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|. ABBREVIATIONS

ACT — adoptive cell transfer

APC - antigen presenting cell

ATCC - American Type Culture Collection
BM — bone marrow

BSA - bovine serum albumin

CEA — carcinoembryonic antigen

CTL - cytotoxic T lymphocyte

DC - dendritic cell

EGF — endothelial growth factor

EGFP - enhanced green fluorescence protein
FcyR — Fcgamma receptor

GD2 - GD2 ganglioside

GM-CSF - granulocyte-macrophage colony-stimulafaxgjor
HRP - horseradish peroxidase

IL — interleukin

i.m. - intramuscular

I.p. - intraperitoneally

L.v. - intravenous

INF — interferon

KLH - keyhole limpet hemocyanin

mADb - monoclonal antibody

MFI - mean fluorescence intensity

MHC - major histocompatibility complex
NK — natural killer

OD - optical density

PE - phycoerythrin

PFU — plaque forming unit

PSA - prostate-specific antigen

S.C. — subcutaneous

TAA - tumor associated antigen

TBI — total body irradiation



TCR - T-cell receptor

Thl - T helper type 1

Th2 - T helper type 2

TILs — tumor infiltrating lymphocytes
TK — thymidine kinase

TLR —toll like receptor

TNF — tumor necrosis factor

Tregs — T regulatory cells

TSA — tumor specific antigen

VEGF - vascular endothelial growth factor
VGF — vaccinia growth factor

WT - wild type

rOVV — recombinant oncolytic vaccinia virus



II. ABSTRACT

A major challenge for inducing antitumor immunep@sses with native or modified
tumor/self-antigens in tumor-bearing hosts reldtesachieving efficient uptake and
processing by dendritic cells (DCs) to activate wmm@ effector cells and limit the
generation of regulatory T-cell (Treg) activity. Imy experimental work | have
analyzed the ability of therapeutic DC vaccinesregping a CD166 cross-reactive
mimotope of GD2 ganglioside, 47-LDA, to selectivelypand adoptively transferred
tumor-specific T cells in NXS2 neuroblastoma turbeering syngeneic mice. Prior to
the adoptive cell transfer (ACT) and DC vaccinatitime tumor-bearing mice were
lymphodepleted by nonmyeloablative total body iméidn (TBI) or a myeloablative
regimen that required bone marrow (BM) transplaotatThe 47-LDA mimotope was
presented to DCs either as a linear polypeptideomjunction with universal T helper
epitopes or as a fusion protein with the murinedg&c fragment (47-LDA-RRa) to
deliver the antigenic cassette to the activatingaRtma receptors (FRs). It was
observed that immunization of adoptively transferr€ cells with the 47-LDA
mimotope expressed in the context of the activaBogusion protein induced higher
levels of antitumor immune responses and protedtimm primary tumor growth than
the 47-LDA polypeptide DC vaccine. Moreover, whbea antigen-experienced or naive
T cells were injected together with the DC vaccitedymphodepleted mice whose
primary tumor was surgically excised, the 47-LDA/& vaccine-induced T cells were
more protective against spontaneous metastasestiibas induced by the 47-LDA
polypeptide-coated DC. The highest antitumor effjcaf 47-LDA-FoR2a vaccine-
generated T cells was detected in myeloablated amdewas associated with enhanced
expansion of functional cytotoxic T cells and regldigeneration of immunosuppressive
Treg cells. It was also observed that the antituefficacy of the therapeutic 47-LDA-
Fcy2a vaccine was comparable to that achieved by @hé@rapy-associated cancer
vaccine using a recombinant oncolytic vaccinia ¥i(ftOVV) expressing the 47-LDA-
Fcy2a fusion protein. The latter treatment however mid require TBI or ACT and
resulted in induction of antitumor immune respongeshe setting of established
tolerance, paving the way for testing novel antiearireatment strategies.

In summary, this work highlights a new applicatioh peptide mimotopes
expressed in the context of the activating Fc fugootein for tuning of DC responses



to counteract the immunosuppression associated withor progression during
therapeutic vaccination. It stresses the importanteexploring the uptake and
processing of tumor/self-antigens by DCs to actvatmune effector cells and limit the
ability of attracting anti-inflammatory Treg cellBhese findings illuminate a new
paradigm for cancer immunotherapies aimed at thectpee activation of the
inflammatory versus regulatory type of immune resss.



ll. STRESZCZENIE

.Zaangazowanie receptorow Fc zwgksza efektywndé szczepionek

nowotworowych”

Kluczowym elementem immunoterapii nowotworu z wy@taniem szczepionek
opartych na natywnych lub zmodyfikowanych antygénaakowych jest uzyskanie
efektywnego pobierania i procesowania antygenovezpkomorki dendrytyczne [ang.
dendritic cells (DCs)]. Proces ten ma prowad#d aktywacji komorek efektorowych
jednoczénie ograniczajc indukowanie komorek regulatorowych [ang. T retpria
cells (Tregs)l. W mojej pracy badawczej analizowataezdolng¢ szczepionki
terapeutycznej DC do wywotania ekspansji przesaorgph swoistych limfocytéw T,
ktore rozpoznawaly komorki neuroblastoma NXS2 wggnmcznym modelu mysim.
DCs prezentowaty mimikgangliozydu GD2 (czyli peptyd sladujacy ten gangliozyd),
47-LDA, ktora wywotywata reakcje krzpwe z bialkiem CD166. Przed infuzj
specyficznych dla komorek NXS2 limfocytbw T oraz nmanizacy, myszy A/J z
wyindukowanym guzem NXS2 byly poddane niemieloagltamu napromieniowaniu
catego ciata [ang. total body irradiation (TBI)] blu mieloablacyjnemu
kondyncjonowaniu, ktére wymagato przeszczepu szpibstnego. DCs prezentowaty
peptyd 47-LDA, zawierapy rowniez dwa uniwersalne peptydy pomocnicze [ang. T
helper peptides (Th)], w postaci liniowej lub jakiatko fuzyjne zawierace mysi
fragment Fc przeciwciala 1gG2a (47-LDAY2@). Poiczenie peptydu 47-LDA z
czgscia Fc miato na celu dostarczenie antygenu do DCszgapaktywujcy receptor
gamma [ang. Fcgamma receptors V&€)]. Zaobserwowano,ze immunizacja
przeszczepionych limfocytbw T szczepiankd7-LDA-Fcoy2a-DC  prowadzita do
indukciji silniejszej odpowiedzi przeciwnowotworowegprotekcji przed wzrostem guza
niz szczepienie z wykorzystaniem DCs prezestygh polipeptyd 47-LDA.
Dodatkowo, antygenowo-swoiste lub naiwne limfocytypodane wraz ze szczepiank
47-LDA-Fcy2a-DC byty bardziej skuteczne w zapobieganiu spoataym przerzutom
u myszy, ktérym chirurgicznie usutd® guz, ni limfocyty T uczulane DCs
optaszczonymi polipeptydem 47-LDA. Najsilniejszy elf przeciwnowotworowy
szczepionki 47-LDA-FRa-DC, zwizany ze wzmgong ekspang limfocytow T

cytotoksycznych i zredukowanindukcp komoérek Treg, zaobserwowano u myszy
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poddanej catkowitej mieloablacji. Rownoénee, poréwnywalny poziom protekcji
uzyskano poprzez zastosowanie wirusowej terapii egwamowotworowej
wykorzystupcej zrekombinowany, onkolityczny wirus krowiankin@ recombinant
oncolytic vaccinia virus (rOVV)] wykazuagy ekspresj biatka fuzyjnego 47-LDA-
Fcy2a. Wirusoterapia indukowata odpowieprzeciwnowotworow w stanie toleranciji,
nie wymagajc zastosowania TBI ani immunoterapii adoptywne.

Podsumowuc, mimiki peptydowe w patzeniu z cgscia Fc przeciwciata
stanowyi nowa meto& modulowania aktywriwi DCs podczas immunizacji,
przeciwdziatajca immunosupresji towarzyseej wzrostowi nowotworu. Porsza
praca podkrda znaczenie badaanalizuacych pobieranie i procesowanie antygenow
nowotworowych przez DCs prowagz do aktywacji komoérek efektorowych i
ograniczajce indukcg komorek Treg. Uzyskane rezultaty starpvazes¢ nowego
modelu immunoterapii nowotworu ukierunkowanego neleldywrn aktywacg

odpowiedzi immunologicznej i sttumienie reakcji imnosupres;ji.
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IV. INTRODUCTION

1. Immune system as a means to fight cancer

Cancer is a leading cause of death with increastidence and mortality due to growth of
the aging population. Despite an overall prograssancer therapy, substantial groups of
patients lack effective treatment options. Conweati strategies (e.g., surgery, radiation and
chemotherapies) are often highly active in elinimgathe major tumor mass, but are less
effective in eradicating residual cancer cells anghreventing disease recurrence. These
limitations of current treatments provide the nadile for the utilization of alternative
methods in order to identify and destroy cancels.célmong them, immunotherapy is
considered as a promising approach that providesathility to selectively eliminate
transformed cells while leaving healthy tissuednta

The idea of exploiting the immune system to eradicisease has had a long
currency in cancer research. The view that canamrdcbe treated by active
immunization arose in the 1890s with the proposéM/illiam Coley [1] who reported
that post-surgical wound erysipelas (an infectiomhwareptoccocus spp.) induced
occasional remission of cancer. However, attempt<bley and his colleagues to
stimulate systemic immunity directed against tumeith bacterial extracts met with a
limited success, leading to the lost of interesthis type of approach. The modern era
of tumor immunology began several decades later Tirst reports suggesting
existence of tumor-specific immunity were assodiatéth the occasional spontaneous
regressions of cancers in immunocompetent hostsH2thermore, the studies with
mice which recovered from successfully implantedndurs and usually resisted
reinoculation with the same neoplasm additionalbpported this idea [3]. The
development of inbred strains of mice enabled itgatrs to examine whether
immune system was able to distinguish tumors aismsuch animals from normal
tissue in the same strain. The demonstration thiated mice immunized against
carcinogen-induced tumors rejected a subsequeiiecba with the same tumor cells
whereas did not respond to the corresponding nusftvtemed cells documented
existence of tumor-specific immune responses [438jon after, Burnet and Thomas
introduced the concept of cancer immunosurveillatioe immunological resistance of

the host against the development of cancer [7]s Ttiea has been challenged for
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decades because of the lack of direct experimevience (reviewed in ref. [8]).
Moreover, the immune-surveillance hypothesis wasrddited when no differences in
primary tumor development were found between atbymide mice and syngeneic
wild-type mice [9]. It was expected that the hasgith impaired immune system would
display higher cancer incidents compare to the immoompetent counterparts.
Although nude mice developed more frequently vindiiced tumors, number of
spontaneous, nonviral tumors was similar [10, Thie importance of immune system
in controlling of tumor growth was additionally qgimned when naturally induced
tumors in rodents were found to be largely non-imogenic in contrast to those
induced by carcinogens [12]. Altogether, these ofagmns contributed to the notion
that cancer cells may not be sufficiently distificdm normal tissue as they do not
encode tumor antigens, suggesting that the immagieabintervention in cancer would
not produce satisfactory results.

The turning point in cancer immunology is assodatgth studies of van Pel
and Boon, who demonstrated that induction of ptotecimmunity against non-
immunogenic tumors was feasible, providing that durcells used for immunization
were mutagenized by radiation or chemical ager8% [hese findings were confirmed
by subsequent studies in different animal systemsluding models in which
immunization led to rejection of pre-existing tursolt was demonstrated that lack of
tumor immunogenicity results not from the absentdumor-rejection antigens but
from the inability of growing tumor to effectivelpctivate immune system [14].
Furthermore, renewed interest in cancer immunodlanee was noticed when studies
on nude mice revealed that they are not totally imoacompromised as they still have
nonthymic-dependent T cell population and an innatenune system [15, 16].
Consequently, severely immunocompromisRalj” (lacking T and B cells) angTAT"
(lacking interferon-mediated pathways) mice that enaracterized by deficiencies in
both innate and adaptive immune response, have $leanwn to have a significant
increase in the incidences of tumors [14, 17, 1i8portantly, all these tumors when
transplanted to immunocompetent mice were rejectsdggesting that their
development in the original host resulted from desfén immune surveillance.

After a century of debate as to \Wkethe immune system can actually target
tumors, a growing body of evidence now indicated tnmune cells can be utilized to
defeat cancer [14, 19]. Histopathology of tumortisec has revealed infiltrating

lymphocytes around the tumor bed and subsequedtestdemonstrated that these
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lymphocytes could recognize tumor antigens [20] disghlay tumor-specificytotoxic
activity in vitro [21-23]. In addition, the presence of tumor-infiting lymphocytes
(TILs) was shown to correlate with clinical outcomevertical-growth-phase melanoma
and in breast, prostatesophageal and colorectal carcinomas [24-28]. Hewav is
also known that these spontaneously arising reggoagainst cancer are relatively
ineffective [9]. This is due, in part, to the pagmunogenicity of tumor antigens which
are unable to elicit strong antitumor immunity. Mover, immunosuppressive character
of tumor microenvironment and a large number ofulairy pathways appear to
prevent tumor-reactive cells from generating effectimmune response [8, 29]. Thus,
the proper method to activate immune system agasnster cells while antagonizing
the regulatory elements is the key factor in susgfcesmmunotherapy that might lead to

final elimination of transformed cells.

2. The immunogenicity of tumor cells

The identification of tumor-rejection antigens anshderstanding the tumor-cell
recognition and destruction has been a major advamtumor immunologyn the past
decade. Multiple studies in experimental animatsastd that both humoral and cellular
immune responses were responsible for the rejeatiosolid tumors [30]. Thus,
significant effort has been devoted towards thatifleation of antigens recognized by
antibodies, cytotoxic T lymphocytes (CTL) as wedl @D4 T helper cells. To date,
approximately 70 MHC class |- and class Il-assediauimor antigens have been
discovered, while more than 1,700 have been idedtlfy antibodies in cancer patients
(reviewed in ref. [31]).

