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l. AIM
The aim of this project is to design and pre-chilic evaluate a new

construct of recombinant vaccinia virus (r.VV) whicefficiently presents
recombinant antigens and decreases the intrinfigeauicity of VV as a vector.

Recombinant poxviruses expressing immunomodulatonplecules
together with specific antigens might represent gréw vaccines for cancer
immunotherapy [1]. A recombinant vaccinia virus @siag tumor associated
antigens (TAA) with costimulatory molecules hasrbesed successfully in vitro
[2;3] and in phase I/ll clinical trials [3;4l0 induce specific cytotoxic T
lymphocyte (CTL) responses against TAA.

One of the problems encountered by this recombiwvaal vector is
related to pre-existing immunity to poxviruses ammnunodominance of viral
vector antigens. Upon re-infection, vaccinia viggecific CD8+ T cells and
antibodies are able to rapidly clear out infectetls¢ therefore limiting the
generation of an immune reaction against the amtigeansgenes.

In order to further strengthen the efficiency afg viral vectors, we aim
at specifically decreasing the viral MHC class-btreted immunogenicity
without affecting the presentation of the recombtndAA epitopes. This is
essential especially in cancer immunotherapeutateggies which often require
multiple rounds of vaccination to boost specific &DT cells. A r.vVV
expressing the Herpes simplex virus (HSV) US12 genng for infective cell
protein 47 (ICP47) was established. ICP47 inhibA$® dependent presentation
of viral and cellular antigens associated with majstocompatability complex
class | (MHC class-I) proteins to CD8+ T lymphosyt&his inhibition of viral
immunogenicity might improve the effectiveness oivgene therapy vectors
by decreasing epitope competition and cellular-enél responses targeting

vaccinia virus vectors without affecting responsegansgenic antigens.
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[I. INTRODUCTION
. 1. IMMUNE SYSTEM AND CANCER

The role of the immune system in cancer outgrowith progression has
received a great deal of attention. It is widellidbed that enhancing immunity

against tumors holds much promise for treatment.

[1.1.1. Tumor Antigens
To take advantage of the immune system’s spegifiahe must find

antigens that clearly mark the cancer cells agwdfft from untransformed host
cells. To achieve this goal immunologists have begarested in defining
different types of tumor associated antigens agaumsch the immune system

reacts and in investigating how antitumor immumitgty be enhanced.

Generally, tumors are poorly immunogenic. There difierent types of
tumor antigens: specific or associated. Some tumegmess unique antigens
which are not found in normal cells, called “tunspecific antigens” (TSA).
TSA are typically expressed in tumor induced byatibus agents (e.g. EBNA-
1 antigen from Burkitt's lymphoma induced by Epst&arr virus (EBV)) or
resulting from mutations, deletions or recombinadide.g. the 210-kD chimeric
protein with abnormal tyrosine kinase activity itwaxd in chronic myelogenous
leukemia resulting from the formation of a bcr-gkehe fusion) [5]. However,
TSA are rare and not always practical for vacciesigh. Most antigens are
tumor associated antigens (TAA) which are proteixgressed by normal cells
but either produced in significantly higher amouotswith specific expression
pattern in tumors [6]. Human TAA can be classifietb different groups. One
group is represented by the so called differetmatintigens; for example TAA
expressed in melanoma and normal melanocytes.gfbig includes tyrosinase
[7], MART-1/Melan-A [8], gp 100 [9] and TRP-2 [10JAnother group of

antigens, the so called cancer/testis antigens, eapgessed in cancers of
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different histological origins and in the testigddahincludes the MAGE family
[11].

11.1.2. Antigen Processing and Presentation

A major task of the immune system is to discrimgneglls that have been
infected by a virus, harbor mutations or undergophastic transformation from
healthy cells.Potentially antigenic determinants produced ingtue cells are
typically processed and presented on the cell seitiyg MHC class-1 molecules.
The MHC class-I complexes require a peptide to bentd to be stably

expressed on cell surfaces [12].

11.1.2.1. MHC class-| Antigen processing pathway

MHC class-I molecules are highly polymorphic, withultiple alleles of
several genes giving rise to the protein produlctshumans, there are three
MHC class-I loci (HLA-A, B and C). In mice the cesponding molecules are
H2-K, H2-D and H2-L. MHC class-I dimers consistaoheavy chain anf2-
microglobulin. The two chains are associated noalemtly. Only thex-chain is
polymorphic. CD8 binds to the3 transmembrane domain. Thd and a2
domains fold to make up a groove accomodating gegtiwhich are 8-10 amino
acids in length. The primary purpose of MHC clasadlecules is to present
representative peptide fragments produced insidecdii to circulating T cells.
For instance, upon infection, viral peptides arespnted, allowing the immune
system to recognize and Kkill the infected celltHa cytosol (fig.1), endogenous
proteins are degraded by the proteasome, someiof & the end of their useful
lifetime and some of them (about 40%) directly mfignthesis.

Most of the peptide fragments generated by theepsaime are further
degraded by other cytosolic proteases into singhn@ acids used for the
synthesis of new proteins. Some of the peptidespesdegradation and are

transported into the endoplasmic reticulum (ER)thg membrane spanning
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transporter TAP [13]. There, the peptides can agben degraded by
aminopeptidases including ERAP1 [14] or exporteckhato the cytosol, unless
they are able to bind to an empty MHC class-I madkecThe loaded molecules
leave the ER via the Golgi apparatus and ttlhas-Golgi network to the cell
surface. Several hundred thousand copies of MH@lecules each containing
a single epitope are presented at any time ondhswface, where the epitopes

are scanned by T cell receptors (TCR) as shomgume 2 [15].
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Figure (1): Overview of MHC | Antigen-processing pathway. TAP, transporter associated
with antigen processing; ER, endoplasmic reticulUdtiC 1, major histocompatability
complex [; BiP, immunoglobulin binding proteinyn®, (e>-microglobulin (modified from
Abele et al., 2004]16].
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Figure (2): MHC-I bound epitopeis scanned
by T-cell receptor [15].

The MHC I-peptide complex interacts with the TCRI&D8 molecules
of CD8+ T cells, allowing eventual activation ofcéls and resulting in specific
immune responses. In normal, noninfected cells, NMHC class-I molecules
bind to self protein derived peptides, but speafrculating T cells are tolerant
to these epitopes and will not get activated. H®avewhen the cell is infected
by a virus, the MHC class-lI presents pathogen-ddripeptides at the cell
surface [16].

11.1.2.2. Transporter Associated with Antigen Processing (TAP)

TAP is an ATP-binding cassette (ABC) transportenjol belongs to the
largest and most diverse family of membrane-spantrtemsport proteins. ABC
transporters transport diverse molecules, fromelgogoteins to ions, across
plasma membranes, and are found in the animal Erd kingdom, bacteria,
and archea [17].

TAP consists of two subunits, TAP1 and TAP2, bdthvbich contain a
C-terminal hydrophilic domain that binds ATP andm@re hydrophobic N-
terminal transmembrane domain which may span thebrene six to eight
times (fig.3). Both subunits must be present féPTto function, and both
subunits hydrolyze ATP to power peptide transpAlthough the ability of a
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peptide to bind to TAP does not require ATP, pepticansport requires ATP
hydrolysis [18].

The genes encoding human TAP1 and TAPZ2 are lodatede MHC
class-Il locus of chromosome 6, between the DQRILIAAAL loci, and they are
8-12 kb in size. Deletion of either or both of fRAP genes results in greatly
reduced surface expression of MHC class-I molecalas failure to present
cytosolic antigens to cytotoxic T cells [17]. Praeroregion of TAP contains
interferons responsive elements which induce TARhegexpression and
participates to the increase of MHC class-l pred@rt on the surface of
infected cell [19].

Figure (3): structure of TAP. Both MHC class-|
subunits, TAP1 and TAP2 (for / o
TransporteAssociated with antigen

Processing), are required for normal &
presentation of intracellular antigens to ER lumen
T cells. These polypeptides form a TAPL  TAP1

e [ NI

(also known as RING4 or PSF1) and
ADP Cytosol

TAP2 (also known as RING11 or PSF2)
possess an ATP binding region and 6 to
8 transmembrane helical segments. They
are responsible for peptides selection in o L I ATP
the cytosol and movement across the ER o0

membrane to the binding site of MHC Peptides

class-1 molecules.

11.1.2.2.1. Role of TAP in the function of the immune system

After proteasome degradation of endogenous protetas3-22 residue
peptides in the cytoplasm, a small fraction of plegtides diffuse to TAP at the
ER. Meanwhile, MHC class-l heavy chains assemioié lind to calnexin

(fig.2), a chaperone protein, in the ER membrahieen,-microglobulin binds
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to the MHC class-I heavy chain and the dimers s#pdrom calnexin and bind
to calreticulin and Erp57 to form the MHC classshiplex. Next, tapasin binds
the complex to form the peptide-loading complexed @ins the complex with

TAP. Then the degraded cytosolic peptides arespramed by TAP into the
lumen of the ER and loaded onto an MHC class-| mdé It is uncertain

whether the TAP-tapasin complex directly loads oest onto MHC class-|

molecules or whether the MHC class-lI molecule sdhespeptides once they
are transported into the ER [16].

The TAP-MHC class-I interaction in the peptide céempmay help
stabilize MHCclass-p,-Microglobulin [20]. In addition, the nucleotideraling
site of TAP may transmit a signal for the peptidaded MHC class-I to
dissociate from the complex.
11.1.2.2.2. TAP related disorders
A. Viruses affecting TAP

Several viruses, especially persistent virusesgriiete with TAP to
decrease the presentation of MHC class-I, and #umsd the immune response.
Herpes simplex virus type 1(HSV-1) encodes thegandCP47, which binds the
peptide binding site of TAP, blocking the first tén the translocation
pathway. The critical amino acids of ICP47 requifed TAP inhibition are
located in the NH2-terminal region from residue B 34. Moreover, This

interaction between TAP and ICP47 is species Spd@if].

Human cytomegalovirus (HCMV) encodes an ER-resigeatein called
gpUS6 that inhibits TAP mediated peptide transpdihe mechanism is
probably due to binding of US6 to ER luminal pairtTé\P inhibiting peptide
translocation but not affecting peptide binding][22

Adenoviruses (AdV) encode a protein, E3/19K thavedl established to

bind MHC class-I molecules, trapping them in the ERvas also demonstrated
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that E3/19K binds to TAP and inhibits the tapasiticen, thereby preventing
MHC class-I/TAP association [23].

Human papilloma virus (HPV) may evade immune redoagn by
inducing downregulation of TAP1 protein expressidore significantly, the
amount of TAP1 protein expression correlates irelgravith the frequency of

disease recurrence [24].

Similar to HPV, EBV has evolved a strategy to avammune
surveillance by downregulation of TAP. EBV expresaerotein, vIL-10, that is
similar in sequence to human IL-10. vIL-10 downretgs TAP1 gene
expression, thereby affecting the transport ofideptinto ER [25].

B. Genetic Diseases

There is little knowledge about genetic TAP defactshumans. Bare
Lymphocyte Syndrome (BLS) is characterized by aes®wownregulation or
deficiency of MHC class-I and/or class Il molecul8sme studies revealed that
the disease may be caused by a genetic deficidncirR2, which is mainly due

to a premature stop codon resulting in a non-foneti TAP complex [26].
C. Autoimmune Disease and Transplantation

Some patients with diverse MHC-linked autoimmungedses, including
type | diabetes, Sjogren's syndrome, Graves' disaad Haishimoto' disease,
have a downregulation of mMRNA levels for TAP1 a&PR. These data suggest
that defective transcription of TAP genes can dbuate to reduced MHC class-I
cell surface expression in autoimmune diseases T2 incidence and severity
of acute rejection after renal transplantationsrsée be influenced by TAP2
gene polymorphism. It appears that doh@&BC expressing the TAP2*0103
allele have an attenuated efficacy in the presentatf allospecific antigens to
the recipiens T cells[28].
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D. TAP Deficiency and Tumor Development

Many tumors escape recognition by CTLs. In somecea including
melanomas, this has been associated with inefee@mntigen processing and
presentation of tumor specific peptides due to lewels of MHC class-I
molecules [29]. In murine as well as human can@dgwnregulation of TAP1
expression by an unknown mechanism or a mutatiohAdf resulting in a loss
or decrease in class | surface expression has deraonnstrated [30]. In breast
carcinomas, downregulation of TAPlexpression wasndoin 44% of the

lesions [31].

