rich infiltrate mainly constituted by cells of thrayeloid lineage (neutrophils, macrophages and
CD11¢ dendritic cells), without apparent differenceswesn wild type andCybr-deficient mice.
However, with regard to TILCybr-KO mice were characterized by a reduced numbbotf CD4

and CD8 T cells compared to wild type mice. The relevargsgnce of CD4Fox-p3 negative T
cells (comparable to that of CD¥ cells in both strains) underlines the importané of this subset

in tumor immune response. Indeed, as previouslgrteg [145], mice injected with depleting anti-
CD4 antibody did not generate virus-specific cyxatoT lymphocytes and ultimately died with
progressing sarcomas at the inoculation site. Bagetie increasing importance as effector cells in
tumor immunity and the impact of Cybr on CDR cell function [146], the role of this subsetaor
model needs further investigation. However, in thigsk we mainly focused our attention primarily

on CD8 T cells. Specifically, we characterized the CThrel dynamics in tumor, lymph nodes
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and spleen in correspondence of maximal tumor drofgiay 11, 12, 13 and 15 after virus
injection), by means of flow cytometry analysis datfamer staining.

In line with immunohistochemistry analysis, we fduan overall reduction in the number of
lymphocytes infiltrating the tumor, as well as imetnumber of virus-specific CTLs i@ybr-
deficient mice compared to the wild type mice. Tdifference was more evident at day 12 and 13,
while at day 15 the number of TIL @ybr-KO mice steadily rised and was comparable to wlue
found in wild type mice. The delay in tumor celfiltnation is consistent with the hypothesis that
Cybr-deficiency negatively affects leukocyte trefing, especially in response to proinflammatory
cytokines in stress conditions, as it happens @ résponse to the M-MSV-induced tumors.
Moreover, in line with results of Coppola and caliees [104], we found no differences in number
and specificity of splenocytes in the two mougaiss. With regard to lymphocyte numbers in
tumor-draining lymph nodes, a trend similar to ttegiorted by Coppola and colleagues [104] was
also observed, although our data did not reaclsstai significance.

Additionally, we observed a delayed onset of thig lgctivity in theCybr-deficient specific CD8T

cell population. IndeedCybr-deficient CTLs displayed a lower cytotoxicity thewld type mice at
day 11, while at day 15 they displayed a lytic\atticomparable to that exerted by wild type CTLs
at day 12. Thus, it appears that Cybr deficienagsdwot produce a strong immunodepression but is
responsible of a mild immunodeficient phenotyperakterized only by a delay in the expansion of
T lymphocytes in the tumor and also in the onseheir Iytic activity, both defects being recovered
in few days, an overall phenomenon that could kedyliascribed to the regulation of LFA-1 exerted
by Cybr. Indeed, it was previously reported that thjection of anti-LFA-1 antibody enhanced
tumor growth, delayed regression and also negativelpacted on the cytotoxic activity
[147],[148]. Nonetheless, the involvement of Cybthe events downstream the TCR engagement
(namely, MAPK, JNK, p38, AP-1 and NFAT activatio®7] cannot be excluded in the delayed
onset of lytic activity inCybr-deficient CD8 T cells, and require further studies.

Interestingly, the increased tumor growthGgbr-deficient mice appears to strictly correlate with
the temporary impairment of CTLs, both in termsow€rall number and lytic activity respect to
wild type CTLs; as soon as these defects were recovered, tumors finally regressed in both groups of
mice. Indeed, at day 40 after retroviral complgedétion, Cybr-deficient and wild type CTLs from
tumor regressor mice, displayed a fully overlappite activity. These data suggest that naive T
cell activation and the expansion of primed T cats primarily affected by the influence of Cybr’s
regulatory activity.
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Collectively, our data indicate that Cybr deficignitas a significant impact on antigen-specific
immune response, but it is still not clear whetlgtbr mostly impacts on priming and/or cell
adhesion, or in trafficking and migration of caltsthe immune system.

In an attempt to answer the biological questiontivieCybr deficiency plays a major role in the
priming or in the effector phase of the T cell dgtac response, we set up a series of experiments
of adoptive cell therapy in Rag2+e-/- mice with a H-2 background; because of the lack of T, B
and NK cells, in this immunodeficient strain the MBV injection leads to the development of
sarcomas that do not spontaneously regress. Mareaeetook also advantage of a new mouse
strain CybrKO/GFP) produced in our laboratory by breedi@gbr-deficient mice with GFP-
transgenic B6 animals.