Based on qualitative differencesnou antigens have been divided into two
groups: tumor-specific antigens (TSAs) that are sedu by mutations and are
exclusively expressed by cancer cells, and tumsoaated antigens (TAAS) that result
from over- or aberrant expression of non-mutatedgins. A single point mutation may
activate an oncogene or inactivate tumor suppregsoes causing increased signal
transduction and uncontrolled cell division. Theseatations result in proteins that are
expressed only by transformed cells, are involvethe induction of malignancy, and
may be important in maintaining the malignant plgpe. Thus, these unique antigens
can serve as compelling targets for immunotheragoycan be recognized by immune
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system as non-self determinants, which resultaduigtion of high-affinity T cells and
overcomes the problem of neonatal and periphelataioce. The first reported human
TSA was a mutated cell cycle regulator CDK4 [32heTother well characterized
tumor-specific antigens include tumor-specific cara fusion protein (Bcr-abl) [33],
mutated oncogene-encoded proteins (ras) [34] ardtedutumor suppressor gene (p53)
[35]. TSAs appear as ideal targets for immunothgréyowever, generating vaccines
against those antigens is highly problematic as 9 8#& unique to a specific patient’s
tumor and it is necessary to develop personalizedapy for individual patients.
Therefore, current immune strategies mostly utitze TAAs which are expressed by
many types of cancer cells with only a limited eeg®ion on normal tissues. The TAAsS
can be subdivided into four major categories baseédxpression pattern: cancer-testis
antigens (NY-ESO-1), differentiation antigens (gp1BIART-1), oncofetal antigens
(alpha fetoprotein) and over-expressed antigensA(R&ld-type p53, Her2/Neu).
Peptides and proteins derived from these antigegasuader intensive studies to
determine their potential in inducing specific &nmior immunity When melanoma-
associatedntigen genes (MAGE) peptides have been apfaredinical trials as cancer
vaccines, clinical responses in form of tumor dkage andregression have been
observed in a significant proportionpdtients [36, 37]. The efficacy of immunotherapy
targeting TAAs depends on its ability to break timenunologic tolerance that results
from the abundant expression of these antigensomnmalignant tissues. However,
eliciting strong immune responses towards TAAs teaygl not only to tumor disruption
but also to destruction of normal tissue. Sevetadies have demonstrated that
autoimmune disease might be an inevitable consegueai effective antitumor
immunity [38-41], though in some cases it is indloaly in the presence of the second
inflammatory agent thas introduced into the normal tissue [42, 43]. Muwer, recent
studies indicate that tumor cells differ in theirseeptibility to the effector arm of an
immune response from their normal counterparts éviitey express the same antigen
[44]. Thus, immunotherapy targeting TAAs that ipable of overcoming tolerance

may become a part of successful cancer treatment.
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3. Carbohydrate antigens and their mimotopes in imunotherapy of cancer

Altered glycosylation is one of the hallmarks ohcer cells. Over- or under-expression
of sugar moieties in glycoproteins and glycolipdscwr during tumor progression,
invasion and metastasis [45, 46]. The products drrant glycosylation, tumor-
associated carbohydrate antigens (TACAs), have be@md in all examined tumor
cells and their presence influence the prognosts anvival of cancer patients in a
manner that is proportional to the degree of exgioes[47]. The most common type of
altered glycosylation results from enhanced expoassf glucosaminyl transferase-V
(GnT-V) which leads to an increase in complex, high6-branched N-glycans [47].
Other modifications include reduced O-glycosylati@8], overexpression of lacto-
series type 1 and type 2 structures [49] and actation of ganglio- and globo-
structures [50].

Tumor-expressed carbohydrate antigelesconsidered important targets for
passive and active specific immunotherapy as theybaoadly expressed in several
malignancies and are associated with faster clgr@ahth and metastatic potential of
tumor cells [50]. However, carbohydrates are tyiprqaoorly immunogenic and usually
induce short-lived IgM-type antibodies in vaccimhtéosts. Furthermore, most
carbohydrate antigens are T-cell independent wradlects their inability to stimulate
MHC class lI-dependent T cell help. As a consegegnarbohydrate antigens are not
effective in inducing a sufficient anamnestic imraunesponse. For this reason,
strategies have been developed to convert carbateglto T cell-dependent antigens,
including carbohydrate-protein conjugates, antigbes and peptides resembling a
carbohydrate structure as surrogate antigens.

Conjugate vaccines, in which the chylvate antigen is covalently attached to
an immunogeneic carrier protein, are able to ovaercthe lack of T lymphocyte help
and can induce higher titer of IgM antibodies arattipl class-switching to IgG
antibodies [51]. Although carbohydrate-protein cmygtes such as keyhole limpet
hemocyanin (KLH) show promise for active specifamunotherapy, difficulty in
antigen purification or synthesis, variability imtgnts’ antibody responses and low
levels of IgG antibodies in many patients immunizeith carbohydrate conjugates
represent problems of this type of approach. Anotegategy for enhancing
carbohydrate immunity is the potential use of afibtypic antibodies. This approach
requires that a polypeptide immunoglobulin variabdgion mimics a carbohydrate
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determinant, providing a surrogate immunogen wépacity to induce increased titers
following booster immunization. Studies on a netwonanipulation suggest that in
tumor-bearing hosts, the concomitant idiotypic reewesponse controls tumor growth
and progression, though the molecular basis foudtidn of tumor-specific immune
responses by antibodies that mimic carbohydrateottassociated antigens has not
been well elucidated. Therefore, as an additiohatrative, surrogate peptide antigens
that mimic carbohydrate epitopes have been develapd examined for their ability to
elicit immune responses that cross-react with darbmte structures. Peptide
mimitopes are generated by screening phage dig@atide library with monoclonal
antibody that was raised against a carbohydratégeant The isolated peptide
structurally mimics the parental antigen and cagakrtolerance toward carbohydrate
self-antigens by stimulating T cells that have beén eliminated during ontogeny due
to the low affinity for the nominal antigen [52,]53

Mimicking peptides represent a very promising tdol overcome T cell-
independence and may have significant advantagevaasines compared with
carbohydrate-protein conjugates or anti-idiotypintil@odies. First, the chemical
composition and purity of synthesized peptides d@n precisely defined, and
iImmunogenicity significantly enhanced by polymeti@aa. Moreover, peptide synthesis
may be more practical than synthesis of carbohgevattein conjugates or the
production of anti-idiotypes. Furthermore, peptides functionally emulate similar
structures of TACASs, inducing antibodies that reumg multiple TACAs, and
therefore, functioning as a TACA multivalent vaexi®2]. It is also anticipated that by
virtue of peptides being intrinsically T-cell ardigs, peptide mimotope immunization
could be manipulated to lead to carbohydrate-reaatellular responses [53]. Finally,
peptide mimotopes can also be engineered into jdagsfor genetic vaccination alone
or in combination with genetic adjuvants to inceedbe level and persistence of
carbohydrate-specific immune responses [54]. Sséaeral peptide mimotopes have
been described, including mimotope of neolactosesieucture Lewis Y (LeY) [55],
sialylated Lewis a/x [56], GD2 [57, 58] and GD3 [5Bnmunization with carbohydrate
mimicking peptides was shown not only to augmeniduspecific humoral responses
[55] but also induced cytotoxic T lymphocytes [68]]. The activation of CTL
responses by immunization with peptide mimics isaajreat importance as most of
carbohydrate-base vaccines are unable to elicdllTimmunity and consequently, they

are ineffective in eradication of well-establisheghcers. The mechanisms underlying
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the phenomenon of molecular mimicry between théataydrate antigens and their
mimotopes are poorly understood. In one reporhai$ been shown that a peptide
surrogate of B-linked N-acetylglucosamine activates crossreact@éLs that
recognize a processed O-linked glycopeptides am®ociwith MHC class | molecules
[62]. Other investigators have demonstrated induactiof carbohydrate-specific
unrestricted CTL responses with MHC class I-bindtagier peptides [63]. In addition,
recent reports indicate that mimotope-based peptaaeines may also activate CTLs
that recognize cross-reactive peptafstope expressed by other molecules on tumor
cells, highlighting a new application of peptidenmotopes for immuneherapy of
cancer [64].

In summary, mimicking peptides may revolutionize@ar vaccines as they are
efficient in inducing immune responses against @aydrate antigens expressed by
variety of tumor cells. Their efficacy results frotne ability to break the tolerance
towards carbohydrate self-antigens and overcomeTtigell independent nature of
carbohydrates. Peptide mimetics are also likelhdve advantages over carbohydrate
immunogens because of the greater efficiency ofufe@turing protein rather than
carbohydrate compounds for vaccination. Althougtnpsing, the further investigation
is required to identify mechanisms by which cerfa@ptides function as mimotopes of

carbohydrate antigens with the ability to stimulatetective or therapeutic immunity.

4. GD2 ganglioside as therapeutic target for cancénerapy

Gangliosides, sialic acid-containing glycosphingials, have engendered great interest
in the search for molecules of relevance for tugrwth and formation of metastases
and as potential targets for immunotherapy. In gEnegangliosides consist of
hydrophilic (carbohydrate) and hydrophobic (cergnpidrtion and are expressed on the
cell surface membranes of most mammalian cells.y Teeert diverse biological
functions including cell growth regulation, cellicend cell-matrix adhesion and
modulation of the immune system. Also, they exhifutantitative and structural
variability in cancer cells due to the changesatividly of enzymes responsible for their
synthesis [65]. Several studies have demonstrabted the enhanced level of
gangliosides on tumor cells was associated withhdrigcellular proliferation and
increased metastatic potential [66, 67]. Althoughast all tumors exhibit an aberrant
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ganglioside pattern, the increased level of gasgles has been reported in tumors of
neuroectodermal origin, such as melanoma, neurobf@s glioblastoma or
astrocytoma [68]. Because the differences in gasgles expression between normal
and malignant cells can be recognized by immun&esysseveral gangliosides have
been explored as targets in immunotherapy of cafcerdate, several clinical trials
have investigated passive immunotherapy using raudn murine/human chimeric
monoclonal anti-ganglioside antibodies in theiriveaform or combined with various
effector molecules [69-71]. Moreover, the vaccioatistrategy using native or
structurally modified tumor-associated gangliosidiesombination with adjuvants is
currently under investigation in clinical studies.

There is a variety of gangliosideatthepresent a potent targets for immune
recognition and attack including GM2, fucosyl-GMAD3 and GD2. Among them, the
GD2 ganglioside appears as an especially attracinge GD2 is highly expressed on
neuroectodermal tumor cells [72, 73] whereas isrithution in normal tissues is
restricted to neurons, skin melanocytes and per@blpain fibers [74, 75]. Furthermore,
the expression of GD2 persists on tumor cells dutierapy with anti-GD2 mAb [76].
For many yearsGD2 has been considered to be a marker of neudaciederived
human cancers without specific biological functionthe malignant properties of
human cancer cells. Co-localization of GD2 gangfiesat the adhesion plaques of
melanoma cells and its functional involvement inefl adhesion process mediated by
the interaction between integrins and the extratzllmatrix was first reported by
Cheresh et al., [77]. More recent studies revedthed GD2, integrinl and focal
adhesion kinase (FAK) form a molecular complex ssrthe plasma membrane, and
antibody binding to GD2 induces conformational aesmin integrin molecules leading
to dephosphorylation of FAK and apoptosis assodiatéh disruption of cell-matrix
interaction, known as anoikis [78].

A number of therapeutic trials with mAbs speciftc GD2 ganglioside have
been reported and shown partigh vivo anti-tumor effects in patients with
neuroblastoma and malignant melanoma [79-81]. Tisé dlinical study with murine
anti-GD2 mAb 14G2a injected to six neuroblastomiepés resulted in two complete
remission and two partial responses [82]. Passnraunotherapy with another murine
GD2-specific 3F8 mAb led to prolonged survival irhildren with stage IV
neuroblastoma [83, 84]. The subsequent studies feaealed that the clinical response

to the 3F8 mAb was associated with induction ofdaotype network which included
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anti-anti-id (Ab3) and anti-GD2 (Ab3') antibodie&35]. The addition of GM-CSF to 3F8
mADb treatment has led to increased responses iengatvith reflactory neuroblastoma.
In a recent analysis of 27 patients with bone mvar(BM) metastasis as the only
evidence of refractory disease, 85 % achieved cetmpecovery after therapy with 3F8
mAb combined with GM-CSF [86].

Another approach targeting GD2 ganglioside inclualgs/e immunization with
cancer vaccines. This strategy was shown to etinitantibody response in both
experimental models and clinical settings [68]. ldwer, the potential difficulty
associated with active immunization resides initigeiction of relatively low levels of
GD2-specific IgG antibody responses [87], raisidge tpossibility that the GD2
conjugate may not be sufficiently immunogenic inmomosuppressed individuals [88].
Several strategies have been proposed to augmemiriogenicity of GD2 including
conjugation to a protein carrier, immunization wahti-idiotypic antibodies or with a
lactone form of GD2 ganglioside [89]. Immunizatiamth GD2-KLH conjugates
resulted in induction of IgG responses in patiemth malignant melanoma [89]. The
administration of TriGer!, an anti-idiotypic antibody that bears the intéinsage of
GD2, led to generation of robust and specific lg@nune responses against GD2, with
only a minimal toxicity [90]. Other investigatons & search for a method of generating
a vaccine to GD2 ganglioside that is T cell-depahd@ad highly immunogenic focused
on the GD2 mimetic peptides as surrogate antigéh [Ehis latter approach resulted in
induction of humoral and cellular immune responkesling to the generation of

effective protection against neuroblastoma cha#dnga prophylactic model [57, 61].

5. Vaccine strategies for the immunotherapy of caer

Cancer vaccines can consist of tumor cells or réwoamt TAAs [91]. First cancer
vaccines involved autologous or allogeneic wholadu cells, irradiated or otherwise
inactivated, or cancer cell extracts (lysates, mamds and heat shock proteins)
(reviewed in ref. [92]). Those vaccines were oftembined with bacterial adjuvants in
an attempt to amplify tumor-specific immune ressn@©3]. Subsequently, genetically
modified cancer vaccines have begun to replacedhgplex mixtures of tumor cells.
As such, tumor cells were engineered to secretébrtsrof different cytokines or were
transfected with genes encoding costimulatory mudéesc [94-98]. Of the cytokines

20



studies, granulocyte-macrophage colony-stimulataxgjor (GM-CSF) appeared most
effective as it causes recruitment of antigen priesg cells (APCs) required for
activation of CD8 and CD4 T cells. In addition, several of other geneticalltered
tumor cell vaccines expressing IL-2, IL-4, B7.1 axarently under investigation in
clinical studies [99, 100]. However, despite thiiah success of cell-based vaccines,
the main limitation associated with this approaghhe difficulty in generating tumor
vaccines on a large scale. It is a highly indivitdaea, expensive and labor intensive
process. Moreover, the potential for causing autmimity may further limit the
usefulness of this approach. Several studies ha&aweodstrated that in addition to
presenting tumor-specific antigens, activated D@y prime immunity to many other
self-antigens that are presented on cancer ce#gjrig to destruction of healthy tissue
[101]. Thus, in order to induce more tumor-spedificnune responses the emphasis has
been shifted to vaccines expressing TAAs.