11.1.2.3. MHC class-I| antigen processing pathway

MHC class-Il antigen presentation is mostly utidizéy professional
antigen presenting cells to present exogenous desptlerived from captured
proteins. Proteins are endocytosed and degradedidydependent proteases in
endosomes. The peptides are displayed on MHC tlasstecules.

MHC class Il molecules are heterodime®&) cell surface glycoproteins.
In humans, there are three MHC class-Il moleculdisA(DR, HLA-DP and
HLA-DQ). In mice, the coressponding molecules a@AHand H2-E. Newly
synthesized MHC class  and p chains assemble in the ER with a third
glycoprotein, the invariant chain (li) forming li4+NMC class Il complex [32]. The
cytoplasmic tail of li contains a motif that targehe li-MHC class |l complex
to the endosomal pathway. Ii-MHC class Il compleass rapidly internalized
into specialized compartments of the endocytic wath (MHC class Il
compartments), where peptide loading occurs [33&tuvation of the early
endosome leads to activation of lysosomal enzyrdesing transport, li is
proteolytically cleaved, yielding a nested setiafdrived peptides, termed CLIP
[34]. CLIP is subsequently exchanged for tightlyubd antigenic peptides
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derived from internalized antigens or endogenooseprs. Dissociation of CLIP
and loading of peptides is mediated by the MHC-likelecule HLA-DM.
Possibly by its preferential binding of the opeeptide-less conformation of
MHC class Il, HLA-DM then catalyzes peptide exchanfavoring more stable
peptide-MHC complexes [35]. These peptide-MHC clhssomplexes then
traffic to the plasma membrane. These peptidesebaon MHC class-Il
molecules and expressed on the cell surface aogmezed by TCR of CD4+ T
cells (fig. 4).

Endocytosed
antigens

‘,J

Endosome TCR
@
Antige}\

MHC class-l| Invariant chain

Professional APC

Figure (4): Overview of MHC Il Antigen-processing pathway.

Notwithstanding the critical role of CDS8T cells, inductionof tumor-
specific CD4 T cells is also important not only help CD8 responses, but also
to mediate anti-tumor effector functions througkuation of eosinophils and
macrophages foroduce superoxides and nitric oxide [36].
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Recognition of the antigen, along with triggering @-stimulatory
molecules (B7-CD28) results in activation of antiggpecific CD4+ T cells,
which leads to lymphoproliferation and cytokine retion. Depending on
several conditions (e.g. strength of antigen sigmal co-stimulation and
cytokines secreted by APC) CD4+ T cells differaetimto either TH1 or TH2
type cells. TH1 cells secrete predominantly ¥5Nwhich plays a role in the
activation of cell mediated immune responses, qudtimg in activation of
cytotoxic T lymphocytes. TH2 cells on the other thaecrete IL-4, which helps
B cells to differentiate into antibody secretinggyha cells (figure 5) [36].

Most potential tumor antigens are not expressethersurface of tumor
cells and thus are inaccessible to antibodies RB@ever, tumor cells could be
ingested by host antigen presenting cell (e.g. d@éndells), where antigens are
processed and displayed by the host APC’s clasd tkass || MHC molecules.
Therefore, eventual tumor antigens may be recodrbgeboth CD8+ and CD4+
T cells. This process is called cross-presentabiorross-priming as one cell
type (APC) presents antigen of another cell (tumel) and activates T
lymphocytes specific for the second cell type [38kveral other immune
mechanisms may play a role in tumor rejection. vated macrophages and

natural killer (NK) cells are also capable of kifiitumor cells in vitro [39].
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Antigen DA40-CD40L

Proliferation,
IL-2 secretion

Thl Th2
IFNg IL-4

Perforin/Granzyme lg class switch
Fas-FasL

Figure (5): Antigen specific immune response. Antigen taken by APC is presented by
MHC class-I to CD8+ cells and MHC class-Il to CDdells. Antigen recognition along with
co-stimulatory molecules results in activation ob43 cells (proliferation and cytokine
secretion). CD4+ T cells differentiate into eithigdl or TH2 type cells. TH1 cells secrete
predominantly IFNy, which plays a role in activation of cytotoxic yimphocytes. TH2 cells
on the other hand secrete IL-4, which helps B ceifferentiate into antibody secreting

plasma cells.
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After recognition of a specific epitope, the CTlndifirmlyto the surface
of the target cells. Then, the lysis of targetxceloceeds through a sequence of
programmed steps. CTL have been shown to be refporsr elimination of
transduced cells in vivo by effector mechanism®iving Fas-FasL interaction
and perforin-granzymes release. The combinatiopesforin and granzymes

significantly increases the lytic ability of CTLiGure 1) [40].

Target cell

Imagefigure (1): CTL bindingto and

destroying atumor cell using perforin. : Cytotoxic T cell

(ASM MicrobelLibrary)

Non mutated tumor associated antigens are relgtivpborly
Immunogenic, since they are recognized as selfeprot and they are
accordingly tolerated. However, upon presentation Highly professional
antigen presenting cells (APC) including maturediiic cells (DCs), naive or
memory specific T cells have been shown to be edg@énn response to
antigenic stimulation. These lymphocytes usuallyrycall cell receptor of
relatively low affinity, but they are still able tall tumor cells expressing the
antigenic epitopes in the context of appropriate@/Mteterminants.

Different signals are required for T cell activatiffig. 6). T lymphocytes
have antigen specific receptors (TCR) that recaghHC restricted epitopes
derived from processed antigens. APC activate n&ieells by presentation of
antigen within MHC antigens, the primary targets &lo-recognition. This
process requires binding of antigen/MHC complexhi® TCR/CD3 complex.
This event initiates a cascade of signalling evérds begins with the activation

of several cytoplasmic protein tyrosine kinasesri&igment of the CD4 or CD8
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associated tyrosine kinase, Lck, into the vicimtyTCR complex is believed to
induce phosphorylation of CD3 proteins ultimateBading to downstream
signal progression. However, in order not to leadrergy, activation of T cells
requires signals not only through the TCR (signplblit also through co-
stimulatory molecules pathways (signal 2) such B2& CD2, CD30, CD44,
CD154 and lymphocyte function-associated antig€¢bFA-1). After activation,

a number of cell surface and soluble moleculesuting T helper 1 cytokines
such as IL-12, which plays an important role in Cddtivation, are known to

further regulate the immune response (signal 3)) [41

SIGNAL 1
Antigen binding and co-receptor ligation

CD8 co-receptor

Or CD86

CD28

SIGNAL 2
Co-stimulation

SIGNAL 3
Cytokines

Figure (6): Requirementsfor T cell activation. T cell activation requires signalling through
TCR (signal 1), co-stimulatory pathways (signab@yl cytokine secretion (signal 3).
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11.1.3. Immune Mechanisms of Tumor Rejection
The immune system has three primary roles in ptewef tumors. First,

it can protect the host from virus induced tumorelminating infected cells or
suppressing viral infections. Second, eliminatioh pathogens and timely
resolution of inflammation can prevent the estéohient of an inflammatory
environment potentially conductive to tumorigendgi2]. Third, the immune
system can prevent the outgrowth of transformetk aal destroy these cells
before they become harmful tumors. This mechanisalied “immune

surveillance” was first proposed in the 1950s byriétiand Thomas [43].

The term cancer immune surveillance may no longejpropriate to
accurately describe the immune reaction againsoitsims it was thought to
function only at the earliest stage of cellulamsfarmation. Rather, it was
proposed to use a broader term “cancer immunogditioc describe more
appropriately the host defensive and tumor scugptistions of the immune
system that not only promote elimination of sommdts but also generate a
nonprotective immune state to others [44].

Cancer immunoediting includes three processes (3Hshination, that
corresponds to immune surveillance. The eliminaptiase can be complete
when all tumor cells are cleared or incomplete wbaly a portion of tumor
cells are eliminated.

In case of partial tumor elimination, the theoryimmunoediting is that a
temporary state of equilibrium can then be esthbtisbetween the immune
system and the developing tumor. During this peabBquilibrium, tumor cells
either remain dormant or continue to evolve, acdatmg further changes that
may modulate the expression of tumor specific @amsg[42]. The pressure
exerted by the immune system during this phasebeasufficient to control
tumor progression but if it fails to eliminate thnor, the process results in the
selection of tumor cell variants that are abledsigt or suppress the antitumor

immune response.
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Escape is the process by which the immunologicatiylpted tumor
expands in anuncontrolled manner leading to development of cafly

apparent tumors (fig.7) [44].

Normal tissue  Elimination  Equilibrium Escape

Cancer immune surveillance Cancer persistence Cancer progression

~ 48 e
| 5

Innate and

SRl Adaptive immunity

Chronic inflammation
Genetic mutation i
Radiation

Viral infection

O’ WD |Genetic instability and/or
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Figure (7): Tumor suppression by the immune system (cancer immunoediting). Cancer
immunoediting is considered as a process composedl mhases:elimination or cancer
immune surveillance; equilibrium, a phase of tuntwrmancy where tumor cells and
immunity enter into dynamiequilibrium that keeps tumor expansion in check; asdhpe,
where tumor cells emerge that either display reduéemunogenicity or engage
Immunosuppressive mechanisms to attenuate antitumomune responses leading to the
appearance of progressively growing tumors (Modifem Smyth et al., 2006) [45].
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A number of clinical observations have provideddevice supporting
each of the distinct phases of human tumor immuitiogd The phenomenon of
spontaneously regressing melanoma lesions accoetpahy the clonal
expansion of T cells is presently the strongesieawte for the elimination phase

of cancer immunoediting in humans [46;47].

In animal models, immunization against malignantamema can cause
vitiligo [48]. Occurence of vitiligo suggests thew&lopment of an antitumoral
response and is commonly believed to be a pogtiregnostic factor [49-51].
The association between malignant melanoma andnhgiamosis is thought to
be the consequence of the dualistic immune medratgabnse against antigens
shared by normal melanocytes and malignant melancetia. In malignant
melanoma associated vitiligo, infiltration by spgeciCD8+ T cells, directed

against tumor melanocytic antigens, has been dest{62;53].

Pharmacological immunosuppression to prevent ttanspejection is
clearly associated with a heightened risk (3- t0-fiddd increase) of developing
certain types of malignancy [54]. These diseaseperdominantly lymphomas;
however, a range of solid tumors with no known Ivaasociation also occur
with increased frequency. In addition to those ttsn@ number of tumors
(especially lymphomas) also occur most frequemtlpatients with primary and

acquired immunodeficiencies [55].

Tumor infiltration by T cells, NK cells or naturkiller T cells (NKT) has
been associated with an improved prognosis forrabeu of different tumors
[56-58]. Spontaneous tumor regression accompanidgnphocyte infiltration
has also been noted for a number of other tumasty§9-63].

Clinical evidence supporting the existence of tlgeildrium phase of
immunoediting is provided by a number of finding#&st, the existence of an

immune response to premalignant monoclonal gamrhgpat undetermined
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significance (MGUS) cells that eventually progréesmultiple myeloma is

consistent with the equilibrium phase, with the ioma system controlling, but
not eliminating, MGUS cells that eventually evoked progress to malignancy
[64]. Passive immunization with idiotype-specifiatidody, in conjunction with

either cytokine therapy or chemotherapy, can indec@ssion in some patients
with low-grade B cell lymphoma [65]. Moreover, dador the immune system
in establishing long-term remission has also beeggested by studies of
pediatric acute myeloid leukemia patients treatetth wither chemotherapy or

chemotherapy combined with autologous bone marramsplantation [66].

Clinical evidence also suggests that tumors canairengdormant in
patients for many years, and cases of relapse lkaitgr periods (at least 10
years) of tumor remission have been noted [67-68king immune control
with subsequent escape an interesting possibilithese cases. Similarly, cases
of transmission of tumors from organ donor to ressiphave also been noted. In
such cases, it is possible that the tumor was bka&ld under control by an
immunological mechanism in the donor and that trkamgation of the organ
into an immunosuppressed host allowed tumor outtr¢yd;71].