Adoptive transfer of purified naive T cells fro@ybr-KO/GFP or B6/GFP animals in M-MSV-
injected Rag2-/yc-/- mice allowed to focus on the study of the T cempartment. In particular,
we investigated the effects of Cybr deletion on @Fiming on the T cell side, since dendritic cells
of recipient mice carry a wild type form of thisopein. Except for a delay in the onset of the tumor
in mice injected with isolated B6/GFP T cells, ngngicant differences were found in the kinetics
of sarcomas development in all groups of mice. Regdpe fact that transferred T cells from both
animal strains expanded in the host, as assessdibvbycytometry analysis of PBMC, tumors
continued to growth without undergoing regressidhis suggested that wild type ar@ybr-
deficient transferred T cells were not able to maufully effective immune response. We inferred
that the Rag2-/y4c-/- mouse did not represent an optimal model far purposes. Likely, the
physical structure of spleen and lymph nodes, fdorae hypoplastic, precludger sean efficient
recruitment and hence an efficient priming of naiveells. Therefore, ongoing experiments will
involve different animal models. In this regard¢caestitution of nu/nu athymic B6 mice with T
cell-depleted bone marrow from either B6Qybr-KO mice, followed by adoptive transfer of naive
or memory T cells fromCybr-KO/GFP or B6/GFP animals, will provide the appiaf®
experimental set up to dissect the role of Cylth&wAPC or T cell compartments. In particular, by
transferring memory T cells fro@yb—KO/GFP or B6/GFP animals we will be able to patdiyt
rule out a pure role in recirculation and hominghe tumor site, thus highlighting the impact that

Cybr may have during the priming phases of imnm@asponse.
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ABBREVIATIONS

Ab: antibody

ADP: adenosine diphosphate

AFP: a-fetoprotein

Ag: antigen

AP-1: activator protein 1

APC: antigen presenting cells

ARF: ADP-ribosylation factor

ARNO: ARF nucleotide binding site opener

BCR: B cell receptor

CALLA: common acute lymphoblastic leukemia antigen
CASP: cytohesin-associated scaffolding protein
CD: clusters of differentiation

CEA: carcinoembryonic antigen

CcSMAC: central supramolecular activation complex
CT Ag: cancer/testis antigens

CTL: cytotoxic T lymphocytes

Cybr: Cytohesin binder and regulator

CYTIP: cytohesin interacting protein

DC: dendritic cells

dSMAC: distal supramolecular activation complex
EBV: Epstein-Barr Virus

EGF: epidermal growth factor

Fas-L: Fas ligand

FcyR: fragment crystallizable receptor

FoxP3: forkhead box protein 3

gp100: protein

GRASP: GRP1-associated scaffolding protein
GTP: guanosine triphosphate

HBV: Hepatitis B Virus

HCV: Hepatitis C Virus

Her2/Neu: human epidermal growth factor receptor 2
HLA: human leukocyte antigen

HPV: Human Papilloma Virus

HTLV-1: Human T-lymphotropic type | Virus
ICAM-1: intercellular adhesion molecule

IFNR: IFN receptor

IgSF: immunoglobulin superfamily

IL: interleukin

INF-y: interferony

ITAM: immunoreceptor tyrosine-based activation rfsoti
JNK: c-Jun N-terminal kinase

KLRG1: killer cell lectin-like receptor subfamily @ember 1
KO: knock-out

KSHV: Kaposi's Sarcoma Herpes Virus

Lck: lymphocyte specific protein tyrosine kinase
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LDA: limiting dilution analysis

LFA-1: leucocyte function associated antigen 1
LMP: large multifunctional protease

MAPK: mitogen-activated protein kinase
MART-1/MELAN-A: melanoma antigen recognized by Tise
MDSC: myeloid-derived suppressors cells

MHC: major histocompatibility complex

M-MSV: Moloney murine sarcoma virus

M-MuLV: Moloney murine leukemia virus

MTOC: microtubule-organizing center

NFAT: nuclear factor of activated T cell

NK cells: natural killer cells

NKT: natural killer T cells

PAMPs: pathogen-associate molecular patterns
PHA: phytohemagglutinin

PK-C: protein kinase

PKCO: protein kinase C theta

PLC+: phospholipase C gamma

PMA: phorbol-12-myristate-13-acetate

PMN: polymorphonuclear cells

PRR: pattern recognition receptor

PSA: prostate-specific antigen

PSCDBP: pleckstrin homology Sec7 and coiled comhdms binding protein
pPSMAC: peripheral supramolecular activation complex
SNX27: sorting nexin 27

TAA: Tumor-Associated Antigens

Tap: transporter associated with antigen processing
TCM cells: central memory T cells

TCR: T cell receptor

TEM: effector memory T cells

TGF: tumor growth factof

TIL: tumor infiltrating leukocytes

TIL: tumor infiltrating leukocytes

TN cells: naive T cells

TNFR: tumor necrosis factor receptor

TNF-a: tumor necrosis factat-

TSA: Tumor-Specific Antigens

TSCM cells: stem cell memory T cells

VLA-4: very late antigen-4

ZAP-70: zeta-chain-associated protein kinase 70
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