Understanding how T cells recognize garis in the form of short peptides
presented by MHC molecules and knowledge of thenanaicid sequence of TAAs
provided the basis for antigen-specific vaccinatma prompted the use of peptides as
therapeutic agents in the treatment of caneptides vaccines are easy to synthesize
and standardize to meet the requirements for dlirigals. Consequently, they have
been broadly used in the treatment of melanomanc¢direast, ovarian, pancreatic and
cervical malignancies. In general, clinical respanslicited by peptide immunization
were observed in 10%-30% of the treated melanorians (reviewed in ref. [102]),
suggesting that novel strategies must be explaredigment the vaccine efficacy. One
of the approaches to increase peptides immunodgrnscepitope enhancement which
involves modifications of the amino acid sequentdasire epitope so that its affinity
to MHC molecules and triggering of T cell receptdi€CR) increases. When this
strategy was applied to melanoma antigen gp100deeptO in 11 patients exhibited
strong cellular responses [36] whereas naive gpEpdide resulted only in low levels
of T cell responses in two of eight patients. Femtore, peptide immunization can be
combined with cytokine treatment such as IL-2 [10B8]GM-CSF [104], or with the
blockage of negative regulatory molecules such a$A=4 [105]. Based on the
knowledge that CTL are induced more efficientlydrgfessional presenting cells such
as DCs, the strategy witx vivo generated DCs pulsed with a peptide of interegé ha
also been investigated. This method was shown tdiateetumor regression in mice

[92] as well as generate a frequent and strong @Hponses in humans [106]. In
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addition, peptides converted into DNA vaccines haeen shown to provide some
degree of systemic tumor protection [107] and rdmioant viruses have recently been
used as vectors for peptide vaccines. A numberial§ tutilizing vacinia virus (VV) or
avipox virus expressing prostate-specific antige®A) or carcinoembryonic antigen
(CEA) have been reported or are in progress [108].IThe potency of these vectors
may also be enhanced by addition of genes for inusiimulatory molecules or
cytokines.

Connectively, tumor-specific vaccines in a form siiort peptides, their
mimotopes or altered TAAs, delivered by means osP@combinant viruses or as a
naked DNA, appear as a feasible, effective strategl/is capable of inducing specific
antitumor immune responses. The optimal developragantigen-specific vaccines is
now under investigation with a focus on identifioat of the most potent tumor
rejection antigens and the appropriate route oicleeby which the antigen is delivered

to the immune system.

6. Adoptive cell transfer (ACT) in cancer therapy

Shortly after the demonstration that cellular arhth@ immune system plays a central
role in tumor rejection [110], attempts have beedento treat established tumor by a
transfer of immune cells. Currently, adoptive tfen®f tumor antigen-specific T cells
after theirex vivo activation and expansion represents a promisinguunotherapy
approach. The first ACT studies in which transpansyngeneic tumors were treated
with splenocytes from immunized mice were concéattaon defining the
characteristics of transferred T cells that inflcexh treatment effectiveness. As a result,
CD8" T cells were showed to be required for effectivditamor effects [111] and
several lines of evidence showed a correlation éetwthe number of adoptively
transferred T cells and antitumor respongesvivo [112, 113]. Additionally, new
findings also emphasize that the quality of tramef T cells may be of importance
[114]. It has been demonstrated tihets-differentiated, central-memory-like T cells
have a high proliferative potential and are lessnpr to apoptosis than more
differentiated cells, suggesting that these celighimbe optimal for ACT-based
immunotherapy [114]. Consistent with these findingacreased antitumor responses
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were observed after adoptive transfer of low numloérearly effector T cells compared
with high numbers of “unfit” differentiated T cell$15, 116].

Because the presence of TILs capable of recogn@fdamor antigens is well
documented in cancer patients [23], the infusiorsolated autologus TILs aftex vivo
activation was expected to become an effectiveintreat in cancer therapy. Indeed,
early attempts of ACT treatment using autologussTplus high dose of IL-2 resulted in
objective response rate of 34% in 86 melanoma atigl17]. Moreover, a growing
body of evidence indicates th#ie antitumor efficacy of transferred T cetlan be
markedlyimproved by ablation of the host immune system before AGThas been
reported that adoptive transfer of TILs after lyragapleting regimen led to objective
clinical responses in 51% of the patients [112]e Oepletion of endogenous immune
cells can be achieved via total body irradiatiorcleemotherapyin the setting of ACT
for the treatment of solid tumors, the lymphodeptet regimens are termed
nonmyeloablative, if they transiently deplete lyrapytes and do not lethally damage
the host bone marrow [118, 119] or myeloablati¥etansfer of BM or hematopoietic
stem cells (HSCs) is required to replace the lgtitmaged host’'s marrow [120]. The
augmented efficacy of tumor-reactive T cells in §raphopenic environment is due to
several factors including elimination of immunostggsive cells such as T regulatory
cells (Tregs) [121-123] and depletion of endogenceits that compete for activating
cytokines [118].

Treg cells possess a COB25FoxP3 phenotype and are considered the
crucial mediators of peripheral tolerance [124,]12hey arise both in the thymus and
through the conversion of FOXBD4 T cells in the periphery [125, 126]. The elevated
numbers of Tregs were detected in patients witlrdéige tumor [125]. In addition, the
suppressive effect of Tregs on function of TILs bagen recently reported [127, 128],
and Tregs specific for melanoma antigens have blesaoribed [129]. Also, Tregs are
known to have increased capacity to consume IL3D,[131], which is considered a T-
cell growth factor necessary for expansion and tiancof tumor-specific T cell
population in vitro and in vivo [112]. Thus, the removal of Tregs cells by
lymphodepletion might result in enhanced antitumeactivity of adoptively transferred
CDS8" T cells, not only by elimination of direct cellulanhibition but also through
increased availability of IL-2. In fact, depletioofi endogenoudymphocytes that
compete with transferred cells for homeostatic kiyies has been shown to strongly

contribute to improved efficacy of ACT [118]. Theportance of the availability of
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cytokines have also been demonstrated in expergmewhich mice deficient for IL-7
or IL-15 showed impaired homeostatic maintenancepaoliferation of memory CD8

T cells [132, 133]. Recent studies implicate that bklls by consuming IL-15, the
cytokine crucial for their survival and proliferai, serve as a one of the key effectors
of the cytokine “sink” effect [134, 135]. Thereforelestruction of endogenous
lymphocytes that results in an increased availgbdf homeostatic cytokines leads to
the expansion of adoptively transferred T cell.

Another approach that may further increase ACT cafly includes
administration of T-cell growth factors that impeopersistence and effectiveness of the
transferred cells [112]. As delivery of early eti@cCD8" T cells was shown to be more
effective than treatment with differentiated coup#ats[115, 116, 136], exploring new
strategies forin vivo stimulation of adoptively transferred T cells i$ @ great
importance.Among them, cancer vaccines may become a successtiiod when
administrated together with ATC. Thus, further opaation of the ACT treatment and
relative contribution of different mechanisms ofshammune manipulation to ACT

therapy remains to be fully elucidated.

7. Dendritic cells as critical antigen-presentingells in tumor immunity

One of the primary goals of cancer vaccines isitget the TAA to appropriate APCs.
Dendritic cells, as the most powerful APC, playey kole in vaccine strategies. They
are responsible for the initiation and regulatidnTocell immunity to tumors and
pathogens while at the same time preventing imnmmasponses against self-tissues
[137, 138]. This critical property of DCs is linkéd environmental stimuli, which also
determines their final differentiation and maturatistatus [137]. In the absence of
inflammation, DCs remain in an immature state, antigens that are presented to T
cells without costimulation lead to T-cell anerggetion [139] or development of Treg
cells [140]. Several stimuli, such as pathogensgeized by means of Toll-like
receptors (TLR), CD40L, heat shock proteins, infiaaory cytokines, and innate
lymphocytes can induce DC maturation and T cell umity [137].

There is a substantial evidence that DCs are fratyudysfunctional in patients
with advanced cancer [141]. Suppression of DC foncis caused by tumor-derived

factors, such as IL-10, transforming growth faqdofTGF{3) or vascular endothelial
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growth factor (VEGF). Moreover, the presence ofaoc@des, gangliosides or nitric
oxide in tumor environment induces DC apoptosissfhyctional DCs lack the ability

to undergo maturation. Consequently, they do nptress costimulatory molecules or
cytokines which results in anegry of effector Tl€ednd leads to the induction of
regulatory Treg cells [142]. Therefore, the useofivo-generated DCs as carriers of
cancer vaccines represents an alternative approach.

A number of studies have shown that BM-derived marDCs fused with
irradiated tumor cells [143], tumor protein extsa¢l44] or synthetic peptide tumor
epitopes [145] and matured in the presence of ayeokocktail, induce protective
immunity to subsequent tumor challenge. DCs tranetewith nucleic acid encoding
tumor antigens and costimulatory molecules [146Fytokines [147] have also been
effective. Furthermore, DC-based immunotherapyldses introduced to the clinic, and
has proven to be feasible and nontoxic. Severarteglemonstrated that DCs freshly
isolated from peripheral blood or generagxdvivo from blood precursors and pulsed
with tumor antigen were capable of eliciting spiedihmune responses in patients with
lymphoma [148, 149], metastatic melanoma [150, 1%&bJon and non-small lung
carcinoma [152]. However, the effectiveness of D&Sdul vaccines in inducing clinical
responses is still below expectations [153]. Recstudies indicate that proper
manipulation ofex vivo generated DCs is crucial for inducing effectiveitamor
immunity. The conditions of DC maturation have bpeoven to imprint their ability to
secrete cytokines and different classes of chemsgkinas well as their
immunostimulatory function and migratory activitg54]. In particular, it has been
shown that DCs matured in the presence of BLFNFa/IL-6/PGE, cocktail expressed
high levels of costimulatory molecules, howevegthnhad reduced ability to produce
IL-12. “Type-1 polarized” DCs with enhanced ability induce long-lived, effective
tumor-specific T cells are generated by maturatidgth type-1 and type-2 interferons
together with TLR ligands [155, 156]. Importantggveral studies demonstrated that
matured DCs not only activate T cell immunity busoacontribute to peripheral
tolerance by promoting clonal expansion of Treds/]1Lack or low levels of vaccine-
induced Treg cells are crucial for the succesdferapy [142, 158, 159]. However,
while most of DC maturation protocols have largilgused on the ability of DCs to
induce antigen-specific effector cells, little isdwn about their ability to concurrently
generate Tregs. As Tregs limit primary responsetutoor/self-antigens in a tumor-

bearing host and prevent generation of memory [6 €25, 126, 160], it is important
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to identify stimuli that trigger a desired DC-mattion profile leading to preferential
induction of tumor-specific CTLs but limited gengoa of Treg cells.

In summary, DCs as critical APCs thatiaté and regulate immunity are critical
for effective vaccination. It is well known thateke cells play an important role in
shaping the host response to tumors. However, tmeplexity of the DC biology
requires rational manipulation of DCs to achieverd@ipeutic immunity. Therefore,
further research in needed to analyze the immusgorese induced in patients by
vivo generated DCs that are activated through diffeneathways. Furthermore,
combining DC vaccination with other therapies migighificantly increase the efficacy
of antitumor treatment. For example, recent stughdgate that immune ablation may
improve outcome of vaccination with DCs [161]. Adtlgh ex vivo generated DCs
provide a unique opportunity to avoid tumor-indud®@ dysfunction and allows for
precise manipulation of patients’ DCs, the needsfmecialized cell culture facilities for
the ex vivo manipulation markedly limits this type of approadrhus, strategies to
develop cell-free vaccines targeting endogenous DCgatients for induction of

protective immune responses are now under intessixkes.

8. The role of activating/inhibitory Fcgamma recepbrs (FoyRs) in immunotherapy

of cancer

A hallmark of immune system is its ability to maimt balance between extremes of
reactivity and quiescence. The positive and negagignals, which either activate or
inhibit immune responses, are tightly modulatedodlgh the action of cytokines,
downstream signaling pathways and cell-cell contabe failure to keep this balance
may result in aberrant responses leading to taberan autoreactivity.

FcRs for IgG antibody represent a system respangdsl generation of well-
balanced immune response [162]. This system cosgphsth activating and inhibitory
FcyRs which carry either immune tyrosine activatiomAM) or inhibitory (ITIM)
motif in their cytoplasmic domain [163]. To datbrde different classes of activating
FcRs (FgRI (CD64), FgRIll (CD16), Fo/RIV) and one inhibitory RgRIlIb (CD32b)
have been described in mice (Fig. 1). The humaivaditty FCR system is more

complex as it consists of ¥RI, two types of FgRIl, FcyRIIIA and unique FgRIIIB
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that is attached to the cell membrane by glycosdphotidylinositol (GPI). With the
exception of human KRIIA and FgRIIC, functional activating FcR is usually formed
of ligand-binding a-chain and a signal-transducingchain dimer. The signaling
pathways initiated by the different activating ngtoes are similar and start with
tyrosine phosphorylation of the ITAMs by SRC kindaenily members [164]. This
leads to the recruitment of SYK-family kinases whia turn activates a number of
other signal-transduction molecules including plaspositide 3-kinase (PI3K) [165].
The activation of PI3K generates phosphatidylirays3t4,5-trisphosphate
(PtdIns(3,4,5)P3) that recruits phospholipase(ELCy) to the cell membrane which
results in increased intracellular calcium leved &mggers further downstream signaling
events [166, 167]. On the other hand, crosslinkaigthe single-chain inhibitory
receptor FgRIIB by immune complexes (ICs) leads to phosphdigteof the ITIM and
subsequent recruitment of SRC-homology-2-domairtatoimg inositol-5-phosphatase
(SHIP) which interferes with activating signalingatpways by hydrolysing

phosphoinositide intermediates [168].