The escape phase is the best defined of the tiwasep in both mice and
humans. For example, the growth of melanomas gleasults in the priming of
a tumor-specific immune response, even though teisponse is often
insufficient to completely eliminate tumors [72h the same way, the antitumor
Immune response seen in patients with paraneaplastoimmune syndromes
(disease symptoms experienced in patients with tsir@ied caused by activation
of an immune response specific for self antigengressed on tumor cells)
indicates that an ongoing immune response is, inyneases, insufficient to
control tumor growth, even when it is sufficientdestroy normal self tissues
[73-75]
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1I.1.4. Evasion of Immune Response by Tumors

A number of processes that dampen the immune respare exploited by
tumors to escape immune surveillance. There afferéift mechanisms that
contribute to tumor escape (Fig. 8). Many tumorsvaloegulate or eliminate
their expression of MHC class-I molecules, whicle aecessary restricting
elements for CTLs and whose absence renders ther atis invisible to CTLs
[76;77]. Some tumors stop expressing the antigbas dre the target of an
immune attack. These tumors are called antigenvasants [78]. Other tumors
create an immunosuppressive milieu by secretingunoauppressive cytokines
such as IL-10 and transforming growth factor-b (TQF79]. IL-10 inhibits
antigen presentation and antigen-specific T cefppaasion [80] but TGHE-

directly inhibits T cell activation and proliferati [81].

T lymphocytes can also be rendered anergic by rfacecreted in the
tumor microenvironment. For example, indoleamir@dpxygenase (IDO)
enzyme, which is involved in tryptophan catabolissmpverexpressed in defined
tumor types. Depletion of tryptophan in the tumoicnmenvironment blocks
activation and expansion of T cells which are déjeanh on tryptophan for cell
cycle progression [82]. Tryptophan depletion mapalromote apoptosis and/or
induce T cell tolerance [83]. In addition, thereaidamily of receptors that are
expressed on the T cells and act to downregulatellTactivation. This family
includes: cytotoxic T-lymphocyte antigen 4 (CTLA-4yhich binds to CD80
and CD86on APCs, transmitting an inhibitory signal to T lse[84] and
programmed death-1 (PD-1) which binds to programuoesth ligand-1 (PDL-
1) and PDL-2 on APCs. PD-1-PD-L1 interaction intgbactivation, expansion
and acquisition of effector functions of T cell$]8

Another immunosuppressive mechanism in cancerpiesented by the
expansion of immature myeloid cell (iMC) populasorhich has been observed

to be associated with profound suppression of T reslponses [86;87]. The
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mechanism of IMC suppression appears to involveyrtion of either arginase
(ARG) enzyme [88] or inducible nitric oxide synteagiNOS) by tumor cells
[89]. Arginine depletion might lead to loss of Tllaecognition of antigens and

impaired T cell function [90].
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Figure (8): How tumors evade immune r esponses?

Antitumor immunity develops when T cells recognizemor antigens and are activated.
Tumor cells can evade immune responses by losipgesgion of MHC molecules, antigens
or TCR or by producing immunosuppressive cytokines.
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1.2. CANCER VACCINES

For many years, the treatment of cancer has besadban surgery,
chemotherapy, and irradiation. However, new biaabitherapies are being
developed. Cancer vaccines represent a promisipg & biological therapy
including a number of innovatiteeatments that are likely to become important
in treating cancer. Similar to vaccines againsecdtibus agents, the aim of
cancer vaccines is to stimulate the immune systeradognise cancer cells and
destroy them [91].

Vaccines intended to prevent or treat cancer apgpdaave safety profiles
comparable to those of traditional vaccif@®]. However, the most commonly
reported side effect of cancer vaccines is inflatitonaat the site where the
vaccine is injected into the body. Reported symgtantlude redness, pain,
swelling, heightened temperature, itchiness, amdsionally a rash [93].

11.2.1. Cancer Immunotherapy

The potential of cancer immunotherapy was firstushoented by William
Coley in 1890, when he was trying to replicate fimeer and ‘cytokine storm’
that he had witnessed following septicemia whemlserved the regression of
some tumors. Bacterial products (Coley's toxins)rewadministered for
advanced inoperable cancers with dramatic respori8és Today, we
understand that the components of bacterial extstotulated the immune

response unspecifically.

In general terms, tumor immunotherapy refers toube of elements of
the body's natural immune system to fight cancatieRts typically associate
the term vaccine with the prevention of infectialiseases, such as measles.
Recent research has indicated that the vaccineagpmay also be useful in

the prevention and treatment of cancer.
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Tumor vaccines typically include tumor antigensttiban be used to
stimulate an immune response. However, limited sssEbas beeachieved with
traditional immunotherapy, as cancer cells tienelvolve mechanisms that evade
immune detection. A wide arraf gene therapy techniques are being used to

overcome these limitations [95].

Different types of vaccines are used to treat obffié types of cancer.
Typically, patients receive tumor vaccine therapy @n out-patient basis.
Vaccines are delivered through an injection inte #kin or directly into the
tumor. Recentlinical trials of second and third generation vaes haveshown
encouraging results with a wide range of cancams|uding lung cancer,

pancreatic cancer, prostate cancer and malignalasinoma [96].

Vaccines to prevent infectious diseases are praghgl or preventive
vaccines. In contrast, cancer vaccines are expdotdze mainly therapeutic
(attacking a tumor which has already developed)wéi®r, some cancer
vaccines, known asancer preventive vaccines are designed to prevent cancers
induced by infectious agents. For example, HPV1b6HRV18 together account
for 70% of cervical cancers, and a vaccine develagmainst these two strains
shows great promise [97Cancer therapeutic vaccines are intended to treat
already existing cancers by strengthening the kodgtural defenses against
cancer. Designing these vaccines presents mordegbat than preventive
vaccines against infectious diseases as tumorenstigre mostly self antigens
S0 inducing strong and long term immunological oeg@s against tumor

antigens often correlates with producing autoimriyuf@8].
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11.2.2. Immunotherapeutic Approaches: Melanoma as M  odel for
Cancer Vaccine

Skin cancer is currently considered as a globabderpic. Primary
melanoma is a malignant tumor of melanocytes agl frequently, of retinal
pigment epithelial cells (of the eye). Metastases/ molonize skin and lymph

nodes, or visceral sites like lung, liver, bonaibrand small intestine [99].

Melanoma is considered as the fourth common matignan Western
countries. Worldwide, its incidence is increasitgadily at a yearly rate of 3-
5% [100]. In Europe, the incidence in average resfons has tripled for males
and females within two generations, reaching 1®@ 43.3 per 100,000 per
year, respectively [101]. Identified melanoma risktors are Caucasian skin
types, childhood sun exposure, sunburn and intereamittent sun exposure,

typical of leisure activities [102].

Malignant melanoma has always been regarded asmamunogenic
tumor, as regression zones within tumoral lesicms loe observed frequently
together with a dense infiltration of T cells pdgiresulting from recognition
of tumor-associated antigens either on antigeneptexy cells or on the surface
of tumor cells by T lymphocytes [103]. Vitiligo generally considered as a sign
of good prognosis in melanoma. This observatiorgsests that vitiligo might
result from an antitumoral response directed agadféerentiation antigens
shared by normal melanocytes and melanoma cells. @drticularly high
frequency of vitiligo in melanoma patients treateith recombinant cytokines
[104;105] further supports this hypothesis, and igt indicative of the
involvement of cellular immune effectors. Furthermoan inverse correlation
between prognosis and the degree of lymphocytidtratfon of the primary
tumor suggest that the activation of anti-tumonamiunity might be beneficial
in attempts to induce the regression of establishedors or to prevent

recurrence.
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Active antigen-specific immunotherapy (AASIT) is reently being
investigated in a number of clinical centres aseatiment option for advanced-
stage melanoma. A large number of melanoma TAAs Haen molecularly
characterized and are being used in vaccinatials tin various molecular forms

and according to various immunization protocols [4]

[1.2.3. Recombinant Viruses as Cancer Vaccines Vect ors

One advantage of virus based cancer vaccines isthiey are self
adjuvanted as they are able to induce the apptepf@danger signals”. A
number of trials utilizing recombinant viruses exgsing tumor antigens, some
with immuno-stimulatory molecules, have been reggbror are in progress
[106]. For vaccination purposes, the ideal virattee should be safe and enable
efficient presentation of expressed antigens tarttneune system. It should also
exhibit low intrinsic immunogenicity to allow fots re-administration in order
to boost relevant specific immune responses [1JnyWaral vectors have been
used successfully including retroviruses, poxvigisadenoviruses, adeno-

associated viruses, herpes simplex viruses anadlpises.

Avipox, vaccinia and adenovirus vectors have beainiy used for
immunotherapeutic approaches. The avipox viruseshnimfect birds, do not
replicate in mammalian cells. Therefore, therdtile linduction of a neutralising
antibody response which could limit the efficacy miltiple vaccinations.
However, the avipoxviruses have been shown to edactitumor T cell

responses, when used to deliver the CEA tumor em{ig07].

Recombinant adenoviral vectors (r.AdV) d@ng considered as a cancer
vaccine platform because they are very efficientratsducing target cells in
vitro & in vivo and can be produced at high titfd98]. r.AdV encoding
MART-1 or gp100 melanoma antigens have been useddtinate patients with

metastatic melanoma [109].
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Adeno-associated viral vectors are one of the magnsively studied
and highly used vectors for gene therapy apprao@iawplicity of design, lack
of pathogenicity, low immunogenicity and safety @amade these vectors

attractive for clinical applications [110-112].

VV exhibits a broad host range, allowing infectioh many laboratory
animals. This makes VV easy to study in the lalmoyain animal models, and
preclinical results can be more readily translatiedo clinical trials.
Recombinant poxviruses expressing immunomodulatoglecules together
with specific antigens might represent powerful ocmes for cancer
immunotherapy [1]. This is in contrast to, for exde human adenovirus, for
which a lack of good animal models has remained @om obstacle.
Development in recombinant DNA technology has maffieient manipulation

of the VV genome a reality [113].
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11.3. VACCINIA VIRUS

Vaccinia is a highly immunogenic virus capable aflucing strong
humoral as well as cell-mediated immune resporikb4;115]. VV represents a
unique opportunity for cancer immunotherapy appneac In the context of
cancer therapy, VV has been used mainly as a dglixactor to deliver TAAs
to elicit antigen-specific immune responses [3;1061 to deliver immune
modulating genes such as cytokines and costimylatmiecules directly into
established tumors to change the Ilocal microenment [116;117].
Furthermore, it can also be used as a replicatelecsve tumor-specific
oncolytic virus [118]. In vivo administration of ®ania virus appears to
naturally possess an intrinsic ability to seledtivinfect cancer cells and
generate antitumor immunity [119]. Oncolytic VV malgo be prepared ex vivo
by infecting tumor cell lines to form VV oncolysatewith augmented
immunogenicity and then administered in vivo [120jdeed, a number of
cancer vaccines based on VV vectors have shown igirggn results in

preclinical animal models and numerous clinical&il117].
11.3.1. Properties

Vaccinia virus is a member of the genus Orthopasriof the family
Poxviridae. Poxviruses comprise a large family omlises characterized by a
large, linear dsDNA genome, a cytoplasmic site eyflication and complex
virion morphology. The best characterized membethef poxvirus family is
variola, the causative agent of smallpox. The latmyy prototype virus used for
the study of poxviruses is vaccinia; this virus wesed as a live, naturally

attenuated vaccine for the eradication of smallpoxthe 1970s [121].
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11.3.1.1. Origin

Vaccinia virus is closely related to the virus tleatises cowpox. The
precise origin of VV remain obscure due to the latkecord-tracking as the
virus was repeatedly cultivated and passaged aarel laboratories for many
decades. The most common note is that vaccinias,vicawpox virus and

variola virus were all derived from a common an@dstirus [122].

11.3.1.2. History

The original vaccine for smallpox, and the origih tbe idea of
vaccination, was cowpox, reported on by Edward demm 1798. The Latin
term used for cowpox wagriolae vaccinae, essentially a direct translation of
"cow-related pox". That term lent its hame to thieole idea of vaccination.
When it was realized that the virus used in smallpaccination was not, or
was no longer, the same as the cowpox virus, tineenavaccinia = stayed

with the vaccine-related virus [123].

11.3.1.3. Taxonomy

VV is the most studied virus of the poxviridae fmiThe poxviruses
represent a family of large DNA viruses thgtlicate in the cytoplasm. They are
subdivided into the entomopoxviruEnPV) and chordopoxvirus (ChPV)
subfamilies Entomopoxvirinae and Chordopoxvirinae), which infect insects and
chordates, respectively. The ChPVs are furtherddi into eight genera
(Avipoxvirus, Molluscipoxvirus, Orthopoxvirus, Capripoxvirus, SUipoxvirus,
Leporipoxvirus, Yatapoxvirus and Parapoxvirus), whereas the EnPVs are
divided into three generaA( B and C). Several strains of vaccinia virus are
existing, some are replicating (Copenhagen, WyR, Lister and NYCBOH),
others are in contrast highly attenuated strairablento replicate or replicating
poorly in human cells (MVA, NYVAC, ALVAC and TROVAKL[124].
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11.3.1.4. Mor phology

Both the morphogenesis and structure of poxvirugong are unique
among viruses. Poxvirus virions apparently lackdjmmmetry features common
to other viruses such as helical or icosahedrasidapor nucleocapsids. Instead
poxvirus virions appear as “brick shaped” or “ovVamkembranebound particles

with a complex internal structure.

To exit from the cell, viral particles are propélldy a mechanism
involving the cytoskeleton of the infected cellfeTfirst indication that VV was
able to interact with the cytoskeleton during ibsnplex assembly process came
from high voltage electron microscopy studies wrstilowed virus particles at
the tips of large microvilli-like projections in fiected cells [125]. Indeed, VV
induces the nucleation of actin tails from outermbeane surrounding the

intracellular enveloped virus (IEV) [126].

Lateral Bodies

Envelop

Linear double stranded
DNA

Nucleocapside or core

Figure (9): Structure of Vaccinia virus particle A. Virus particles labelled with a green
fluorescent protein can be studied by modern moopyg techniques by Live Cell Imaging
or fixed and processed for confocal and electrocrascopy. Blue areas are cell DNA and
viral DNA, the red filaments are actin tails whigtopel the green virus particles away from
the cell surface [127]B. the virus appears as a slightly flattened barrgh wverall
dimensions of approximately 360 x 270 x 250 nms kncased in an outer membrane that
contains a lipid bilayer. Within the membrane is ttore, which is also barrel shaped and
contains two indentations, one on each of the &rgerfaces. Filling the spaces between
the core wall and the membrane that are creatddebyndentations in the core are “lateral
bodies”.
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In figure 9, the virus appears as a slightly fla¢te barrel with overall
dimensions of approximately 360 x 270 x 250 nm. phdicle is encased in an
outer membrane, which itself consists of two congmdndomains. The
outermost membrane domain is 9 nm thick and thermost membrane domain
IS 5 nm thick. The membrane contains a lipid bitayahich probably
corresponds to the inner membrane domain. Withennlembrane is the core,
which is also barrel shaped with two indentatiomse on each of the largest
surfaces. The core is defined by a core wall, whschlso comprised of two
layers. Filling the spaces between the core wall tie membrane that are

created by the indentations in the core are “lateydies” [128].

[1.3.1.5. Nucleic acid

Vaccinia virus genome is a linear double strandedADmolecule
characterized by a natural cross-linking at botrmiel of the two DNA
molecule strands, essentially resulting in a singleanded circular DNA
molecule [129]. The total genome length of the Ciyagen strain of VV is 192
kbp with a relative purine or pyrimidine bases cosipon of 66.6% A/T. 198
protein-coding regions “major” and 65 overlappingifior” regions were
identified, for a total of 263 potential genes [L3@ addition, the VV genome
contains very long inverted terminal repeats (ITW)ich are identical but
oppositely oriented sequences at both ends of ¢herge. ITRs are important
features required for VV DNA replication. A centragion of the genome is
highly conserved between different Orthopoxvirudascontrast, the ends are
hypervariable [129]. VV genes are largely nonovaslag, which makes it

relatively easy to manipulate the VV genome.

11.3.1.6. Routes of infection of poxviruses

Poxviruses can infect their host by different reutdnrough the skin by

mechanical means, via respiratory tract (e.g. Vanaus infection of humans),
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or by oral route [131]. Because one early gene dfencodes a polypeptide
termed viral growth factor (VGF) [132], with strucal and functional
homology to epidermal growth factor (EGF) and T&Ft33], It has been
suggested that the epidermal growth factor recefif@FR) is a receptor for
vaccinia virus. However, the expression of VGF lagainia virus or EGFR by
the target cells influenced neither virus adsorptmcells nor penetration. These

results indicate that the EGFR is not a receptovdacinia virus [134].

11.3.1.7. Poxvirusesreplication

Poxviruses are unique among DNA viruses in they tieside exclusively
in the cytoplasm of the host cell, where they 18 DNA, synthesize mRNA,
and assemble progeny virus. This apparent autonfsolmm the nucleus is
possible because these viruses encode many ofrgteins that function in
nucleic acid biosynthesis, including a DNA polynsga RNA polymerase,
transcription factors, and a nearly complete repertof mMRNA modification

enzymes [135].

Vaccinia virus coordinates its progression througheplicative cycle by
expressing individual proteins at specific timese Temporal regulation of gene
expression is controlled at the level of transaoipal initiation. The
multisubunit viral mMRNA polymerase, which structiiyaesembles its cellular
counterparts, is responsible for all mMRNA synthegisus-encoded transcription
factors are required for transcription of the eamyermediate, and late classes
of gene promoters which are activated in that ordée factors required for
activation of each class are products of the pihagedlass, establishing a

cascade for gene activation [136].

All poxviruses replicate in the cytoplasm of infedtcells by a complex,
but largely conserved, morphogenic pathway (figh0¥ Replication of vaccinia
virus DNA occurs very efficiently within infectecelis. It typically begins 1-2
hours after infection and results in the generatbd0,000 genome copies per
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cell within hours of infection, of which half areltimately packaged into

infectious virions [137;138].

Two distinct infectious virus patrticles, the intedlalar mature virus
(IMV) and the extracellular enveloped virus (EEXan initiate infection [139].
The IMV and EEV virions differ in their surface glyproteins and in the

number of wrapping membranes [140].

The general scheme of VV replication (fig.10) cansmmarized in five
steps. (i) The binding of the virion to the cell mirane and is determined by
several virion proteins and by glycosaminoglycaB8Gs) on the surface of the
target cell or by components of the extracellulatnx. Fully permissive viral
replication is characterized by three waves ofl\itRNA and protein synthesis
(known as early, intermediate and late), which fall®ewed by morphogenesis
of infectious patrticles. (i) The transcription @drly genes under control of early
promoters begins few minutes after release of the an the cytoplasm of
infected cells. During this early infection phasarly RNA is transcribed by the
virion associated RNA polymerase. (iii) Two to fineurs after infection, the
core liberates the viral DNA for cytoplasmic DNApteation and intermediate
transcription occurs. (iv) Late RNA is then tranised under control of late
promoters. (v) The last step of the replicatiorde# morphogenesis of new
viral particles by assembling viral proteins ane thewly synthesized DNA
[129]. The initial IMV is transported via microtules (not shown in the figure)
and it is wrapped with Golgi-derived membrane, raft@ich it is referred to as
an IEV. The IEV fuses to the cell surface membrémdéorm cell-associated
enveloped virus, which is released to form free EERe EEV might also be
formed by direct budding of IMV, therefore bypasgsthe IEV form [141].
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Figure (10): Poxvirus replication cycle. Two distinct infectiousvirus particles, the
intracellular mature virus (IMV) and the extrac#&iuenveloped virus (EEV) — can initiate
infection The binding of the virion is determined by sevevaion proteins and by
glycosaminoglycans (GAGs) on the surface of thegefarcell or by components of the
extracellular matrix. Fully permissive viral re@ieon is characterized by three waves of viral
MRNA and protein synthesis (known as early, inteliate and late), which are followed by
morphogenesis of infectious particles. The initiatracellular mature virus (IMV) is
transported via microtubules (not shown in the rgjuand is wrapped with Golgi-derived
membrane, after which it is referred to as an adialar enveloped virus (IEV). The IEV
fuses to the cell surface membrane to form celb@ased enveloped virus (CEV; not shown),
which is either extruded away from the cell by md¢&il polymerization (not shown) or is
released to form free EEV. EEV might also form hyedt budding of IMV, therefore
bypassing the IEV form. Poxviruses also expresarge of extracellular and intracellular
modulators, some of which are defined as host-réagjers that are required to complete the
viral replication cycle.
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[1.3.2. Advantages of VV as a Delivery Vehicle for ~ Cancer Immunotherapy

Although the global eradication of smallpox in @aly 1980 was made
possible by vaccination with VV, this virus is nenger needed for smallpox
iImmunization, but now serves as a useful vectoefressing genes within the
cytoplasm of eukaryotic cells. As a research toemdpmbinant vaccinia viruses
are used to synthesize biologically active protaimd analyze structure-function
relations, determine the targets of humoral- antdnecediated immunity, and
investigate the immune responses needed for pi@tecgainst specific
infectious diseases. Upon generation of data agtysahd efficacy, recombinant
vaccinia and related poxviruses became candidabteslife recombinant
vaccines and for cancer immunotherapy [142]. Theaathges of VV as a

vector are outlined below.
11.3.2.1. Cytoplasmic Replication

VV replication occurs exclusively in the cytoplasmihis facilitates
introduction of foreign genes into the viral genobyemarker transfer and also
the radiolabeling, detection, and isolation of pno$ expressed by recombinant
viruses. Furthermore, there is no risk of integiratinto the host cell genome

and/or phenotypic transformation [113].
11.3.2.2. Wide Host Range

VV has a wide host range, capable of infecting aladl human cell
types with high efficiency. It replicates in bothmary cell cultures and many
different cell culture lines isolated from virtualany animal species. VV also
grows in almost all types of experimental animatsnmonly used in the
laboratory [143].
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11.3.2.3. large Viral Genome

The 192 kb genome of VV readily tolerates both daigsertions of
foreign DNA and deletions of viral sequences tdaHer expand the quantity of
insert. The ability to accommodate and expresgadt|25 kb of foreign DNA
sequence by the virus is an important factor toctkesidered to construct a

polyvalent vaccine [144].
11.3.2.4. Viral Transcriptional Machinery

VV transcribes its genome by using unique viral yames, viral
transcription signals, and ancillary transcriptidactors [145]. Foreign
transcripts will be capped and polyadenylated byain?ymes and will serve as
efficient messages for the translation of relagiveigh levels of the foreign
protein within the infected cell.

11.3.2.5. Safety

VV was the first viral vaccine used by Edward Jente prevent
smallpox. Thus, we might consider that it has bieedinical trials since 1798
[146]. Although complications such as postvaccoratiencephalitis or
progressive VV infections can occur in immunoconmpised recipient, overall
VV is quite safe and effective vaccine, as eviddnbg its successful use to

eradicate smallpox from the human population glgbal

[1.3.2.6. Cost

Because of its broad host range, VV can easilyrbe/igto high titers in a
variety of cell lines or animal hosts [146]. It ¢éest effective to deliver as a
vaccine as it is cheap to be produced. It is ‘io#f $helf” reagent.
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11.3.2.7. Stability

The VV virion is very stable, maintaining infect®titer while frozen for
many years. Furthermore, VV particles can be stameddry powder for
prolonged periods, rehydrated, and inoculated woitilly minimal losses in
infectivity, thus permitting easy transport andhidal application [147].

[1.3.2.8. Ease of Administration

Classical intradermal administration of VV-basedcome does not

require the same level of medical training as &awenous injection.