Activating Fc receptors Inhibitory Fc receptor
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Figure 1. The family of Fc receptors for IgG [169]

Innate immune effector cells, such as mast celBsophilis, neutrofils,

monocytes and dendritic cells express both actigadind inhibitory FgR. For instance,
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in mice, monocytes and macrophages express aWa#oy and inhibitory FRs
(FeyRI-FoyRIV), neutrophils mainly express the inhibitoryyR¢IB and the activating
FoyRIIl and FoRIV, whereas the expression ofyRt, Fo/RIIB and FgRIIl dominates
on DCs (reviewed in refl169]). There are two cell types that express amlg type of
the receptor: NK cells solely express the activateceptor FgRIIl whereas B cells are
characterized by the expression of inhibitory résepoy/RIIB only [169].

The balance between activating and inhibitory rémsp modulates the
physiologic consequences of cell-bound IgG andgentigG immune complexes.
Engagement of activating ¥Rs mediates phagocytosis, antibody-dependent
cytotoxicity and release of cytokines. In contrashibitory Fo/Rs act as negative
regulators of innate and adaptive immunity [170hpobrtantly, recent studies have
demonstrated that activating yRs expressed on DCs are also involved in antigen
presentation as they mediate internalization of 48d opsonized dying cells, such as
those generated during antibody therapy of cand@0][ Moreover, targeting of
antigens to activating FB&s on DCs by means of ICs was shown to result niyt ia
enhanced generation of CD4T cells but also in immunity that includes cross-
presentation of TAAs to CDS8T cells. In addition, the selective blockade dfibitory
Fcy receptors is associated with DC activation [1#1d BCs from mice deficient in the
inhibitory Fo/RIl have a more activated phenotype [172]. Altogetthese studies
suggest that the balance between activating anbditoty FcyRs has a major impact on
DC activationin vivo and, if properly manipulated, may lead to inductafndesired
type of immune responses. Indeed, it has receptiy lshown that selective targeting of
activating FgRs results in the generation of a type | interferegponse program in
human monocytes and monocyte-derived DCs [173]s lknown that although all
classes of RgRs are capable of binding IgG immune complexesyiddal Fc receptors
display significantly different affinities for IgGsubclasses [174]. For example,
activating Fg receptors possess higher affinities for murine2gGlgG2b or human
IgG1, IgG3 isotypes whereas inhibitory yFoeceptor strongly binds murine 1gG3.
Therefore, the differences in the ratios of acingito-inhibitory receptor binding by
the presented antigenic complex may predict thétylmf DCs to induce immune
responses or tolerance [174]. These findings hawpoitant implications for
understanding the pathophysiology of ICs diseasésfar optimizing the efficacy of

therapeutic antibodies. They also suggest novategjtes for targeting antigens to the
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activating FgRs on DCs to generate antigen specicific immunitytumor-bearing

hosts.

9. Oncaolytic viruses: a novel form of immunotherag

Oncolytic virotherapy represents a new form of eartceatment that is under intensive
evaluation in both preclinical and clinical setsnd his strategy is based on selective
infection of tumor cells (vs. normal cells) by @nt naturally occurring or engineered
lytic viruses, which leads to specific lysis of tomcells. Antitumor activity of
virotherapy acts through multiple mechanisms inicigahot only oncolysis but also the
induction of tumor-specific apoptosis and virus-mgetl syncytium formation [175]. In
addition, oncolytic viruses can be further engiedetio delete immunosuppressive viral
components and to insert transgenes that enharitenaor immunity. Studies with
murine tumor models confirmed the generation obtgic CD8 T cells against tumor
antigens expressed by the oncolytic viruses [1A8].they are relatively simply to
construct and provide high levels of transgene esgion, engineered viruses represent
an attractive expression system.

The efficacy of recombinant viruses as vaccinearsavas initially shown using
vaccinia virus [177, 178]. Recombinam@accinia virus (rVV) and other related
poxviruses have served as vectors for gene deliged/ as vaccines for infectious
disease and cancer for many years [179]. Howeteronly in the last decade that VV
has been specifically genetically engineered armloezd as a recombinant oncolytic
vaccinia virus (rOVV). Poxviruses are a family afde DNA genome viruses. The VV
viral genome is composed of ~190 kb dsDNA encodibgut 200 viral genes. The
virus relies on both its own encoded proteins amst bell proteins that function for its
life cycle, allowing for rapid, efficient transctipn, translation and replication in the
cytoplasm of the host cell. In tissue culture, VAhdnfect and replicate in many types
of cell lines derived from mouse to man. A specd@al receptor for VV has not been
identified, and the broad tropism of the virus iraplthat many receptors or nonspecific
cell-association events may occur. VV strains magspss a natural tumor tropism as it
activates cell-signaling pathways and alters thegmassion of the cell cycle upon
infection by inactivation of the p53 tumor suppa@sgene [180]. This may contribute to

more efficient replication of the virus in rapidjyowing cells such as many cancer cells
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[181]. A number of strategies have been desigoddrther enhance viral replication in
cancer cells and reduce replication in normal calld thus maximize its safety. Early
work by Moss and associates demonstrated that gegaés encoding both thymidine
kinase (TK) and vaccinia growth factor (VGF) areuience genes that are needed for
efficient viral replication in normal celis vivo. TK has a key function in the synthesis
of DNA and thereby in cell division, as it is a paf the unique reaction chain to
introduce deoxythymidine into DNA [182]. Mammaliaalls contain two different TK
isoenzymes, cytosolic Thymidine Kinase 1 (TK1) amtbchondrial Thymidine Kinase
2 (TK2). The latter form is located in mitochondaad is cell cycle-independent [183],
whereas the cytosolic enzyme dominates in repiigatells but is absent in resting ones
[184]. Cancer cells are characterized by a higklle¥ TK1 expression. This is due to
the genetic instabilities that are commonly foundtamor cells such as loss of the
tumor suppressor Retinoblastoma (Rb) gene [18&hancrease in cyclin activity [186,
187]. These alterations lead to the activatiorrarigcriptional factor E2F that drives TK
expression in tumor cells [188]. Therefore, THutant of the virus retains full capacity
to replicate in cancer cells while its replicatiomondividing cells is reduced [180].

The VGF shares sequence homology and functionglepties with mammalian
epidermal growth factor (EGF) [189] and is capatfidinding and inducing tyrosine
phosphorylation of the EGF receptor (EGFR; ErbBHI9(Q]. This initiates a signaling
cascade that culminates in activation of the mitegetivated protein
kinase/extracellular-signal-regulated kinase (MAPRK) pathway and results in
cellular proliferation [190]. Importantly, VGF mayime surrounding cells for vaccinia
infection by binding to their EGFR and causing epation and increases in cellular
TK levels [191]. Based on these findings, attemp#éve been made to decrease
pathogenicity of wild-type virus by deletion of VGfene in addition to the TK gene.
The absence of the VGF gene prevents activatidGHR signaling in noncancer cells
and restricts the viral replication to cells witlBE pathways already activated, such as
cancers cells [192]. The resulting recombinant Vkhvboth viral genes for VGF and
TK deleted retains its ability to target and replecin cancer cells boiln vitro andin
vivo, and displays significant oncolytic potency in tpleé tumor models [180].
Therefore, the selective replication of rOVV in tomleads to significant decreasesnn
vivo toxicity of the virus as confirmed in animal mosl@nd clinical trails. Importantly,

the systemic efficacy that is required for effeetiveatment of metastatic cancer has

30



been reported after intratumoral injection of rO\¥pressing GM-CSF in patients
with melanoma, non-small cell lung and liver tumdra3].

Another important feature of vaccinia-virus-basextaomes is their ability to
break CD4CD25 Treg-mediated CD8 tolerance through TLR-dependamd -
independent pathways [194, 195]. Several linesvademce indicate that rVV elicits
innate immune responses through the TLR2/MyD88-depet pathway, resulting in
the production of proinflammatory cytokines, andlaR-independent pathway, leading
to the activation of IFN¢in vitro andin vivo [195]. Because sustained stimulation of
TLRs of the innate immunity is required for breakimstablished Treg-mediated
tolerancein vivo and the virus can provide TLR signals, this uniqoeency of rvV or
rOVV as a vaccine vehicle can lead to activatioth@$t defense and protect the mice
from tumor challenge [194, 196].

Altogether, these findings suggest that virotherapiyng rOVV could become a
new paradigm for safe and practical therapeuticivas for cancer. It represents an
attractive, novel approach with potential advansageer the conventional cancer
vaccines including diverse, personalized native $Aéleased from oncolysis and local
inflammation that augments adaptive immune resmonagth the flexibility in further
engineering and combination with antitumor drugd/anwith cell therapies, oncolytic
virotherapy could become a potent treatment thay bma superior to other cancer

vaccine strategies.
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V. PROJECT AIMS

A major challenge for inducing antitumor immunep®@sses with therapeutic cancer
vaccines in tumor-bearing hosts relates to achgeeificient uptake and processing of
tumor antigens by dendritic cells to preferentiaistivate T effector cells rather than
Treg cells. The overall aim of my experimental s#égdwas to explore immunization
strategies for therapeutic vaccines expressing 886@ross-reactive mimotope of GD2
ganglioside, 47-LDA, to provide protection agaipsimary and metastatic tumors in
NXS2-neuroblastoma-bearing syngeneic mice. It wggothesized that preferential
delivery of the 47-LDA polypeptide to activating yRs expressed on DCs would
enhance the adjuvant potency of the mimetic vadoingeneration of high numbers of
T effector cells and reduced expansion of Tregsc@lb achieve this goal the following

experiments were performed:

1. The 47-LDA polypeptide was expressed in the extndf the murine IgG2a
Fc portion and analyzed for its interaction with BMrived DCs.

2. The induction of tumor-specific Thl and CTL respes as well as Treg
cells were investigated after immunization of A/itenwith 47-LDA-FgRa-
and 47-LDA polypeptide-coated DC vaccines.

3. The therapeutic efficacy of DC vaccine expregsdii-LDA-FoR2a fusion
protein or 47-LDA polypeptide was evaluated duriA@T of antigen-
experienced CDBT cells in syngeneic NXS2 primary tumor-bearingeni
Prior to the ACT and DC vaccination, the tumor-b&grmice were
lymphodepleted by nonmyeloablative TBI or a myelatibe regimen that
required BM transplantation to facilitate expansodtiumor-specific T cells.

4. The 47-LDA-Fg§2a- and 47-LDA-DC vaccines were tested for theititsb
to induce antitumor immune responses capable oibitilg metastatic
disease after adoptive transfer of antigen-expesg@rCD8 T cells or naive
splenocytes to lymphodepleted mice that had themgry tumor resected
prior to the treatment initiation. The tumor-freécenand mice with visible
metastasis were analyzed for the presence of aeliesponses.

5. To determine that the antitumor effect of imnzation with the fusion

protein was not limited to the DC vaccine and A@Tan irradiated tumor-
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bearing host, 47-LDA-RRa construct was expressed in the oncolytic, TK
VGF mutant of recombinant vaccinia virus and examifoedts therapeutic
efficacy in the syngeneic NXS2 tumor-bearing mitlke NXS2-challenged
mice which remained tumor free were further analyfmg the presence of

tumor-specific immune memory.
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VI. MATERIALS AND METHODS

1. Animals and cell lines

FemaleA/J mice, 6-8 weeks of age, were obtained from Jaekson Laboratory (Bar
Harbor, ME). The animals were housed under pathfygenconditions in the Animal
Facility at Roswell Park Cancer Institute (RPCIlyffBlo, NY and the experimental
procedures were performed in compliance with paio@pproved by the Institutional
Animal Care and Use Committee of the RPCI.

The murine NXS2 neuroblastoma cell line (providgddy. R. A. Reisfeld, The
Scripps Res. Inst. La Jolla, CA) is a hybrid betwdlee GD2-negative C1300 murine
neuroblastoma (A/J background) and GD2-positivameidorsal root ganglioma cells. The
hybrid cell line was shown to be MHC class | syrgerto A/J mice by its H-2k
positive/H-2K-negative phenotype [197]. NX3R-uc cells were obtained by stable
transfection with pcDNA 3.1 vector expressing RanilLuciferase (RLuc) using
Lipofectamine 2000 Reagent (Invitrogen, Carlsbadd) Gollowed by selection in
hygromycin-containing medium. The 14G2a hybridored line secreting GD2-specific
mAb [198] was provided by Dr. R. A. Reisfeld (TBeripps Res. Inst.). Human 293T
fibroblasts, monkey kidney fibroblasts (CV1), hunwanvical adenocarcinoma (HelLa S3)
and human TKcells were obtained from American Type Culture l€xion (ATCC),
Rockville, MD. The cells were cultured at’87in a 5% C® in DMEM medium (Life
Technologies, Grand Island, NY) supplemented wi@o1fetal calf serum (Atlanta
Biologicals, Lawrenceville, GA), 2 mM L-glutaminéife Technologies) and gentamicin
(Sigma Co., St. Louis, MO).

2. Generation of 47-LDA-Fga fusion protein

The construction of 47-LDA expression vector, cetisg of tissue plasminogen
activator secretory (tPA) signal sequence, two emsia Th peptides PADRE
(AKFVAAWTLKAAA; ref. [199]) and V3 loop of the HIV gpl120 glycoprotein
(CKRKIHIGPGQAFYT; ref. [200]) together with the 4ADA mimetic peptide was
reported elsewhere [57]. The murine 47-LDA/E& fusion protein was generated by

inserting the 47-LDA polypeptide coding sequenceveen the hEF1-HTLV promoter
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and the mouse IgG2a Fc region of the pFUSE-mIgGR&h-vector (InvivoGen, San
Diego, CA) using theEcoRI and Bglll restriction enzyme cleavage sites. Stable
transfection of 293T cells was done with the 47-1-Bé&2a fusion protein construct or
sham vector using Lipofectamine Reagent followedsblection in zeocin-containing
medium. The 47-LDA-Rga fusion protein was purified from culture supéangs of
the transfected cells on Protein G column (GE Healte, Bio-Sciences Corp,
Piscataway, NJ). The fusion protein was analyzed $yS-15% PAGE and
immunoblotting with 14G2a mAb followed by ECL plWestern blotting detection
system (Amersham Pharmacia Biotech) accordingdagtbtocol of the manufacturer.