11.3.2.9. Replicating VV as Oncolytic Agent

Efficient replication, cell lysis, broad host ranged spread, remarkable
safety along with natural tropism of VV for tumasdues, make vaccinia virus a
very attractive vector for developing oncolyticuses. Genetic modifications of
VV have been designed to create oncolytic vectbeg favour the natural
tropism for tumor cells. One approach is to del@tal genes that are critical for
efficient viral replication in normal cells but gsnsable in tumor cells. For
example, a recombinant VV with thymidine kinase egggiK) deletion has
demonstrated enhanced tumor selectivity over normsalies [148]. VGF is
expressed early during VV infection cycle and isreted from infected cells. It
binds growth factor receptors on surrounding rgstells and stimulates cell
proliferation. Recombinant VV with double deletiohTK and VGF was found

to have markedly enhanced tumor specificity [149].

[1.3.3. Limitations of Vaccinia Virus as a Vector

Despite those benefits mentioned before, VV used agne therapy
vector (for delivery of tumor antigens and immurmuiatory molecules), has
encountered limited clinical success in canceragmer Among the possible
issues, the high immunogenicity of the virus, whighits the possibility of
repeated injections [150]. Immunodominance and imopuevalence of viral
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antigens may also represent a problem in the comagpetvith the weaker

recombinant tumor antigens for the cellular resperj$51;152].

11.3.3.1. Long term memory response to vaccinia virus

Vaccinia virus replicates in the cytoplasm of irtést cells and it is not
thought to persist or become latent after the apbhtese of infection. However,
long-lived vaccinia virus-specific memory cytotoxiecells were identified in

adults who had been immunized against smallpoXidren.

Some authors observed that the capacity of VV thuge an immune
response against heterologous proteins could letlgnenpaired in recipients
who had immunity against VV as vaccination with cia@ had eradicated
smallpox in 1980. Initially, vaccinia virus-specifiT cells were detected in
peripheral blood mononuclear cells while screeninigr human
immunodeficiency virus type 1 (HIV-1)-specific Ticeesponses in HIV-1-
seropositive subjects. These individuals had ndtdwatact with VV since their
primary immunization in early childhood. Severatemia virus-specific CD4+
T-cell clones were derived from these donors aratagterized. Healthy, HIV-
1-seronegative donors who had been immunized agsimalipox many (35 to
50) years earlier were also screened for VV -spedifcell immunity and
significant CD8+ and CD4+ T-cell responses to VVswaund after in vitro
stimulation, indicating that these memory cells m@@ntained in vivo for many
years [153]. It was concluded that specific VV Traemunity can persist for
up to 50 years after immunization against smallpexchildhood in the

presumed absence of exposure to the virus.

Antiviral antibody response remained stable bebhw&e’5 years after
vaccination [154]. The human CD8+ T-cell responsevédccinia is robust at
early times after vaccination and can be very deeavithin an individual [155].

Several candidate immunodominant antigens, comigimultiple epitopes, have
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been described. These antigens and epitopes sheuldseful in evaluating

modified poxviruses being developed as vectorsidéderologous antigens [156].

11.3.3.2. Immunodominance of poxviral-specific CTL

Many recombinant poxviral vaccines are currentlyclinical trials for
cancer and infectious diseases. However, thesetsaghd not succeed to
generate T cell responses specific for recombirgarte products at levels
comparable with T cell responses associated witbralaviral infections. The
recent identification of vaccinia-encoded CTL epés allows the simultaneous
comparison of CTL responses specific for poxvinatl aecombinant epitopes
[157].

Harrington et al., had developed a simple intratall cytokine staining
(ICS) assay using VV-infected syngeneic cell liegpressing MHC class | and
class Il proteins to quantitate VV-specific CD8 &id4 T-cell responses. Using
this assay, they monitored the magnitude and durati T-cell responses to the
vector (VV) and also to the foreign epitope follogiinfection of mice with
r.VV expressing the Nfs.106 CTL epitope of lymphocytic choriomeningitis
virus (LCMV). They also proved that VV specific etter CD8+ and CD4F
cells are able to produce IL-2, IFNand TNFe in response to vaccinia virus.
|They found that the total number of CD8 T cellspanding to NPs.126 Were
about 20- to 30-fold lower than the number respondmthe VV vector [151].

These results demonstrate that immunodominartinviaespecific CTL
responses limit the effectiveness of poxvirusesranombinant vaccination
strategies and that more powerful priming strate@ee required to overcome

immunodominance of poxvirus-specific T cell respmns

Although vector specific immune responses, esdgc@ab4+ T cells,
may initially be beneficial for the induction of CTresponses against

transgenes, they may also prevent multiple usédn@fstme vaccine [158]. In
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particular, responses against the vector and itlsunodominant epitopes may
out-compete the anti-tumor response specific focomibinant antigens
[151;159].

These limitations of using VV as a vector were thiiative issues
addressed by the hereby presented project whidesgyned to overcome the
problem of long lived memory immune response agarfvsand counteract the

immunodominance of VV epitopes.
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1.4 IMMUNOMODULATIONS OF CANCER VACCINES

A key limitation of tumor immunotherapy arises frahe fact that the
host is tolerant for most tumor self antigens ancells exhibit low avidity for
these antigens. Breaking this tolerance is theeefar major goal of
immunotherapy and requires the development of netvategies for modulating
the antitumor immune response through identificatbimmune adjuvants that
can activate and amplify these residual low-avidlitmor-reactive T cells. The
pattern and duration of immune responses associatedhese new modalities
differ from those associated with cytokines andotytic agents. In addition,
vaccines are being developed that may ultimatelyetaTAA in combination
with these immunomodulatory therapies [160]. Limiteumber of adjuvants is
licensed for use in humans due to their potentéiaéee side effects [161].

Strategies that enhance numbers and the effectotidms of T cells have
been demonstrated according to the three diffesggial stages needed to

activate T cells: antigen, costimulation and cytekenvironment.

11.4.1. Antigen Formulation (first signal)

Binding of antigen/MHC complex to the TCR/CD3 coewbrovides the
first signal for activation of naive T cells. Difent approaches have been used
to provide the antigen and optimize the formulatierom the simple cells lysate
to complex nanoparticles, we will here describeyahle option that we have

been using for vaccinia vector.
- Minigene Formulation for Specific HLA Restriction

As CTL recognize antigens as short peptides prededoy MHC class-I
molecules, characterization of these antigen fraggnédenominated cytotoxic T
cell determinants or epitopes, has allowed thegdesi immunization strategies
based on the use of subunit vaccines [162]. Inctme of tumor cells, many
epitopes belonging to different tumour antigens drfttrent HLA restrictions
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have been characterized during the last years [MBlereas corresponding
synthetic peptides are simple to obtain and to ®edutheir relative lack of
intrinsic immunogenicity and instability render ghiapproach in human
application relatively inefficient if not properlgdjuvanted. On the other hand,
the formulation of these epitopes via intracellldapression, based on plasmid
DNA or viral vectors, of minigenes encoding for $kespecific peptides has

been successfully developed and clinically applied.
- Induction of Multiepitopic | mmune Responses against Tumor

A common feature of “fast growing” entities suchcasicer and viruses is
that, facing a monovalent immune response recagmiai single antigen, they
rapidly select variants that are no longer expngser presenting the recognized
epitope. In order to decrease chances of rapi@mnaselection, but also allowing
larger spectra of immune responses, strategiesinomgbseveral antigens have
been formulated. Thus, the use of multiple TAA ep#s is an attempt to
circumvent antigen expression heterogeneity andinit immune escape
[3;164].

- Targeting the Endoplasmc Reticulum

To facilitate the entry of the antigenic epitopdoirthe endoplasmic
reticulum, a sequence coding for adenovirus E3/[E#der peptide was added.
Infection with r.VV expressing ER-targeted minigeslecited a stronger CTL
response as compared to non-targeted or additi@xajenous peptide. These
ER-targeted minigene formulations, for specific HL#&strictions, enable
bypassing of a number of antigen processing stbpsefore avoiding limiting
factors and ultimately result in an overall incexhssurface presentation of
antigenic peptides within HLA molecules. Their ceipato generate epitope
specific immune responses is thereby enhanced, oagpared to vectors
encoding the full antigen (figure 11) [165].
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TAA ER-minigene

\ \TAA—minigene
E3/19K sequence

VV fullgene

¢protein

APC Activated CTL

Figure (11): Minigene formulation.

TAA minigene is formulated in ER-targeted form whienables the encoded epitopes to pass
directly to ER to be restricted by HLA molecule dnypass number of antigen processing
steps. Viral proteins encoded from viral full gengsdergo proteaomal degradation into
small peptides that diffuse to TAP to be transgbrte ER, and then loaded on HLA
molecule and recognized by specific T cell recepi@R).
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- Epitope enhancement

Modification of the amino acid sequence of epitomesnmonly referred
to as epitope enhancement, can improve the effishegccines through several
means: (a) increasing affinity of peptide for MHColetules [166]; (b)
increasing TCR triggering [167]; or (c) inhibitingoteolysis of the peptide by
serum peptidases [168]. Whenever the peptide sequén altered, it is
important to demonstrate that the T cells inducedl recognize the native
peptide sequence.

- Vectors

To increase the efficiency of antigen-dependent umen modulation,
researchers started to investigate novel vectararfigen delivery [169]. Viral
vectors are potent gene delivery platforms becatiskeir ability to efficiently
infect host cells. Removal of the replicative arathpgenic ability of viruses,
combined with their capacity to carry the therametrtansgene and an ability to
efficiently infect various mammalian cell types raakkthem amenable for use in
gene therapy. However, the immune system has evdtvdight off invading
pathogens, which makes viral vectors subject toumenresponses that have to

be either blocked or avoided to achieve theraptaitsgene expression [170].

Adamina et al., have developed liposomal vectoets frotected tumor
epitopes against peptidases [171], and then thestoré were refined into
immuno-stimulatory reconstituted Influenza viroseméglRIV) containing
Influenza virus A derived hemagglutinin and neuraidase [172]. It was shown
that IRIV are able to improve the generation of Cidsponses specific for

encapsulated peptides in vitro [173] and in viveZ1173].
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11.4.2. T-Cell Co-stimulation (second signal)

T cells depend on signals additional to antigermgadion (Signal 2) to
achieve full activation. The term costimulation alby describes the
modification of T cell activation processes by tinéeraction of membrane-
bound ligands with their T cell-expressed recept@sstimulatory signals
transduced via CD28 and TNFR family members (figli2¢ play paramount
roles in modulating innate, adaptive, and reguwatormunity [174]. Agonistic
ligands for this class of immunomodulatory receptioave potential to serve as

effective components of therapeutic cancer vaccines

ey a4 CD4 and CD8
]. CD28/CTLA-4 P4 1

Figure (12): costimulatory molecules. _

872 [N cpzsicTLa4  CPF 2 CP8

ICAM-1 .[ LFA-1 CD4 emd CD8

LFA-3 CcD2 ook

CD4 and CD8

- B7 molecules

Interaction of the B7 molecules B7.1 (CD80) andZB{LCD86) on APC
with CD28 on T cells is generally regarded as tmengry costimulatory
pathways involved in T cell activation. To enhartbe immunogenicity of
TAAs, transgenes for different T-cell costimulatiorolecules are placed into
viral vectors along with the transgenes for the TAAS5]. The use of B7 co-
stimulatory molecules as adjuvants in prime boastcination strategies has
enhanced the generation of CTL when expressed aghgrAA [3;176;177].
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- ICAM-1/LFA-1

LFA-1 is the best known costimulatory member of thiegrin family.
LFA-1 is a key accessory molecule expressed onlf deat interacts with
intercellular adhesion molecule 1(ICAM-1 or CD54) APCs [178]. In the
context of antitumor immunity, ICAM-1/LFA-1 interaons could be important
for T cell priming by APCs as well as for transetiddial migration and tumor
cell recognition at the tumor site, cytokine pralue and protection from
apoptosis. A TRlad of COstimulatory Molecules (TRIKZ; B7-1, ICAM-1 and
LFA-3) has been shown to enhance T-cell responseBAAS to levels far
greater than any one or two of the costimulatoryecues in combination [179-
183].