3. Mice immunization

DCs were generateh vitro from bone marrow precursors as previously desdribe
[201]. Briefly, BM cells were harvested from thkias and femurs of 6- to 8-week-old
female A/J mice and then cultured in complete madaupplemented with 10 ng/ml
GM-CSF at 37C for 6 days. The medium was replenished everyd2ya. On day 7,
most of the nonadherent cells had acquired DC nabogly and were CD11c high and
CD80, CD86, CD40, and MHC class Il low, as deteediby flow cytometric analyses.
DCs were pulsed for 5 h with 40g/ml of 47-LDA-Fg/2a fusion protein or 47-LDA
polypeptide (New England Peptide, LLC, Gardner, MAgubated with 1.Qug/ml LPS
(Sigma) for 1 h to induce maturation, washed afetted i.v. to mice (2 x ftcells per
mouse). 2Qug of DNA plasmid-encoded IL-15 and IL-21 were ingati.m. at the time
of vaccination and five days later, respectivel¥][@Mice were immunized every two
weeks for the total of three immunizations.

4. Flow cytometry

Immature DCs were incubated with biotin-labeledL4¥A-Fcy2a fusion protein or 47-
LDA polypeptide followed by streptavidin-conjugat&E (Phycoerythrin). For some
experiments, DCs were stained with the following eA anti-CD11c-FITC, anti-
CD80-PE, anti-CD86-PE, anti-CD40-PE, or anti-MH@sd II-PE (BD Bioscience, San
Jose, CA). Splenocytes were labeled with anti-CIB4-#hti-CD8-PE, anti-CD25-FITC
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(BD Bioscience) or the relevant isotype controRrior to specific antibody staining,
cells were incubated with Fc blocker (anti-CD16/@D®Ab) for 10 min. The cells
were washed twice in HBSS containing 0.01% sodiaideaand 1% FCS, fixed with
1% paraformaldehyde, and stored at 4°C in the dmfore analyses. Background
staining was assessed using isotype controls whiatluded the appropriate
fluorochrome-conjugated or unconjugated mouse Ig@&fG2a or IgG2b (BD
Bioscience). The numbers of Treg cells in axilldoyachial lymph nodes and spleen
were determined by intracellular staining of COB25" lymphocytes with anti-FoxP3-
AlexaFluor 647 mAb (eBioscience, San Diego, CA)aading to the manufacturer’s
protocol. The number of CD4and CD8 splenocytes secreting IFfNer TNF-a was
determined using anti-CD4-FITC and anti-CD8-FITC ImsAn conjunction with anti-
IFN-y-PE or anti-TNFa-PE mAb (BD Bioscience). The intracellular expressof IL-
12p70 in LPS-stimulated DCs was measured by stawith rat anti-mouse IL-12p70
mADb that detects an epitope within the IL-12p35wuband does not cross-react with
IL-12p40 (R&D Systems, Inc.). The intracellular esgsion of CCL22 in LPS-
stimulated DCs was determined by staining witharati-mouse CCL22 mAb (R&D).
Sorting of 47-LDA-Fg2a’, 47-LDA polytopé or CD86 DC was performed on BD
FACSAria™ Flow Cytometer (BD, Franklin Lakes, NJ). All floveytometric
evaluations were performed on FACScan or FACSCalibw cytometer. After gating
on forward and side scatter parameters, at leafi0Q@ated events were routinely

acquired and analyzed using CellQuest software BRI3ciences).

5. Adoptive transfer of T cells

A/J mice (n = 8 - 10 per group) were injected with 2 x 1¢ NXS2 neuroblastoma
cells and treated 15 days later by i.v. injectidthwt D8 -enriched splenocytes isolated
from 47-LDA-Fg2a- or 47-LDA polytope-DC-immunized mice, as degicin Fig. 2A
and B. The CD8splenocytes were negatively selected using paraetiagMicrobeads
conjugated to anti-mouse CD4 (L3T4) and anti-mdbBd5R (B220) mAbs (MACS;
Miltenyi Biotec) according to the manufacturer's instruatiofhe isolated CD8
splenocytes (2 x TP were incubated with LPS-matured 47-LDA polypegticdr 47-
LDA-Fc fusion protein-coated DCs. The mixtures aféllls and DCs (20:1 ratio) were
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A. Induction of antitumor immune responses with 47LDA- or 47-LDA-Fcy2a-DCs
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Vaccination +

C. Inhibition of metastatic disease by ACT and D vaccines

5 Gy or ACT + Dc vaccine
NXS2 Tumor 9 Gy + BM i.v. (d 16)

s.c. (d 0) resection (d 15 i.m. IL-15/21

(d 15
\ N
accination +
b= N N

Figure 2. Schematic representation of vaccination with BALor 47-LDA-Fo2a-pulsed DCs and ACT
in tumor-bearing mice. (AYaccination with 47-LDA- or 47-LDA-FRa-pulsed DCs. A/J mica € 5)
were immunized in a 2-week interval with 47-LDA- 4¢-LDA-Fo2a-pulsed DCs for a total of three
immunizations. Three weeks after the last immunizaED8 splenocytes were obtained by negative
selection and used for the ACT in NXS2-bearing nfigeinhibition of primary tumor growth by ACT and
DC vaccines. A/J mice were challenged with 2 XNIRIS2 cells. Fifteen days later, lymphopenia in the
tumor-bearing mice was induced by 5 Gy TBI or 9By plus BM transfer (1cells) one day prior to the
adoptive transfer of antigen-experienced Ch&ells (2 x 10 and DC vaccination. (C) Inhibition of
metastatic disease by ACT and DC vaccine. NXS2dgeanice underwent nonmyeloablative or
myeloablative TBI at the time of tumor excisioneQiay later, the mice received ACT of CD8+ T ¢2lis
10') from the immunized mice or unseparated splersdyien naive mice together with the DC vaccine.
Survival was defined as the point at which miceewsacrificed due to extensive tumor growth or
development of metastases.

37



injected i.v. to the lymphodepleted NXS2 tumor-loggumice in the presence of rmlL-2
(1 pg/dose) as described [202]. Lymphopenia in the tdpe@aring mice was induced by
5 Gy nonmyeloablative TBI or 9 Gy myeloablative Tlis BM transfer (10cells) one
day prior to the ACT and vaccination (Fig. 2B). @ohmice bearing established s.c.
NXS2 tumors were irradiated with 5 Gy or 9 Gy pRid transplantation. Mice were
immunized in a 2-week interval with the DC vaccinghe presence of IL-15 and IL-21
vectors as described [61]. Tumor growth was moeddry measuring s.c. tumors once
to thrice a week with a microcaliper and deterngniomor volume (width x length x
width/2 = mn?). Survival was defined as the point at which miee sacrificed due to
extensive tumor growth. Kaplan-Meier survival pletsre prepared, and significance

was determined using logrank Mantel-Cox method.

6. Immunotherapy of disseminated disease

For the immunotherapy of disseminated disease, NX&2bearing mice underwent
nonmyeloablative (5 Gy) or myeloablative (9 Gy) T@lthe time of tumor resection (Fig.
2C). One day after tumor excision, the mice remiCT of splenocytes (2 x J)Grom the
immunized or naive mice together with the 47-LDAZeDC or 47-LDA-DC vaccine.
Mice were immunized in a 2-week interval with th€ accine in the presence of IL-15 and
IL-21 vectors as described [61]. The control mied the primary tumor excised with or
without TBI and BM transplantation. Survival wadided as the point at which mice were
sacrificed due to extensive tumor growth. Kaplanevieurvival plots were prepared, and

significance was determined using logrank Mantel-@ethod.

7. In vitro analyses of vaccine-induced IFNy-and TNF-a expression and T cell

proliferation

Splenocytes from A/J mice immunized with the 47--Bé2a- or 47-LDA polypeptide-
coated DCs were analyzed for IfMnd TNFe expression after overnight stimulation with
47-LDA-expressing DCs at the 20:1 ratio. Cellsagad from sham vector-immunized mice
served as controls. To investigate the inductioiirefy cells in mice immunized with 47-
LDA-DC and 47-LDA-Fg2a-DC vaccines, the spleen, axillary and braclgialph nodes
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were removed from the immunized mice three weetles #ie last immunization analyzed
for numbers of Treg cells by staining with anti-CBE, anti-CD25-FITC and anti-FoxP3-
AlexaFluor 647 mADb, or the relevant isotype comtrdlo analyze the effect of Treg cells on
Teff cell proliferation, CD8 T cells from the 47-LDA-DC or 47-LDA-RRa-DC vaccine
immunized mice were loaded with 25 puM carboxyflsosn succinimidyl ester (CFSE;
MolecularProbes, Eugene, OR) for 10 min at 37°C and cultuiéid 47-LDA-expressing
syngeneic DCs (ratio 20:1) for 72 h in the presemadbsence of Treg cells (ratio 1:1). Cells
were stained with PE-conjugated anti-CD8 mAbs aradyaed by flow cytometry. The Treg
cell populations were isolated using CB®D25 regulatory T cell isolation kit (Miltenyi)
according to the manufacturer’s protocol.

To analyze proliferative CD4and CD8 T cell responses in tumor-bearing and tumor-
free mice after ACT and DC vaccination, splenocytese labeled with 25 uM CFSE and
incubated with 47-LDA-expressing DCs for 72 h. €allere stained with PE-conjugated
anti-CD4 or anti-CD8 mAbs and analyzed by flow ayédry.

8. CTL assay

Splenocytes were cultured with 47-LDA-expressing &QGhe 20:1 ratio in 15% T cell
stimulatory factor (T-STIM" Culture Supplement, Collaborative Biomedical Py
Bedford, MA) as a source of exogenous IL-2. Afteree days of stimulation, cells
were split and cultured in medium supplemented witlrine riL-2 (0.3 ng/ml) (BD
Bioscience). Prior to stimulation, CDJ cells were isolated by negative selection using
T cell enrichment columns (Miltenyi) according teetmanufacturer’s protocol. The
cytolytic activity of CTLs against NXS2 tumor celgas analyzed 5 days later by a
standard 4-R’Cr-release assay. The percent of specific lysis cdrulated as: ([cpm
experimental release - cpm spontaneous release)/[opaximum release - cpm
spontaneous release]) x 100. Maximum release wisndi@ed from supernatants of
cells that were lysed by addition of 5% Triton X010 Spontaneous release was

determined from target cells incubated with medanty.
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9. Invivo bioluminescence imaging

In vivo bioluminescence imaging was conducted ocryegenically cooled IVIS 50
system (Xenogen Corp., Alameda, CA) coupled to ta-daquisition PC running
Livinglmage™ software (Xenogen CorpMice were injected i.v. witltoelenterazine
(Prolume Ltd; 15 pg per animal) faiXS2-RLuc-positive tumor cell imaging.
Coelenterazine was used as the initial substratémfaging of RLuc expression. An
integration time of 1 minute was used for luminesdenage acquisition. The mean
number of photons per squacentimeter per second per steradian in the regfon o

interesROI) was determined.

10. Generation of oncolytic vaccinia viruses exprsesg green fluorescence protein
(EGFP) and the 47-LDA-Fg2a fusion protein

The rOVV expressing enhanced green fluorescerateipr(EGFP) and 47-LDA-RRa
fusion protein have been generated by homologat@kination in CV-1 cells [203]
using the VSC20 vaccinia virus and the vacciniattshplasmid pSEL-EGFP and
pCB023-47-LDA-Fg2a, respectively. The parental vaccinia virus V8@®&th lacZ
gene cloned in place of VGF gene was obtained foonB. Moss (National Institutes
of Health, Bethesda, MD). The pCB023 and pSEL-EG&Ecinia shuttle plasmids
were obtained from Dr. D. Bartlett (University ofittBburgh Cancer Institute,
Pittsburgh, PA). The pCB023-47-LDA-¥a shuttle plasmid was generated by cloning
the 47-LDA-FgRa fusion protein gene into tl®oRl andSmal restriction enzyme sites
of pCB023. After the DNA sequence verification, thecretion of the 47-LDA-RRa
fusion protein into culture supernatant of 293Tl ¢ensfectants was confirmed by
immunoblotting with 14G2a mAb. Confluent wells o¥/C cells were infected for 2 h at
37°C with 0.05 plaques forming units (PFUs) of V8Gser cell in 1.0 ml of DMEM-
2% FBS. Supernatants were removed, and a lipostrarafection of pSEL-EGFP or
pCB023-47-LDA-Fg2a was performed using 0.5 ml of DMEM-2% FBS canitag 4
pug of plasmid DNA and 1Qul of liposomes/well at 37°C for 4 h. The cells were
overlaid with 3.0 ml of DMEM-10% FBS. After 2 daysf incubation, cells were
trypsinized, sonicated and freeze-thaw for a totdahree cycles. Serial dilutions of cell

lysate were used to infect TKells. After 24 h, the viral inoculum was aspichnd
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cells were overlaid with 3 ml of low melting agaeo@ioProducts, Rockland, ME)
containing bromodeoxyuridine (BrdU, final concetite 25 pug/ml; Sigma), 0.5 %
gentamicin (Sigma) and 1/120 vol of 4 % I5-bromokdero-3-indolylfi-D-
galactopyranoside (X-Gal; Sigma). The well-separgaques of rOVV-EGFP and
rOVV-47-LDA-Fcy2a viruses were isolated, resuspended in DMEM-2%, FEBid used
to reinfect further TK cells. After five cycles of selection, the pos#tiplaques were
amplificated on HelLa cells, purified over the ssergradient and tittered on Tkells
and used foin vitro andin vivo studies in NXS2 cells. The expression of EGFP in
rOVV-EGFP-infected NXS2 cells was confirmed by immotluorescence microscopy,
whereas secretion of the 47-LDAy2a fusion protein from rOVV-47-LDA-RRa-
infected NXS2 cells was determined by immunoblagttivith 14G2a mAb.

11. Titration of vaccinia virus by plague assay

Serial dilutions of the virus stock were prepared ased to infect the confluent TK
cells (0.5 ml of virus dilution/well). After 2 h dfhcubation (37C, 5% CQ), the cells
were overlaid with 2 ml of complete DMEM medium plgmented with 2% FBS and
kept for 2 days in C®incubator at 3%C. The viral plaques were visualized by
removing the medium and adding 0.5 ml of 0.1 %taty&olet (Sigma) in 20% ethanol
for 5 min. The plaques appeared as 1- to 2-mm-dimaeas of diminished staining
due to retraction, rounding and detachment of tefécells.

12. Viral biodistribution

NXS2-tumor bearing A/J mice were injected i.v. mratumoral with 1®pfu of rOvV-
EGFP. In some experiments, adoptive transfer of M¥Secific CD8 T cells (10
cells) loaded with rOVV-EGFP was used to chaperbrevirus and deliver it to the
tumor site. At day 4th following viral administrati, samples of normal tissues and
tumor were harvested, washed in PBS and stainddXviBal in an iron solution of 5
mM Ky4Fe (CN}, 5 mM KzFe(CN} and 2 mM MgC) at 37°C for 15 minutes. The
rOVV-infected tissue generated an indigo-blue casr a result of3-galactosidase

expression. To determine the level of viruses Insaimples, organs and tumor were
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homogenized, freezed and thawed for a total of @esyand titered on TKcells by

standard plaque assay.

13. Virotherapy of NXS2-tumor bearing A/J mice

For the oncolytic virotherapy-based vaccine, A/darfn = 10) were injected s.c. with 2
x 10° NXS2 cells and treated 15 days later with i.vedtion of 18 pfu of the rOVV-
47-LDA-Fcy2a or rOVV-EGFP vector. Tumor-bearing mice thatevieeated with PBS
served as controls. Survival was defined as thet@iwhich mice were sacrificed due
to extensive tumor growth. Kaplan-Meier survivalotp were prepared, and
significance was determined using logrank Mantex-@mthod.

14. Statistical analyses

The statistical significance of the difference betw groups was performed using a
two-tailed Student’s$ test assuming equal variance. Fhealues for the pairwise group
comparisons for the average tumor growth were coetpusing the nonparametric
Wilcoxon’s rank-sum test. Kaplan-Meier survival fslowvere prepared and median
survival times were determined for NXS2-challenggups of mice. Statistical
differences in the survival across groups weresseskusing the logrank Mantel-Cox
method. Data were presented as arithmetic meab ar#®l analyzed using the JMP

program (SAS Institute Inc., Cary, NC) on a Winddvesed platform.
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VII. RESULTS

1. Generation and characterization of murine 47-LDAFcy2a fusion protein

The murine 47-LDA-Fga fusion protein was generated by inserting tHevaat
coding sequence (including the tissue plasminogdivador secretory (tPA) signal
sequence, two universal Th peptides, and the 47-hidAotope) in-frame between the
hEF1-HTLV promoter and the mouse IgG2a Fc regiorthef pFUSE-miIgG2Aa-Fcl
vector. After sequencing of the 47-LDAY2a construct to confirm the presence of an
uncorrupted open reading frame, the immunofluomeseestaining of 47-LDA-RR-
transfected 293T cells with 14G2a mAb followed oyf cytometry analysis was done
48 h after transfection to determine expressionhef fusion protein (Fig. 3A). The
secretion of the fusion protein from 47-LDAsRa stable transfectants, selected in
zeocin-containing medium, was confirmed by immuotiblg of the culture
supernatant with 14G2a mAb. As shown in Fig. 3@raninent band of 31.9 kDa was
detected with 14G2a mAb in the culture supernatamtvested from 47-LDA-RRa
transfectants. No band was present in the supetnptapared from cell transfected
with the sham plasmid. The 47-LDA polypeptide oflecnlar mass of 6.6 kDa, which
was included in the analysis as a positive contsas clearly recognized by 14G2a
mADb. Altogether, these results showed that the GIdAotope expressed in the context
of 47-LDA-Fcy2a fusion protein retained its native antigenicedeinants of the
synthetic peptide recognized by 14G2a mAb.

The binding of the recombinant 47-LDAyZa fusion protein to DCs was
analyzed by flow cytometry analysis. DCs were gateetin vitro from bone marrow
precursors as described in Material and Methodsoseand incubated with biotin-
labeled 47-LDA-Fg2a fusion protein or 47-LDA polypeptide followed bireptavidin-
PE and FITC-conjugated CD11c-specific mAb to canftheir DC phenotype. Fig. 4
shows that over 50% of CD11cells were positively stained for the 47-LDAyEa
fusion protein or for the biotin-labeled 47-LDA ppkptide. The binding of 47-LDA-
Fcy2a fusion protein, but not 47-LDA polypeptide, wakibited by incubating DCs
with the FgR blocking antibody (CD16/32) indicating a speciiinteraction between
the 47-LDA-Fg2a fusion protein and its cellular ligands. It steworthy however that
the binding of 47-LDA-Fga fusion protein to the iRs had no effect on DC
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maturation since addition of LPS was necessaryptegulate the surface expression of
costimulatory molecules MHC class Il, CD86, CD40d £D86 (data not shown).
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Figure 3. Flow cytometry and immunoblotting analyses of LAJA-Fcy2a expression in 293T
transfectants. 293T fibroblasts were transfectedh Wif-LDA-Fcy2a fusion protein construct (A) or
shamvector (B). The transgene expression was zath¥8 h after transfection by intracellular stagni
with 14G2a mAb followed by streptavidin-PE. Thehliggray area denotes transfectants stained with
the streptavidin-PE only. (C) Western blotting of-UDA-Fcy2a fusion protein and 47-LDA
polypeptide with biotinylated 14G2a mAb and strejdan-HRP.
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Figure 4. Binding of 47-LDA-Fg2a fusion protein and 47-LDA polypeptide to immatucD11¢
DCs. BM-derived DCs were stained with FIT C-conjueghtCD11c-specific mAb in combination with
biotinylated 47-LDA-Fg2a or 47-LDA polypeptide followed by streptavidii=Bnd analyzed by flow
cytometry. Filled histogram corresponds to isotgpetrol. The percent and mean fluorescent intensity
(MFI) of 47-LDA-Fcy2a and 47-LDA on CD11c-positive DCs are given. Arrndicates the source
of cells in the histograms. Data are from one repneative experiment of three performed.

46



2. Differential expression of IL-12 and CCL22 in Z-LDA-Fcy2a and 47-LDA"
DCs

Because the activating and inhibitoryyRs are critical for the modulation of effector
immune responses during administration of antigen®Cs in the form of immune
complexes [172, 204] and IL-12 is a key cytokineoined in the generation of type-1
immunity [205], it was next investigated whether ©@at interact with 47-LDA-RRa
fusion protein or 47-LDA polypeptide differ in tmeability to express IL-12p70 upon
stimulation with LPS. For these experiments, 47--B&2a and 47-LDA DCs as
well as their negative counterparts were obtaingdcéll sorting. The sorted DC
populations were stimulated overnight withud/ml of LPS and analyzed for IL-12p70
expression by intracellular staining and a flowoeyetric analysis. Figure 5A shows
that 47-LDA-FgR2a DCs expressed significantly higher levels of ILpI@ than their
negative counterparts after stimulation with LAS X 0.008), whereas comparable
levels of IL-12p70 were measured in 47-LDand 47-LDA DC populations (Fig 5B).
A parallel expression study of the Treg-attract®@L22 chemokine [154, 206] in the
sorted and LPS-stimulated 47-LDAyR@ DCs and 47-LDA revealed approximately
twofold higher numbers of CCL22-positive cells hetlatter DC population (Fig. 5C
and D;P = 0.037).
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Figure 5. Flow cytometry analysis of IL-12p70 and CCL22 in-UDA-Fcy2a® and 47-LDA" DCs.
Intracellular expression of IL-12p70 by 47-LDAyRa", 47-LDA* DCs and their negative counterparts
after LPS stimulation (A and B). Immature DCs wstained with biotinylated 47-LDA-R@a fusion
protein or 47-LDA polypeptide followed by streptdwi-PE. The positive and negative populations
were sorted on BD FACSArY flow cytometer, incubated overnight withpgig/ml LPS and analy zed
for IL-12p 70 expression by intracellular staininglwat anti-mouse IL-12p 70 mADb, specific for tHe |
12p 35 subunit, followed by goat anti-rat secondamyibody. Background staining (MFI < 2.6) was
assessed using an isotype control Ab. (C and DkRifftial expression of CCL22 in 47-LDA-{&a*
and 47-LDA" DCs after LPS stimulation. The sorted 47-LDAyE&" (C)and 47-LDA (D) DCs were
incubated 24 h with ig/ml LPS and analyzed for CCL22 expression by ¢elalar staining with rat
anti-mouse CCL22 mAb, followed by goat anti-rat aedary antibody. The MFI and percent of cells
positive for CCL22 expression are indicated. Ligfay area denotes background staining assessed
using an isotype control Ab. Data are from oneespntative experiment of three performed.
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3. Enhanced immunostimulatory activity of 47-LDA-Fg2a-pulsed DCsn vivo

The differences in the expression levels of IL-b& &CL22 between LPS-stimulated 47-
LDA-Fcy2a DC and 47-LDA DCs suggest that these cells may have differelityaio
interact with Teff and Treg cella vivo. Therefore, the induction of tumor-specific ThHan
CTL responses after immunization of A/J mice withlDA-Fcy2a- and 47-LDA-DC
vaccines was investigated in the next set of exyaris. Each DC vaccine was delivered by
1.v. injection three times in a 2-week intervaldétdger with DNA plasmid-encoded IL-15 and
IL-21 delivered i.m. at the time of vaccination dne days later, respectively [61]. Three
weeks after the last immunization, CDdplenocytes from the immunized mice were
analyzed for IFN¢ and TNFe production by intracellular staining and flow aytetry after
overnight stimulation with 47-LDA-expressing DCseli§ isolated from mice immunized
with DCs and IL-15 and IL-21 cytokine-expressingtees were included as controls. As
shown in Fig. 6A, immunization of mice with the BIDA-Fcy2a fusion protein-coated DC
induced over four-fold higher numbers of IfNand TNFe-producing CD2 cells than
vaccination with the control DCs, and over two-foigher responses than 47-LDA-coated
DCs P = 0.002 andP = 0.003, respectively). The increases in §=producing CDAT cell
responses after 47-LDA-iZa fusion protein vaccine were associated with istamgly
higher CD8 T cell-mediated cytotoxic actitivites against NX®2uroblastoma tumor
compared with those induced by the 47-LDA polytopated DC over a broad range of E :
T ratio (Fig. 6B).
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Figure 6. Induction of cellular responses by 47-LDA- and 47A-Bcy2a-DC vaccines. (A) Expression of
IFN-y and TNFa in splenocytes of mice immunized with 47-LDA-DC adA@d-LDA-Fcy2a-DC vaccines
(black and hatched bars, respectively). A/J mite= (5) were immunized with DCs coated with 47-LDA
polypeptide or 47-LDA-Fg2a fusion protein after LPS-induced maturation. I<Céolated from mice
immunized with LPS-treated DC served as controfeefpbars). Three weeks after the last immunization,
the expression of IFN-and TNFa in CD4' splenocytes was analyzed by intracellular stairedigr
overnight stimulation with DCs expressing the 47A_ imotope. (B) NXS2 neuroblastoma-specific CTL
responses. CD8&plenocytes from mice immunized with 47-LDA-D@ | and 47-LDA-Fg2a-DC @ )
vaccines were obtained by negative selection. Gedlse cultured with 47-LDA-expressing DCs (black
symbols) or sham plasmid-transfected DCs (open sigjiat the 20:1 ratio as described in Materials
and Methods section. The CTL activities against NXS2 cells wanaly zed in a standapdCr-release assay.
All determinations were made in triplicate samplasd the SD was <10%. Results are presented as the

meanst SD of four independent experiments.
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4. Immunization with 47-LDA-Fcy2a -DC vaccine leads to generation of lower

numbers of Tregs than vaccination with 47-LDApulsed DCs

The induction of Treg cells after 47-LDA-¥&#a- and 47-LDA-DC vaccines was
examined by a flow cytometric analysis of COD25FoxP3 lymphocytes in the
axillary, brachial lymph nodes and spleen. In tlkélay lymph nodes of 47-LDA-
Foy2a-immunized mice, the absolute numbers of FoxdeHs within the CDACD25'
population ranged from 0.17 x %tb 0.24 x 18 cells (Fig. 7A) and were ~2-fold lower
compared to the animals immunized with the 47-LD&-Baccine (0.19 = 0.04 vs.
0.36 = 0.06;P = 0.03). In the latter group of mice, the numbefsCD4'CD25
lymphocytes positive for intracellular FoxP3 exgies ranged from 0.31 x i@o 0.42

x 10° cells (Fig. 7C). Similar differences in frequerscigf Treg cells were detected in
the brachial lymph nodes and spleen of the immuhia&ce (data not shown). These
results were consistent with the previously denratestl differences in CCL22
expression levels between the LPS-matured 47-LDy2&cDCs and 47-LDA DCs
(Fig. 5C and D), and the reports that CCL22 reprssthe main DC-produced Treg-
attracting chemokine [154, 206].