- CTLA-4 molecule

CTLA-4 is an inhibitory receptor on T cells thantis to B7 molecules
with higher affinity than CD28. Engagement of CTUAwhich is upregulated
on activated T cells, counterbalances the actigagifiects of CD28 and leads to
the inhibition of cell cycle progression and IL-Zogduction [184]. New
immunotherapies targeting critical regulatory elatseof the immune system
may overcome tolerance and promote a more effecd@metumor immune
response. These include the use of monoclonalahéb that block CTLA4 to

prevent inhibitory signals that downregulate T-e&livation [185;186].
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11.4.3. Costimulatory Molecules with Additional Fun  ctions (signal 3
and beyond)

After activation of T cells, a number of cell suaéaand soluble molecules
are known to further regulate the immune resporsmgnél 3). Certain
costimulatory molecules, in contrast to B7, actdprainantly on activated T
cells. In particular, OX40L, 4-1BBL, CD70 and allembers of TNF
superfamily (e.g. CD40L), appear to have somewhutindt roles as
costimulators of activated CD4+ and CD8+ subseft§ oélls (Figure 13). One
of the suggested effects of these ‘signal-3' mdksis to extend the lifespan of
the stimulated effector cells by suppressing gesesociated with apoptosis
[187].

- Activated
:I. DX40 (CD134) CD4 AND CDS8

T-Cells
Figure (13): signal 3 costimulatory -

: : CD4 and CDS
molecules. SELEIS EI 4¢1BR(CD1Y7) ™"r Cas

_ dature, activated

N
CD40 .I: CD40L (CD154) CD4 and CD8

T-Cells

CD4 and CD8
T-Cells

- OX40L

Fowlpox viral vector expressing OX40L either alamg-OX40L) or in
combination with TRICOM costimulatory factors (TRICOM/OX40L)
demonstrated that (a) OX40L plays a role in sustginthe long-term
proliferation of CD8+ and CD4+T cells following acttion, and (b) the anti-
apoptotic effect of OX40L on T cells is likely thesult of sustained expression

of anti-apoptotic genes while genes involved in @psis are inhibited. In
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addition, the use of r.f-TRICOM/OX40L both enhangesial activation and

then further potentiates sustained activation ofenand effector T cells [188].
- 4-1BB ligand (4-1BBL)

4-1BB is an inducible costimulatory member of th&FR family
expressed on activated CD4+ and CD8+ T cells. igant, 4-1BBL, is
expressed on activated APC. 4-1BBL-mediated cosatiam is highly effective
in expanding and activating T cell memory resportsesfluenza virus and
EBV and does so with faster kinetics than B7.1 [189

- CD154 (CD40Ligand)

CD40 belongs to TNFR family and was first identifiand functionally
characterized on B lymphocytes. CD40 is expressadhmmore broadly on
monocytes, dendritic cells, endothelial cells, apdhelial cells. In addition, the
CD40-ligand (CD40-L/CD154), a member of the TNF ilgims also expressed

more widely on activated CD4+ T cells [190].

The interaction of DC expressed CD40 with CD40L amtivated CD4
cells can profoundly enhance T cell responsesgdig40 signals result in the
upregulation of MHC molecules and costimulatory @colles in DCs [191].
Thus the role of CD40L in T cell stimulation is irett one through induction of
T cell costimulatory ligands such as CD80 and CBDB&PC [192].

Recombinant VV expressing CD40L has provided artiefft adjuvance
during the induction of CTL specific response foardl/Melan-A7.3s TAA
[193].
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- Cytokines

Cytokines have become an integral part of canceragly and are also
under trial together with cancer vaccines as posgiisal adjuvant therapies

providing significant gains in long term survivakes.

IFN-alpha exhibits enhancing effects on T-cell deddritic cell functions
[194;195]. It is assumed that IFiNhas an antitumor and immunoadjuvant effect
when used in combination with recombinant poxvisu$€96]. Furthermore,
immunization of stage IV melanoma patients with MAR/Melan-A and gp100
peptides plus IFMe¢ resulted in induction of CTL immune response and
activation of monocytes/dendritic cell precursdrg7].

IL-2 is known to promote the expansion of TAA spiecCTL. When IL-2
was paired with peptide vaccines in patients wibected stage Il and IV

melanoma, it appeared to boost the immune resgortke vaccine [198;199].

After approval of GM-CSF use in stem cell and bomarrow
transplantation, it was also suggested that GM-@fgfht have application as
immunotherapy in melanoma after surgical resectidre theory is that GM-
CSF would activate antigen-presenting cells, and tthe ability to mount an

immune response [200;201].

IL-2 and IL-15 appear to be comparably effectivehia induction of CTL
proliferation in response to MART-1/Melans/As targeted active specific
immunotherapy [202].

- Toll like receptor (TLR) agonists

TLRs bind to one or more distinct pathogen-exprsselecules and can
function as an “alarm signal” for the immune systemtiating appropriate host

immune defenses. For example, TLR4 detects LPS hwisc specifically
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expressed by Gram-negative bacteria. In responsePt®, TLR4 activation

induces the secretion of proinflammatory cytokirmesl chemokines by host
immune cells [203;204]. A synthetic agonist for T,Rmonophosphoryl lipid

A, has been developed as a vaccine adjuvant [205].

TLR-9 recognizes unmethylated bacterial CpG-DNW &s clinical use
Is expected for cancer therapy as a potent indafcahelper T cell 1 (Thl)-type
T-cell response [206]. It was shown that TLR9 agtmstimulate dendritic cell
maturation and ultimately induce a more effectimenune response [207;208].
Early studies indicated that inserting model turasseociated antigens into
viruses, which contain TLR agonists, can augmeair tthmunogenicity and
function as tumor vaccines [209-211]. Recently, iSgreand colleagues have
made efforts to use TLR agonists in conjunctionhwiticcination in patients
with melanoma [212;213]. They found that combinifigr9 agonist CpG ODN
7909 (a 24-mer oligodeoxynucleotide containing 35Qpotifs) with a Melan
A/MART1 ,4.35 peptide and incomplete Freund's adjuvant increttseethumber
of MART1-specific T cells by >10-fold compared withccination without CpG
[213].

Our group has generated recombinant vaccinia @rgsessing antigenic
epitopes derived from melanoma TAA. This r.VV isaddcterized by peculiar
features. First, it encodes HLA-A0201 restrictedltiple epitopes from three
different melanoma differentiation antigens, MeksliMart-1,7.35, GP10Qg0 285
and tyrosinase. Second, the antigenic epitopes are encompasstihn va
polypeptide including an adenovirus 19K derived dea sequence
(MRYMILGLLALAAVCSA) driving the resulting recombinat products
directly into the ER, thereby bypassing antigen processing steps. ,Tidaes
encoding CD80 and CD86 co-stimulatory molecules (required for T cell
activation) have been added to this vector. Folhgwthein vitro demonstration

of the vector (Penta-Mel-r.VV) efficacy [177;214was successfully tested in
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phase I/l immunotherapy clinical trial for stagédnd IV melanoma patients.
Administration of this viral vector was based orradermal (ID) injection
followed by boosts with solution of the correspargdspecific peptides [3]

The results of this first clinical study showed tthdespite a good
immunogenicity of the viral vector, peptide ID iof®n were unable to properly
boost the virally induced response. Therefore, agghkt solutions to increase
the potency of this protocol.

Studies with synthetic tumor antigenic peptidesehdemonstrated that
induction of single amino acid substitution may rdadically increase their
immunogenicity. Therefore, we also constructed \AVr.expressing tumor
antigenic peptide analogues with appropriate nucleotide substitution which

leads to improved antigen recognition and enhamoetlinogenicity [215].

We have also developed &/V expressing CD40L and demonstrated its
capacity to enhance APC immunogenicity for spedifi24+ and CD8+ T cell
responses [193].

Finally, since lymph nodes are the primary siteénomune reactions, it
was suggested that intranodal administration mightnore immunogenic than
ID route for the induction of TAA specific immunesponses [216] especially
for soluble peptides which are rapidly degradedeomgected in peptidases

containing environment.

We therefore performed a second clinical trial dase theintranodal
(IN) administration of our Penta-Mel-r.VV boosted ® IN injections of soluble
peptides. Remarkably, CTL responses against at @as of the antigenic
epitopes were detectable in the majority of pasiemtd humoral responsiveness

to VV vector was confirmed [217].
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Moreover, some patients received “supplementary/kemmunization”
on compassionate basis. These additional virabvegjections demonstrated an
improved immune responsivness thus underlining gbeential of prolonged
immunization protocols with a viral vector. Howeyethese multi-virus
injections immediately raised the issue of immumeairement due to anti-

vector responses.

In the present study, we are addressing the idsiie possible limitations
of using VV as a viral vector, due to prior systemmmunity and to
immunodominance of VV antigens, resulting in redlugagduction of immune
response against weaker tumor antigens. We dexkebp&/V expressing HSV-
US12, which down-regulates MHC class-I antigen @méstion by blocking
TAP transport. The relevance of this viral vecaspecially in the perspective of
multiple-boost vaccine protocol for cancer immumo#dpy, was hereby

investigated.
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I1.5. INFECTED CELL PROTEIN 47 (ICP47) AS
IMMUNOMODULATOR

HSV-l is a highly abundant human pathogen thatiexes lifelong
persistence in the ganglia of the nervous systgmnléxogenous stimuli, it can
be repeatedly reactivated and infect related muidessaies leading to clinical
symptoms. To escape immune surveillance, herpeslestnvirus compromises
the host's cytotoxic T lymphocyte response viaeddht mechanisms. Among
these mechanisms is ICP47 blockade of TAP fund@d8]. ICP47 represents
the first natural inhibitor of an ABC transportexsgribed so far [219].

[1.5.1. US12 Gene

HSV has a number of genes devoted to immune evatl&i2 (also
called alpha47) genfig. 14) encodes the small immediate-early reguiat
protein ICP47, which inhibits antigen presentation infected cells by

specifically binding to and blocking TAP [220].

|I35A
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Figure (14): US12 gene

This presentation inhibition of viral and cellulantigens associated with
MHC class-I proteins to CD8+ T-cells effectivelyodeases immune recognition

and thus increases infective persistence [221].

[1.5.2 Structure of ICP47

ICP47 is an 88 amino acid immediate early geneymb@E12) [218]. It
IS a membrane associated protein adopting cahelical conformation.

Functional studies with N- and C-terminally trurezhtvariants of ICP47
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demonstrated that the N-terminal domain of ICP47sudficient for TAP
inhibition (fig.15: residues 1-53 in blue [219],35-in yellow [222] and 3-34 in
pink [223]). Moreover, by alanine scanning mutagesehree regions (residues
8-12, 17-24 and 28-31) were identified within thetihvee domain of ICP47,
which are critical for TAP inhibition [222].

AA bp

atg tcg tgg gcc ctg gaa atg gcg gac acc ttc ctg gac aac atg cgg gtt 51
1 | M|[S[WA L E M A DT F L D NM R V|

2 Q0C AGG ACG TAC GOC GAC GTA QCEC GAT GAG ATC AAT AAA AGG GGG CGTL 102
B8||IGP R T Y A D VRD ET N KR G R]

GAG GAC GGG CGAG QOG GOC AGA ACC CC GI'G CAC GAC CCG GAG CGT CCC CTG 153
35| E|I D R EA AR TAV HDWP ER P L

52|L R| S P

69 V. A H

g6 V. T R -

Figure (15): Activedomain of ICP47 protein

Multidimensional solution NMR spectroscopy (fig.)lidicates that the

active domain of ICP47 adopts a helix-loop-helixfoomation in the presence

of detergent micelles.

Figure (16): Ribbon drawing of a single structure of 1CP47. AA (2-34) bound to SDS
micelles [224].
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The active domain of ICP47 appears to be maingtruntured in aqueous
solution [219]. In the presence of lipid like emmnment, am-helical structure is
induced, which is composed of two helical regioxigeding from residues 4-15
and 22-32 connected by a flexible loop. On thedakthese results, therapeutic
drugs could be designed that are potent immune regpgrs or that are
applicable in novel vaccination strategies agatiSV, restoring the ability of

the immune system to recognize the infected c2id]

[1.5.3 Function of ICP47

TAP molecules possess a single peptide bindingskiéeed between the
two subunits TAP1 and TAP2 [225]. It has been destrated that ICP47
prevents peptide translocation into the ER lumesmscifically interacting with
human TAP. Therefore, assembly and trafficking di®class-I molecules is
impaired [226]. The active domain of ICP47 (resglu&34) displays an
identical ability to inhibit TAP function when coraped to the full-length
protein, illustrating preservation of the functibmpaoperties [223]. By binding
with nanomolar affinity to the heterodimeric TAP ngplex, ICP47 blocks
peptide but not ATP binding to the ABC transpoft8]. The active domain
interacts with TAP at the subunit‘membrane intexfaathin the lipid head
group region and blocks peptide translocation this Endoplasmic Reticulum
(ER) lumen (figure 17) [227]. In the membrane-boistdte, ICP47 escapes
proteasomal degradation, which otherwise occurglisapy the membrane-free

state.