When CSFE-labeled CD& cells and Tregs prepared from 47-LDAyEa-DC-
and 47-LDA-DC-immunized mice were mixed at a 1:fiorand cocultured with the
respective LPS-matured 47-LDAYRa’ DCs and 47-LDA DCs for 72 h, both
populations of Tregs mediated suppression of Teff expansion (Fig. 7B and D).
However, the proliferation rate of Teff cells in-EDA-Fcy2a DC-stimulated cultures
were significantly higher compared to stimulatidiciteed with 47-LDA" DCs P =
0.02).
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Figure 7. Analyses of Treg cell induction and function in eienmunized with 47-LDA-DC and 47-
LDA-Fcy2a-DC vaccines. Three weeks after the last immuioizavith 47-LDA-Fcy2a-DCs (A) or 47-

LDA-DCs (C), the axillary lymph nodes were remoat analyzed for Treg cell expression by staining
with anti-CD4-PE, anti-CD25-FITC and anti-FoxP3-Rdd-luor 647 mAb, or the relevant isotype

controls. The histograms illustrate the FoxP3 expi@n in the gated populations (CID25 cells). To
analyze the effect of Treg cells on Teff cell piiation, CD8 cells from the 47-LDA-Fg2a-DC (B) or
47-LDA-DC (D) vaccine immunized mice were loadedthwiCFSE and cultured with 47-LDA-
expressing syngeneic DCs (ratio 20:1) for 72 hhia presence or absence of Treg cells (ratio 1dl)sC

were stained with PE-conjugated anti-CD8 mAbs andlyeed by flow cytometry. The percentage of

cells that underwent more than one round of celkitin is indicated. Data are from one represewati

experiment of three performed.
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5. Myeloablative total body irradiation in combination with the 47-LDA-Fcy2a-DC

vaccine enhances ATC therapy

In order to compare the therapeutic efficacy of #7eLDA- and 47-LDA-Fg2a-DC
vaccines, ACT experiments with antigen-experien&@8" splenocytes in NXS2
tumor-bearing A/J mice (Fig. 2B) were performede D8 T cells were delivered i.v.
together with the 47-LDA- or 47-LDA-RRa-DC vaccine to NXS2 tumor-bearing mice
that received a nonmyeloablative (5 Gy) or myelaabé (9 Gy) dose of TBI
accompanied by a transplantation of syngeneic Bivhfnaive mice. Figure 8A shows
that lymphodepletion with a nonmyeloablative (5 Ggyimen prior to ACT and 47-
LDA polypeptide-coated DC vaccine had a backgroumubitory effect on tumor
growth P = 0.28). The antitumor efficacy of the adoptivélgnsferred CD8T cells
was augmented after myeloablative (9 Gy) TBI, aterdened by extension of the
overall survival time from 25 to 70 days (Fig. 8R;= 0.007). The myeloablative
regimen was particularly effective in combinationthwadoptively transferred CD8
splenocytes stimulated with 47-LDA4Za-DC vaccine (Fig. 8B). This treatment
resulted in the complete remission of tumor growmti22% of NXS2-bearing animals
that received myeloablative dose of TBI accompabied transplantation of syngeneic
BM from naive mice ® = 0.0003). The therapy with CDJ cells stimulated with 47-
LDA-Fcy2a-DC vaccine in the nonmyeloablative setting ditl show complete tumor
resolution, however, there was a significant prghdion of survival in the treated mice
compared to the control group of animals (Fig. BB; 0.015). The antitumor efficacy
of the ACT was specific since all control mice deped progressively growing tumors

and had to be sacrificed by day 25.
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Protection against NXS2 tumor growth
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Figure 8. Inhibition of NXS2 primary tumor growth by ACT anti7-LDA-DC (A) and 47-LDA-Fg2a-

DC (B) vaccines. A/J micen(= 8 - 10) were injected s.c. with 2 x818XS2 cells and treated 15 days
later with i.v. adoptive transfer of CD&nriched splenocytes isolated from 47-LDA- or 47A-D
Fcy2a-vaccinated syngeneic mice. Ly mphopenia of tulme@ring mice was induced by TBI (5 @y;

or (9 Gym) plus BM (10 cells) transplantation one day before CO8cell transfer as described in the
Materialsand Methods section. Mice were immunized in a 2-week intemwdh the DC vaccines in the
presence of IL-15 and IL-21 vectors. NXS2 tu mor#irepa mice that were irradiated with 5 Gyg)(or 9

Gy (@) plus BM transplant served as controls. Survivakwlefined as the point at which mice were
sacrificed due to extensive tumor growth. Kaplanidleurvival plots were prepared, and significance
was determined using logrank Mantel-Cox method.
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6. Control of metastatic disease by adoptively trasferred CD8' splenocytes and 47-
LDA-Fcy2a-DC vaccine

The ability of NXS2 neuroblastoma to develop spoatais metastases after excision of
the primary tumor provided a model for investiggtithe efficacy of adoptively
transferred CD8 splenocytes to control disseminated disease [207)iew of the
accumulating evidence that curative surgery in @woction with depletion of Treg cells
enables the development of long-lived tumor prasecand CD8 T cell memory [160],
the NXS2Rluc tumor-bearing mice underwent nonmyeloablative (&) Gor
myeloablative (9 Gy) TBI at the time of tumor exors and ACT of antigen-
experienced CD8splenocytes together with 47-LDA- or 47-LDAyP@-DC vaccine.
As shown in Fig. 9A, transfer of CD cells expanded by 47-LDA polypeptide-coated
DC delayed progression of the metastatic diseaae Was observed only in the
myeloablated miceR = 0.024). However, tumor-free survival was notesed in this
group of animals. The antitumor efficacy of the ptileely transferred CD8T cells was
significantly enhanced by the ACT and 47-LDAyEa-DC vaccination. As shown in
Fig. 9B, only two of six NXSZRLuc-challenged mice that received 5 Gy TBI prior to
the ACT and 47-LDA-F®a-DC vaccine developed spontaneous metastaseis &ith
50-day period of the treatmerR € 0.003). The remaining mice in this group exl@dit
a delay in progression of the metastatic diseasle thie longest survival time of 90
days. As expected, the highest antitumor effecégsnof the adoptively-transferred
splenocytes with over 80% survival during a perddl20 days was observed after a
myeloablative conditioning regimen used prior te #doptive transfer of splenocytes
from 47-LDA-FgRa-immunized mice (Fig. 9BP < 0.001). On the other hand, the
control mice that had the primary tumor excised sewtived TBI had to be sacrificed

by day 40 due to disease progression.
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Protection against spontaneous metastases
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Figure 9. Control of metastatic disease by adoptively trameée CD8 splenocytes from immunized
mice and 47-LDA-DC (A) and 47-LDA-RRa-DC (B) vaccines. For the immunotherapy of disinated
disease, NXSRLuc-bearing A/J mice that underwent nonmyeloablativeG{se) or myeloablative (9
Gy;m) TBI at the time of tumor excision received ACT 6D8' splenocytes (2 x I0cells) from the
immunized mice together with 47-LDA- or 47-LDA-2a-DC vaccine. NXSRLuc challenged mice
that were irradiated with 5 Gyo) or 9 Gy () plus BM transplant served as controls. Survivakwa
defined as the point at which mice were sacrifidad to extensive tumor growth. Kaplan-Meier suriiva
plots were prepared, and significance was detednirsgng logrank Mantel-Cox method.
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7. Inhibition of metastatic disease by primary immune responses induced by the
47-LDA-Foy2a-DC vaccine

In the next set of experiments, it was examinedtiadrethe 47-LDA- and 47-LDA-
Fcy2a-DC vaccines had the ability to induce antitunmemune responses capable of
inhibiting metastatic disease after adoptive transbf naive splenocytes to
myeloablative mice after excision of the primaryntur. These experiments were
performed using total splenocytes for ACT insteAdC®8'-enriched splenocytes as
CD4" T cells are necessary for providing CDBcells with growth factors and can also
mediate destruction of tumor cells [208]. FigureAlBhows that although the
measurable therapeutic impact of inevivo stimulated naive T cells in NXSRuc-
bearing mice was lower compared to that mediatedth® antigen-experienced
counterparts, 20% treated mice remained tumorfreever 100 days after ACT with
47-LDA-Fcy2a-DC vaccinelR = 0.007). The 47-LDA-coated DCs were also capable
stimulating antitumor T cells responses, albe# tmaller degree. The control mice that
had the primary tumor excised with or without TBIdaBM transplantation developed
metastatic disease within the first 2 months oftireent, indicating a significant
efficacy of the tumor-specific T cells induced lgtige immunization in tumor-bearing
mice. The metastatic lesions developed primarilyth@ brachial and axillary lymph

nodes and were confirmed by bioluminescence ima(tigy 10B)
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Figure 10. Inhibition of NXS2RLuc metastatic tumor growth by 47-LDA- and 47-LDAyRa-DC
vaccines and adoptive transfer of naive splenocy(d$ NXS2-RLuc tumor-bearing A/J mice that
underwent myeloablative TBI at the time of tumorkision received ACT of splenocytes (2 x”16ells)
from naive, syngeneic mice together with 47-LDA-4YrLDA-Fcy2a-DC vaccine. Mice were immunized
in a 2-week interval with the DC vaccine in thegpaace of IL-15 and IL-21 vectors. The control niieal
the primary tumor excised witlhv J or without @) TBI and BM transplantation. Survival was defiresithe
point at which mice were sacrificed due to exteastumor growth. Kaplan-Meier survival plots were
prepared, and significance was determined usingfdgMantel-Cox method. (B) Detection of NX&Puc
spontaneous metastases after resection of primamprt A/J mice had the primary NXSRuc tumor
resected and were monitored for metastasis evéryl&s under IVIS 50 Imaging Systelm.vivo images
of representative mouse with the metastasis taaxiand brachial lymph nodes are shown.
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8. Cellular responses in tumor-bearing and tumor-fee mice after ACT and DC

vaccination

The ability of therapeutic 47-LDA-KRa- and 47-LDA-DC vaccines to expand Teff
cells was investigated during ACT of naive splenesyto myeloablated mice after
excision of the primary NXSRuc tumor. As the control mice or those receiving
adoptively transferred splenocytes together with 47-LDA-DC vaccine developed
metastatic disease that frequently localized inlirechial and axillary lymph nodes,
animals with visible metastatic lesions were exadifor antitumor immune responses
in the spleen. It was observed that less than 16@Dat" or CD8 splenocytes in the
tumor-bearing mice underwent vitro division after 72-h stimulation with 47-LDA-
expressing DCs (Fig. 11A), and the CTL respons@$X82 cells were at a background
level in the tumor-bearing mice (Fig. 11B). In a@ast, the same analysis performed in
mice that received ACT and 47-LDA+Za-DC vaccine but had no sign of metastatic
disease revealed that 66.6 + 11% CRBAd 44.3 + 7.5 % CD8splenocytes underwent
cell division in cultures stimulated with 47-LDA4eressing DC (Fig. 11C), and the
proliferative responses were associated with anttuCTL activities against parental
NXS2 cells (Fig. 11D).
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Figure 11. Analyses of cellular responses in tumor-bearing a&mchor-free mice after ACT and DC
vaccinationUpper panel, Lack of proliferative responses (A) and CTL aityiB) in splenocytes of NXS2-
bearing mice. (A) Splenocytes solated from micatttieveloped progressively growing tumor after AGT
naive splenocytes and 47-LDA polypeptide-DC vaceirge loaded with CFSE and cultured with 47-LDA-
expressing syngeneic DC (ratio 20:1) for 72 h. €alére stained with PE-conjugated anti-CD4 or &8
mAbs and analyzed by flow cytometry. The percentafjeells that underwent more than one round off cel
division is indicated. Data are from one represegaexperiment of three performed. (B) CTL actiedtiof
stimulated or control CD8splenocytes from tumor-bearing mice against NXSIk ceere analyzed in a
standarcP!Cr-release assay. All determinations were madeigdficete samples, and results are presented as
the means + SD of three independent experimdrwer panel, Analyses of proliferative responses (C) and
CTL activities against NXS2 (D) in tumor-free miedter receiving ACT from naive mice and 47-LDA-
Fcy2a-DC vaccine. Experiments were carried out as ritextin the upper panel.
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9. Generation of rOVV expressing enhanced green fluescence protein (EGFP)
and the 47-LDA-FgRa fusion protein

In order to determine that the antitumor effect4@tLDA-Fcy2a-DC vaccine is not
limited to the ACT in myeloablative tumor-bearingsts, 47-LDA-Fg2a fusion protein
was expressed in rOVV and delivered to NXS2-beafifigmice.

The rOVV vaccinia virus expressing EGFP and 47-LB&?a fusion protein
was generated by homologous recombination in C\élls eising the VSC20 vaccinia
virus and the vaccinia shuttle plasmids pSEL-EGHFd @CB023-47-LDA-Fga,
respectively (Fig 12A). The rOVV-EGFP served aspacticity control forin vivo
experiments and to determine its ability to functas an oncolytic virus. The pCB023-
47-LDA-Fcy2a shuttle plasmid was generated by cloning thé.&X-Fcy2a fusion
protein gene from pFUSE-mIgG2Aa-Fcl vector into BoeRl and Smal restriction
enzyme sites of pCB023 plasmid. Multiple plaquesh& recombinant viruses were
selected in TKcells by BrdU selection as described [209]. Thpression of EGFP in
rOVV-EGFP-infected NXS2 cells was confirmed by inmofluorescence microscopy
(Fig. 12B), whereas secretion of the 47-LDAyE& fusion protein from rOVV-47-
LDA-Fcy2a-infected NXS2 cells was determined by immunaisigtwith 14G2a mAb
(Fig. 12C).
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Figure 12. Generation of rOVV-EGFP and rOVV-47-LDA-iRa. (A) Schematic representation of
homologous recombinantion between VSC20 vacciniasviand the vaccinia shuttle plasmids pSEL-
EGFP. A similar approach with vaccinia shuttle pids pCB023-47-LDA-Fg2a was used to generate
rOVV-47-LDA-Fcy2a. (B) The NXS2 cells were infected with8dfu of rOVV-EGFP and analyzed for
expression of EGFP by immunofluorescence microsc@@)y Secretion of 47-LDA-Fga fusion protein
from rOVV-47-LDA-Fcy2a-infected NXS2 cells was confirmed by Westernttilg of culture
supernatant with biotinylated 14G2a mAb and streigia-HRP. 47-LDA polypeptide was included as a

positive control.
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10. In vivo pathogenicity and biodistribution of rOVV-EGFP in A/J mice

In order to determine the pathogenicity of rOVV-B&Rhe A/J mice were injected
with different doses of virus ranging from 1@ 10 pfu. The dose of fOopfu was
chosen foiin vivo treatment because in this amount the mutant didisiot exhibit any
visible signs of pathogenicity in mice. This wascontrast to the effect observed with
the wild-type vaccinia virus expressifiggal gene (vSC8), which killed mice within 3-4
days. The rOVV-EGFP virus was not pathogenic imimocompromised mice, which
is consistent with studies by Dr. Bartlett’'s grouph TK', VGF double mutant (vwDD)
in nude mice [180].