In the absence of a functional TAP transporteri(wit3 h of infection),
empty MHC | molecules are retained in the ER antmalely directed to
proteasomal degradation [21].

It was demonstrated that ICP47 binds with highn@ffiat least in part to
the peptide binding site of TAP, thereby blockihg first and essential step in

the translocation pathway [21]. Recently, a simdawnregulation of peptide
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transport activity was observed in bovine epithedials infected with bovine

herpesvirus-1 [228]. The ICP47-TAP interactionighly species specific, since
the viral protein shows a more than 100-fold higaiéinity for human than for

murine TAP [218]. It has been further suggested bivading of ICP47 results in
a conformational change of peptide transporterciwhmight also block TAP

function.

Calreticulin

ER lumen

p,m

339583855 8385558

f€§ EEEER membrane

MHC class-|
T Tapasin
ICP47 TAP2
‘ ‘ ‘ Proteasomal degradation
Cytosol -y products

Figure (17): Modée of the active domain of | CP47 in phospholipid bilayers.

After binding to the cytosolic face of the endoptés reticular ER) membrane, ICP47
adopts a helix-loop-helix conformation. Subsequassociation with the peptide-loading
complex at the lipid-TAP interface blocks the pdptsupply to MHC class-I molecules. The
peptide-loading complex consists of the ATP-bindtagsette halftransporter subunits TAP1
and TAP2, the adaptor protein tapasin, the MHCseldseavy chainhc), the noncovalently
associate@-2-microglobulin fom), and several auxiliary factors.g. calnexin and the thiol-
oxidoreductase ERp57) (Modified from Aisenbreylet2006) [227].
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11.6. RECOMBINANT VACCINIA VIRUS EXPRESSING
|CP47 PROTEIN

Anti-vector immune responses are of major concerrclinical gene
therapies. In recombinant virus mediated vaccinattbis issue is even more
critical since immunization procedure often requmeltiple injection of the
vaccine. Reports from studies performed by usiNy r.suggest that previous
Immunization against the vector may result in imgeiresponsiveness against

transgenic antigens, as compared to naive recifdibg{229].

Competition between immunodominant epitopes [230H aelative
responsiveness to vector and recombinant antidésid fnay play a role in this
balance. Pre-existing cellular and humoral antiseonmunity , which may be
long lived for poxvirus [154], might relatively iithit immunization although
transgene CTL responses may still be possible [281] have consistently been
found in numerous vaccination protocols taking adege of recombinant

vaccinia vectors in pre-vaccinated patients [3;232]

Overcoming host CTL response and prolonging vestovival is now
recognized as a major goal for many gene therapyefeoTherefore, inserting
the herpesvirus US12 gene into recombinant vaccumias vector which
encodes TAA minigene may simultaneously decreagepspcompetition and
cellular anti-viral responses. In an APC infecteithwUS12-recombinant
vaccinia virus, the generation of most, if not apjtopes drived from viral entire
proteins following the classical MHC class-I promieg, transport and
presentation pathway, should be blocked. On therdtland, recombinant ER
targeted vaccine epitopes should not be affectetCB7 mediated blockade
and may profit from reduced competition and morgciehtly induce CTL

response.
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[IILMATERIALS AND METHODS
[11.12. MATERIALS

[11.1.1. Cells

CV-1 cells: are monkey African green kidney fibradtls, ATCC CCL70,
ECACC Ref N°: 87032605 grow rapidly and form mowels of
fibroblast like cells, cultured in DMEM 10% fetall€ serum (FCS).
HeLa cells: are human epithelial cancer cells. Tiveye a gift from Dr.
Jantscheff (Department of Clinical Oncology, Unaitr of Basel) and
are cultured in DMEM 10% FCS.

EBV-BL: are human B lymphocyte transformed by Epstarr virus,
cultured in RPMI supplemented with 10% FCS.

Na-8, D10 and WM115 MEL: are human melanoma ce#di They are
HLA-A*0201 positive, and are cultured in DMEM 10%5.

PBMCs: are peripheral blood mononuclear cells froealthy donors,
who are all HLA-A*0201 positive, cultured in RPMP human serum.
CD8', CD4 and CD12 cells are positively selected by magnetic
absorbent cell sorting (MACS) technique using appete antibody-

magnetic microbeads.

[11.1.2. Viruses

Vaccinia virus wild type and all derived recomimhaonstructs are based

on the Copenhagen strain of Vaccinia virus (gersyoprovided by Dr. R.

Drillien, Strasbourg, France) All the recombinarmiceinia viruses used were

produced according to Zajac et al., [233].

r.VV-US12: recombinant vaccinia virus encoding tHerpes Simplex
Virus US12 gene (codes for ICP47 protein) undelyedral promoter
control. US12 gene is inserted into the A5S6L loafsvaccinia virus

genome by homologous recombination.
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* r.VV-Mart: recombinant vaccinia virus encoding thnigene MART-
1/Melan-Ay735 under early viral promoter control. MART-1/Melanig
inserted in the I4L locus of vaccinia virus genoimg homologous
recombination.

* r.VV-Mart-US12: recombinant vaccinia virus encoditige minigene
MART-1/Melan-Ay;.3sand HSV-US12 gene.

111.1.3. Plasmids

For the construction of recombinant virus, pKT 13#8smid (generous
gift from Dr. K. Tsung, San Francisco, CA) was usétis plasmid (map 1)
contains two homologous regions from A56R locuthefviral genome flanking
the cloning site [234], in which the gene of intrs inserted under the control

of a vaccinia specific early promoter and trangmiptermination signals.

A56pcr5'

4000

Bbel

pKT1323.seq
O Sacll Eco78

4944 bps % Noth--e-r Narl
# ECORI Stul
™ smal Apal

Xmal Hindlll
Avrll

2000

\  A56Lr

gpt A56pcr3’

Pvull

EcoRV'

Map (1): pKT for the construction of US12 encoding plasmid.

gpt gene is used as a transient marker for selecfisraombinant vaccinia virus, aramp
gene as selection marker for further tranfecteddoe&c Short arrows indicate the location of
oligonucleotides used for PCR or sequencing reastio

amp = ampicillin resistancg{Lactamase); gpt = guanine phosphoribosyl transéertiPA
resistance.

©3 60



[11.1.4. Media and Buffers

DMEM 10% FCS:DMEM®, 1% HEPES buffériM, 1% Non Essential
Amino Acids (MEM-NEAAY (100x), 1% GlutaMAXY-1*> (100x),
1%Sodium Pyruvatg100x), 1% Kanamycf(100x), 10% FCS.

RPMI 5% HS:(complete medium): RPMI 1640 Medidml% HEPES
buffe 1M, 1% MEM-NEAA® (100x), 1% GlutaMAX"-I* (100x),
1%Sodium Pyruvafe(100x), 1% Kanamycf(100x), 5% filtered human
serunf.

CTL medium RPMI 5% HS and IL-2 200unit/ml final.

GM-CSF _medium:RPMI 1640 Mediumy 1% HEPES buffériM, 1%
MEM-NEAA? (100x), 1% GlutaMAX"-I? (100x), 1%Sodium Pyruvéte
(100x), 1% Kanamycfn(100x), 10% FC%and GM-CSF 50ng/mil

MACS buffer: PBS (BD n°3492020.5% FCS and EDTA pH 8, 0.5nM

'Fluka, BuchsSG, SwitzerlahdGIBCO, Paisley, UK:’Invitrogen, Carlsbad, CA?Blood
bank, University Hospital Basel, CPNovartis, Basel, CH.

[11.1.5. Antibodies and MHC-multimers

» Mouse IgG antibodies to human HLA-ABC, HLA-A 020lolecule,
CD14, CD4, CD8, CD80, CD44 and HLA-DR molecule. €ohlgG,
R-PE, APC or FITC conjugated (BD PharMingen, Framklakes,
NJ).

» Soluble MHC-peptide pentamer Streptavidin R-PE wugaje, MHC
allele: HLA-A 0201 (Prolmmune, Oxford, UK): MARTWelan-Age.
35-

» Soluble MHC-peptide multimer Streptavidin R-PE emgte, MHC
allele: HLA-A 0201 (Prolmmune, Oxford, UK): VaccaVirus
H3L1g4-102 B22Rog.37and C7lz4.82
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l11.1.6. Primers and Probes

B-actin

Pre-developed assay: (Applied Biosystem, Fostsr, Cid)
VV 13L [193]

Fwd CGGCTAGTCCTATGTTGTATCAAC TTC

Rev TGC AAATTTGGAATGCG

Probe FAM-AGAAGCCGTCTATGGAAACAT TAAGCACAAGG-TAMRA
GAPDH [235]

Fwd ATG GGG AAG GTG AAG GTC G
Rev TAA AAG CAG CCC TGG TGA CC

Probe FAM-CGC CCA ATA CGA CCA AAT CCG TTG AC-TAMRA
| FN-y [236]

Fwd AGC TCT GCATCG TTT TGG GTT

Rev GTT CCATTATCC GCT ACA TCT GAA

Probe FAM-TCT TGG CTG TTA CTG CCA GGA CCC A-TAMRA
IL-2[237]

Fwd AAC TCA CCA GGA TGC TVA CAT TTA

Rev TCC CTG GGT CTT AAG TGAAAG TTT

Probe FAM-TTT TAC ATG CCC AAG AAG GCC ACA GAA CT-TAMRA
|CP47 (Inner)

Fwd AAA GGA TCC GCA TGT CGT GGG

Rev AAA GAA TTC TCA ACG GGT TAC CGG ATT ACG
Probe FAM-TCG GTC ACG GTC CCG CCG -TAMRA

| CP47 (Nest)

Fwd AGG TGC GTG AAC ACC TCT G
Rev GTG GAC CGC TTG CTG CTC

l11.1.7. Chemicals
» Psoralen: (CN Biosiences, Nottingham, UK): 4 amietrg- trioxsalen
(trioxsalen: 4, 5, 8- trimethylpsoralen)ig8:5NOs.
» Paraformaldehyde 1%: (Polyoxymethylene, (Ol, 30.03 D, Fluka
Chemi AG, Buchs, Switzerland).
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[11.2. METHODS

111.2.1. Virological Methods

[11.2.1.1. Cloning procedure for recombinant vaccinia virus prepar ation

DNA samples of cerebrospinal fluid from HSV positiypatients were
kindly provided by Prof. M.E. Lafon, (Laboratoire d/irologie, University of
Bordeaux, Bordeaux — France). US12 gene was aeglnd isolated by nested

PCR technique to reduce contamination in the P@-yumt.

Technical Procedure: the first round polymerase chain reaction (PCR)
performed with 5ul DNA sample from HSV genome. Aft® cycles performed
with the “nested” primers, 5ul of the PCR produet ased to start the second
run of 20 cycles using the set of “inner” primekéter amplification, the nested
PCR product is run on 1% agarose gel. The sizheotécond round product is

expected to be 267bp.