To investigate the biodistribution of rOVV-EGFP, BX tumor-bearing A/J
mice received i.v or intratumoral injection of ®1@fu of rOVV-EGFP. In some
experiments, adoptive transfer of NXS2-specific CO8cells (16 cells) loaded with
rOVV-EGFP was used to chaperone the virus and eeii\to the tumor site. At day 4th
following viral administration, samples of normasues and tumor were harvested and
examined for the presence of rOVV-EGFP by staimuity X-Gal. The level of virus in
all samples was titered on TKells. Data in Fig. 13A and B provide a comparisbn
rOVV-EGFP biodistribution in tumor and normal tiesuafter different routes of
delivery. As expected, intratumoral delivery of r®EGFP induced shrinkage of the
tumor mass with a little or none virus present theo tissues except for a low titer
(0.5log o PFU) in muscle adjacent to the tumor. The i.viveéey of the virus resulted in
the highest viral yield in the tumor (5.7lkegPFU) and ~1,000-fold lower level in
ovaries (2.1logy PFU), which is the organ preferably targeted bgcuaa virus. The
least efficient was the adoptive transfer of T Iyropytes coated with rOVV-EGFR
vitro, which only resulted in 3.7 lggPFU of the virus in tumor cells. Altogether, these
results demonstrated that the yield of rOVV-EGFPnormal tissues was markedly
lower than in NXS2 tumor cells regardless of theteoof viral delivery, confirming the

safety and tumor specificity of oncolytic vacciniaus.
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Distribution of attenuated rOVV-EGFP in tumor-bearing mice
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Figure 13.In vivo biodistribution of rOVV-EGFP in NXS2 tumor-bearingaai. (A) X-gal staining of organs.
A/J mice were challenged with 2)X8IRXS2 cells. At day 14 after implantation,®®fu of rOVV-EGFP was
injected intratumoral or i.v. One group of mice rewa i.v. injection of antigen-specific T lymphocgte
coated with rOVV-EGFRn vitro. Animals were sacrificed after 4 days and organewearvested, washed in
PBS and stained with X-gal for 15 minutes. (B) Blaemples were analyzed for the presence of rOVV-EGFP
by PFU assay on Tkecells. The harvested organs were homogenized ard i infection of TK cells.
Bars: purple (i.v.); blue (intratumoral); yellow@wV-EGFP-coated T cells).
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11. Virotherapy-based cancer vaccine with rOVV exgssing 47-LDA-Fg2a fusion

protein

The therapeutic efficacy of the 47-LDAyZa fusion protein expressed in the rOvvV
vaccinia virus was examined in NXS2 tumor-bearing fice. Because the oncolytic
TK", VGF mutant of vaccinia rOVV-47-LDA-RRa exhibits tumor-specific replication,
it was anticipated that the fusion protein will Becreted from infected cells for
crosspresentation by tumor infiltrating DCs at g of oncolysis [180, 210]. Two
weeks after tumor challenge, A/J mice receivedinjection of 16 pfu of rOVV-47-
LDA-Fcy2a. In parallel, another group of mice was injectdth the rOVV-EGFP virus
as a specificity control to determine the extenpudtection elicited by TAA released
from virally-infected cells. Animals were examintt tumor growth by measuring s.c.
tumors once to thrice a week. As shown in Fig. 1d4pproximately 25% of NXS2-
bearing mice that were treated with the rOVV-EGHkRs/became tumor-free, whereas
PBS-treated control mice developed progressivelpwgrg tumors and had to be
sacrificed by day 20. The highest antitumor effestess characterized by over 60%
survival during a period of 100 days, was observedumor-bearing mice after the
vOVV-47-LDA-Fcy2a oncolytic immunovirotherapy(< 0.001).

We next investigated whether the oncolytic viro#pgr treatment was capable
of facilitating tumor-protective immune memory umntor-free mice. NXS2-challenged
mice ( = 6), which remained free of tumor for at leastd¥ys after rOVV-EGFP or
rOVV-47-LDA-Fcy2a treatment, were re-challenged s.c. with NXS2 cells. Figure
14B shows that all rOVV-EGFP-treated and NXS2 tumeechallenged mice developed
progressively growing tumor. However, we obseraetD-day delay in the initiation of
tumor growth in the rOVV-EGFP-treated mice compatedcontrol counterparts,
consistent with the ability of rOVV to induce antor immune responses due to
uptake of apoptotic cells by DCs and cross-presientaof TAAs during oncolytic
virotherapy [175]. On the other hand, only oneigfrOVV-47-LDA-Fcy2a-treated and
re-challenged mice developed slowly progressingotud® days after the re-challenge,
reflecting the significant antitumor influence dfet47-LDA-Fg2a-induced immunity
compared to rOVV-EGFP- or PBS-treated mice (Fid3,2< 0.001).
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Figure 14. Therapeutic oncolytic virotherapy-based cancer vaceuih rOVV-EGFP or rOVV-47-
LDA-Fcy2a fusion protein. (A) Inhibition of tumor growtly sOVV-47-LDA-Fcy2a vector. A/J mice
(n=10) were injected s.c. with 2 x8lRNXS2 cells and treated 15 days later with i.v.cdnien of 1G
PFU of rOVV-47-LDA-Fo/2a (A) or rOVV-EGFP@) vector. Tumor-bearing mice that were treated
with PBS served as controls)( Survival was defined as the point at which mieerevsacrificed due
to extensive tumor growth. Kaplan-Meier survivabtsl were prepared, and significance was
determined using logrank Mantel-Cox method. (B) Tuspecific immune memory protected mice
from NXS2 re-challenge. Tumor-free mice after treant with rOVV-47-LDA-Fg/2a (A) or rOVV-
EGFP @) vector were re-challenged with NXS2 cells. Cohtmiice were challenged with NXS2
tumor only €). Animals were examined daily until the tumor beeapalpable, after which tumor
growth was monitored by measuring s.c. tumors dadhrice a week.
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VIII. DISCUSSION

Successful induction of antitumor immunity by cangaccine is associated with the
induction of functional cytotoxic T cells and reedc expansion of Treg cells. To
develop a means of limiting the ability of cancaceines to interact with Treg cells in
tumor-bearing mice, we first compared the genemawd functional tumor-specific
cellular responses by the 47-LDA peptide mimic preed to DCs either as a linear
polypeptide in conjunction with universal Th epkspor as a fusion protein with the
murine 1gG2a Fc fragment. It was shown that theLBA-Fcy2a fusion protein-DC
vaccine not only expanded tumor-specific CDB cells, but also induced primary
immune responses after ACT of naive splenocytestutaor-bearing mice that
underwent myeloablative TBI and BM transplantat{ig. 10A). The 47-LDA-Fga
vaccine-induced CD8T cells inhibited growth of the primary tumors a®ll as
protected the tumor-bearing mice from the develagnoé minimal residual disease
(Fig. 8B and 9B). On the other hand, protectionited by the 47-LDA polypeptide-DC
vaccine resulted in a delay of tumor growth, whiehs significant only after ACT in
the myeloablative setting (Fig. 8A and 9A). Theutesof these studies are consistent
with the findings that Rdks are capable of modulating T cell-mediated immune
responses during therapeutic vaccination in tunsamrbg mice [211-214].

The mechanisms responsible for the increasedyabili4 7-LDA-Fgy2a” DCs to
induce higher levels of tumor-specific immune reses compared to those generated
by the 47-LDA DCs remain to be elucidated. It is possible thatdlevated number of
IL-12-expressing cells within the 47-LDA-#2a DC population compared to the 47-
LDA" counterpart after LPS-induced maturation contedub this effect since antigen-
presenting cells that express IL-12 have augmetdpdcity to prime type 1 rather than
Treg cell responses [154, 215]. This observatiofurther supported by the reduced
expression of CCL22 chemokine in 47-LDAy2e’ DCs (Fig. 5D and C) and lower
proportion of Treg cells in 47-LDA-F@a DC-immunized mice compared to animals
that received the 47-LDA-DC vaccine (Fig. 7A and Our results are consistent with
the previous findings that the character of théamfnatory environment can affect the
balance between Teff and Treg cell activation Isgrircting the maturing DCs to adopt
a stable propensity to interact with each of thesell types [154, 209, 215-217]. It is
noteworthy however that although alteration of D@hdtions has been previously
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suggested in the design of a cancer vaccine [218], 2uning of DC responses to

counteract the immunosuppression associated witlortyprogression [219-222] during

therapeutic vaccination with a mimotope of tumasessated antigens has not been
extensively evaluated. Thus, these findings higitlig new application of peptide

mimotopes for immunotherapy of cancer.

It is well established that activating and inhibjtdow-affinity FcyRs are critical
for the modulation of effector immune responsesA[20heir role in the induction of
adaptive immunity showed that alteration in the cfion of activating/inhibitory
receptors during administration of antigens to €a form of immune complexes can
influence activation of DCm vivo and enhance antitumor T-cell responses [212]. This
notion is supported by the observation that selechilockade of inhibitory R&Ilb
receptor enables human DC maturation and immupitstritibody-coated tumor cells
[171, 172], and DCs from WRIIb-deficient mice show higher expression of co-
stimulatory molecules which could account for acréased capacity to prime antigen-
specific T cells [223]. However, the use of largetein carriers creates difficulties in
terms of reproducibility of the antigen binding timaay endanger vaccine effectiveness
and/or practical feasibility. Therefore, synthetmnstructs encompassing the antigenic
and helper epitopes as well as the Fc portion Gf égtibody with increased binding
affinity to activating FgRs should offer distinct advantages over immunepderes in
terms of manufacturing and characterization. Tlhs® guggests that the ability of 47-
LDA-Fcy2a fusion protein to empower DCs to efficiently ard and prime specific
CD8" CTL responses in tumor-bearing mice might leaiproved efficacy of tumor
immunotherapy.

The study of antitumor immune responses after DCcimas or surgery has
shown that Treg cells are a fundamental obstacteaaevelopment of T-cell memory
in hosts bearing poorly immunogenic tumors [1540]1&\lthough surgery currently
remains the leading cure for solid tumors, memaogell responses may be required for
the durable prevention of tumor recurrence and stetés following surgery. As seen in
most patients with cancer, our results showedgtagery or DC vaccine alone does not
induce protection against poorly immunogenic tumsseciated antigens. However, in
our model, surgery in combination with lymphodejolet ACT and DC vaccination
enables the development of long-lived tumor prasactAlthough we cannot exclude

the possibility that the tumor itself served as sbarce of antigen, presumably priming
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T-cell responses against multitude of tumor ansgdaring induction of postsurgical
immunity in the absence of Tregs, [224-226], thetamor immunity generated in the
absence of the 47-LDA mimotope DC vaccination adtended the survival of tumor-
bearing mice. In contrast, active immunization wii-LDA-Fcy2a fusion protein
targeted to the activating ¥Rs in a myeloablated tumor-bearing host led to a
significant suppression of primary tumor and protec from the development of
spontaneous metastatic disease.

While the use o&x vivo generated DCs provides a unique opportunity tadavo
tumor-induced DC dysfunction and allows for preamsanipulation of DC properties,
the need for specialized cell culture facilities fbe ex vivo manipulation of patient’s
cells prompted attempts to develop cell-free vaexiocapable of targeting endogenous
DCs within the bodies of tumor-bearing hosts. Suakcines engineered to deliver
tumor antigens or their mimotopes selectively tosl@n be coupled with strategies to
induce DC polarizatiom vivo without anyex vivo treatment.

Recently, oncolytic virotherapy has attracted a dbtattention as a novel
approach capable of destructing cancer cells dselaxtive and efficient amplification
of the virus in transformed cells. Moreover, virsis®ntaining tumor associated genes
represent an attractive vector to induce immun@ameses to weak immunogens in
cancer immunotherapy protocols. The obtained resuding the virotherapy approach
with rOVV-47-LDA-Fcy2a vector, which delivers the transgene directlytumor
lesions for secretion and crosspresentation by Riesponstrated the induction of
protective Teff as well as memory T cells in theseafice of any exogenous cytokine
treatment, ACT, TBI, oex vivo manipulation (Fig. 14A and B). Further investigatis
required to better define the effect of crosspriegem of the virally-delivered 47-LDA-
Fcy2a fusion protein in the tumor microenvironmenttba balance between Teffs and
Tregs as well as the effectiveness and longevitthefvirotherapy-induced antitumor
immune responses. In this regard, a growing bodgvafence indicate that VV elicits
innate immune responses through the TLR2/MyD88-deget pathway, resulting in
the production of proinflammatory cytokines, andlaR-independent pathway, leading
to the activation of IFN+in vitro andin vivo [195]. Because sustained stimulation of
TLRs of the innate immunity is required for breakimstablished Treg-mediated
tolerancein vivo and VV can provide TLR signals, this unique potenEyOVV as a

vaccine vehicle can lead to activation of host deéeand protect the mice from tumor
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challenge [194, 196]. Thus, the possibility of lixieg of CD8 tolerance by virus-based
vaccines in the presence of CIH25" Tregs suggests that rOVV expressing the 47-
LDA-Fcy2a fusion protein or other tumor-associated anigeay prove an appealing
alternative to DC vaccines for overcoming CBB25 T cell-mediated CD8 tolerance
in vivo.

In summary, this work emphasises the importancexpforing the uptake and
processing of tumor/self-antigens by DCs to acivatmune effector cells and limit the
ability of attracting anti-inflammatory Treg cell©ur findings illuminate a new
paradigm for cancer immunotherapies aimed at thecthee activation of the

inflammatory versus regulatory type of immune cells
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IX. FUTURE PLANS

It has been demonstrated that targeting activeficyiRs on DCs with 47-LDA-FRa
fusion protein led to increased generation of tuspmcific Teff cells and limited
induction of Tregs. The antitumor effect of the lAJA-Fcy2a fusion protein was
observed not only during the adoptive transfermifgen-experienced or naive T cells
and DC vaccination but also when 47-LDAyEa transgene was delivered to the tumor-
bearing mice by the rOVV vector. Further reseaschequired to evaluate the effect of
crosspresentation of the virally-delivered 47-LD&yFa fusion protein in the tumor
microenvironment on the balance between Teffs anegsl Moreover, additional
strategies to augment the outcome of rOVV-47-LDAdecvirotherapy-based cancer
vaccine should also be explored:

1. Since the efficacy or antitumor immunity of ent virotherapy is largely
limited by the extent of viral replication withiheé tumors, novel approaches
need to be explored to modify the tumor microenwinent and augment
spreading infection. In this regard, targeting tummacroenvironment with a
tumor vascular disrupting agents or coadministratbbenzymes to degrade
the extracellular milieu may enhance viral loadumor lesions and augment
antitumor efficacy.

2. The presence of neutralizing antibodies to wedtors represents a major
issue that can limit the application of virotherapyancer patients. Methods
for shielding the rOVV from neutralizing antibodiesing nanoparticles or
infected cells as carriers may increase the veaistance and allowed for
repeated immunizations.

3. Combination treatment of the rOVV with chemo#peutic agents may
represent a novel treatment platform in which nedihgs in the laboratory

can be translated into the clinic.
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