US12 gene is inserted into pKT1323 after plasmgeslion by BamHI
and EcoRl restriction enzymes (map 2) (Promega,iddad WI). Competent E.
coli (Top 10; Invitrogen, Paisley, UK) are transfad by electroporation (25uF
and 2.5kV; Gene Pulser apparatus; Bio-Rad LaboestorHercules, CA)
following manufacturer’'s protocols and plated on BBar (GIBCO, Paisley,
UK) containing 10Qg/ml carbenicillin (Fluka Chemie, Buchs, CH). After
colony selection and amplification of bacteria iB medium (GIBCO), plasmid
DNA is isolated using the NucleoSpin® Plasmid KitMacherey-Nagel,
Oensingen, CH). The insert presence is verifiedO@% - 1% agarose gel
(GIBCO) after restriction with Hindlll and Bglll striction enzymes. Selected
clones are also analysed by gene sequencing tfy ke presence of US12
gene insert into pKT1323.
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[11.2.1.2. Transfection into viral vector

Recombinant vaccinia virus is generated by homaleg@combination
with co-transfectant (VV plasmid). This plasmid ma&) contains multiple
expression/ insertion cassettes containing eadynpters [238] and a multiple
cloning site with the VV early transcriptional tamation sequence (TTTTTNT)
located downstream. The expression/ insertion tasseare flanked by
sequences being identical to different viral loagidaallow homologous
recombination and production of rVV. The gene emugpdhe Escherichia coli
guanine phosphoribosyl transfera@got) is used as a transient marker for
selection of r.VV [239].

4816,Xmnl,
4699,Scal,

4588,Pvul,

.PmaCl,453

.Bst1107,664
iAccl,664

4441,Fspl.
4335 Bgll.
Bglll,1130

/. Xhol, 1177
I sac 1183

p13-ICP47
1564

4000
5208 bps ICPAT - 1
Ehel

[~ BstEll, 1497 |Kasl

~"--EcoRl;1513-| Narl
Bbel
Stul
Hindlll
Avrll
BsaBl,1843 1595

3205,Sapl” “Xmalll, 1982
3150,Pvull 1
iHpal, 2236
2887,BCORV : Hincll,2236
2782,Agel ; Clal,2380

2771,SexAl

Map (2): US12 encoding plasmid

The plasmid contains two regions, homologous oir@a genome locus A56R; illustrated by
blue boxes, flanking the cloning site. US12 gemes wserted into pKT1323 by BamHI and
EcoRl ligation.

©3 64 &



Subconfluent adherent CV1 cells are infected atirf.d for one hour at 37°C
with one of the following viruses after sonication:
» Copenhagen wild type strain (WT) of vaccinia vifgenerous gift from
Dr. R. Drillen, Strasbourg, France) to generate/rl¥S12 (figure 18.A).
 Recombinant vaccinia virus encoding MART-1/Melag-4, produced
according to Zajac et al [2] to generate r.VV-MA$12 (figure 18.B).
MART-1/Melan-Ap7.35is a TAP independent tumor antigenic epitope.
Lipofectamine™ Reagent (160pg/ml; Invitrogen, Caaits, CA) and the shuttle
plasmid DNA (2-5ug) are premixed for 20 minutesr@am temperature and
added to the infection in presence of serum freeEDMVmedium. After four
hours of incubation at 37°C DMEM-10% FCS is addethe reaction.

VV genome A56R

VV genome

L
"I“-  AS6R .
Figure (18): (A) Recombinant VV withUS12 gene. (B) Recombinant VV withMart-

1/Melan-A,7.35 and US12 genes.
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Vaccinia undergoes homologous recombination (fig®) 1during
replication in infected cells. This innate abilityrecombine is used to introduce
foreign DNA coupled to a vaccinia promoter, suchA&8R locus into the viral
genome. This recombination leads to insertion ef gene of interest (i.e. the
foreign DNA) into the viral progeny. The usual targof insertion is a
nonessential region, so that virus retains itgtglio replicate independently and
the system can be maintained. The estimated incedehsuccessful insertion is
approximately 0.1% [142].

I II.2.1.3. Recombinant VV selection with Mycophenalic acid inhibition/gpt
expression

Recombinant viral clones are selected accordingthtir transient
expression of the E. coli gpt marker under the ctieie pressure of MPA,
Xanthine and Hypoxanthine as described by Earl &id Moss B. [240]. The
mycophenolic acid (MPA) is an inhibitor of purinestabolism. It inhibits the
enzyme inosine monophosphate dehydrogenase aneébyherevents the
formation of xanthine monophosphate. This resultsiracellular depletion of
purine nucleotides and inhibition of cell growth4[3d. This MPA was
demonstrated to reversibly block formation of va@iirus plaque [142].

The inhibition of the de novo synthesis of purings MPA can be
overcome in cells that express the Escherichiagmilgene, which codes for the
enzyme xanthine-guanine phosphoribosyltransferd&PRT), in the presence

of xanthine and hypoxanthine in the growth medi@dil].

The block of purine synthesis by MPA can also beroeme by a
recombinant virus expressing the bacterial XGPRiEg¢ded by Escherichia coli
gpt gene). Indeed, synthesis of XGPRT enables thelyecombinant viruses to
form large plaques in a selective medium containMBA, xanthine and

hypoxanthine [242].
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All plaques picked at the first selection steptaonrecombinants. Any
contaminating wild-type virus or an accidentallgk®d microplaque is removed
by further rounds of plaque purification in seleetmedium and no background
of spontaneously occurring gpt+ virus would be expeé or has been observed.
In addition, the gpt gene is incorporated into asplid vector that has a VV
promoter and unique restriction endonucleases ftemsertion of the foreign
gene. Because of VV derived flanking sequencesgitiiee selection-expression
cassette is inserted as a unit into the VV genome lsingle homologous
recombination. Thus, all of the gpt+ recombinamalgzed also contained the

foreign gene that had been inserted into the pthsextor.

Technical Procedure: after complete infection o tells (about two
days), as monitored by cytopathic effect (CPE)sa&s are harvested, sonicated
and used for infection: 100ul of 10-3 and 10-4 iofis suspension are added to
fresh subconfluent CV1 (non transfected WT viruvee as control). For viral
selection, a combination of the drugs, 25pug/ml MRBQug/ml Xanthine and
25ug/ml Hypoxanthine (Sigma, St.Louis, MO), is atlde the reaction and
incubated at 37°C. Only recombinant virus expregshe enzyme ‘gpt’ can
replicate in selective medium. Plaques are picketirasuspended in PBS. The
selection of recombinant virus requires two to faounds with selective
pressure and two or three more rounds of plaquiestss without pressure
which enables either excision of the entire plasfalstained from WT virus) or
excision of the plasmidic part resulting in the estiton of the recombinant

Virus.
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Figure (19): Principle of homologous recombination.

The cloning cassette is flanked by sequences winto viral regions (VV1 and VV2)
allowing homologous recombinations by genetic dragsver leading to insertion of the
gene of interest into the wild type genome of VVuring viral replication, a single
homologous recombination event, e.g. with the nebifrecl) generates a recombinant virus
containing the entire plasmid whose presence invit@ genome is needed for selection
under pressure by MPA. However, this intermediagesombinant form contains duplicate
sequences and is therefore genetically unstabl@moRa of selective pressure will allow the
isolation of stable viruses derived from this imediate form following recombination events
either with the two VV sequences reverting to tmatial form (WT) or following
recombination with the second site (rec2) genegatite stable recombinant virus (rec.VV-
US12). The probability of each event is similaygthe chances to have WT or recombinant
virus are in theory 1:1.
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To verify genomic insertion, viral DNA is purifiefidom infected cells and
PCR is performed with specific primers targeting tbcus of the viral genome
where the transgene is located. Primers A56cpB2A&tgcr3™ are used to PCR
amplify the A56 R locus of the virus which is exfegtto have the US12 gene.

A56R-5": ACTCCACAGAGTTGATTGTA
A5S6R-3": GTATGTGACGGTGTCTGTAT

111.2.1.4. Amplification and cushion-concentration of vaccinia virus

Twelve 175 cm2 confluent flasks of CV-1 cells amfected with
sonicated replicative virus at 0.01 multiplicity afifection (m.o.i.) until
complete CPE occurs. After 4 days culture, 8ml TRI®WM are added on each
decanted flask. Infected cells are detached bycleayf freeze-thaw, collected
and centrifuged (2.500 x g, 4min). Supernatant Atewed, while the pellet is
resuspended in 5ml TRIS 10mM and sonicated to dieethe virus. After 4
minutes centrifugation at 2.500 x g, supernatarg &dded to the viral solution
A, while the pellet is resuspended in 3ml of TRISMM, sonicated, and
centrifuged (2.500 x g, 4 min). Supernatant comgirthe replicative viruses is
added to the previous viral solution, distributadhe ultra-centrifuge tubes, 25
ml per tube. 10 ml sucrose 36% underlayer cushayasadded in each tube.
After 1 h 30 min ultra-centrifugation at 30 000 rppellets are resuspended in
TRIS 1mM, sonicated, aliquoted and stored at -20°C.

[11.2.1.5. Virustitration

CV-1 cells are cultured in a 6 wells plate and grewn to sub-
confluency. Replicative viral stock solutions anaw, sonicated for 1 min and
diluted in PBS from 10-1 to 10-8. After medium reral) 100ul of the 10-6to
10-8 dilutions are used to infect the wells in degdles. The cells are incubated
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at 37°C for one hour for viral adsorption with simakthe plate every 10 min.
2ml of medium is added in each well and the cealésiacubated for 24 to 48
hours. As replicative vaccinia virus life cycle enidy lysis of the cells, one
initial virus particle will induce after replicatiothe formation of a visible hole
in the cell monolayer. After medium is aspirateéeljscare stained for 1min by
500ul of 0.1% violet crystal (Hexamethylpararosaeilchloride, C25H30CIN3,
407.98D (Fluka Chemie AG, Buchs, Switzerland) @étltin ethanol and the
plaques are counted under light microscope. Theal vatock solution

concentration is calculated following the formula:

Viral concentration (pfu/ml) = number of plaquet&x dilution factor.

For estimation of the concentration of r.VV-US12anvV-Mart-US12
viral stocks, the mean number of plaques in 2 idehtvells is calculated and
according to the dilution factor,

Concentration of r.VV-US12 was 1.9 x“1pfu/ml (picture not shown) and of
r.VV-Mart-US12 (picture 2) was 2.5 x 1pfu/ml.

Picture (2): Titration of r.VV-Mart-US12.

Confluent CV-1 cells cultured in 6 well plates, wénfected with 100l replicative virus 16

107 or 108 diluted, and cells were stained after 24 hourgdtibn, to visualize plaque
forming units (pfu) induced by replication of theus. As replicative vaccinia virus life cycle
ends by lysis of infected cells, one initial vinugl induce, after replication, the formation of
a visible hole in the cell monolayer. For staininggdium was removed and cells were stained
with 0.1 % violet crystal.
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111.2.1.6. Vaccinia virusinactivation by psoralen and long-wave UV light

Although poxviruses are of low pathogenicity to fans, complete safety
of vaccinia virus vector has to be ensured, esfhgcrathe view of potential
vaccination of tumor bearing patients. Both recaomaht viruses were treated
with psoralen and long wave UV exposure. This imeait leads to cross-linking
of the viral genomic DNA, preventing any possibéplication of the virus.
However, inactivated viruses are still able to atfeells and perform early genes
transcription, which is independent of viral reption. This step required a
precise monitoring of the inactivated viruses tlglowcharacterization of the
limited CPE of infected cells and a sufficient eegsion of viral early genes
(evaluated by reverse transcribed real time PCR).

Vaccinia virus is diluted to a concentration of 8& PFU/ml in a Hanks’
Balanced Salts Solution (HBSS) (Invitrogen, Cangli@A) containing 1 pg/mi
Psoralen (CN Biosciences, Nottingham, UK). Afterrilh incubation at room
temperature, 1ml of the solution is irradiated mumcovered 35-mm dish with
365 nm UV light for 10 min, applied energy 1.6 Jrg&linker, Stratagene, La
Jolla, CA) and aliquoted in 250ul vials.

In order to rapidly evaluate the extent of inadima, CV-1 cells are
infected with PLUV virus at different m.o.i. (frof@ to 20). CPE is evaluated
under microscope after 24 hours of infection. Thape of non infected cells
monolayer refers to 0% CPE. The global changeshénnorphology of the

culture determinate the percentage of CPE.
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[11.2.2. Cell Biology Methods

111.2.2.1. Cell isolation
111.2.2.1.1. Peripheral Blood Mononuclear Cells (PBMC) isolation

Anti-coagulated venous blood is diluted 1:2 in PB& layered onto
Ficoll. Lymphocytes and other mononuclear cells iamdated at the plasma-

ficoll interface.

111.2.2.1.2. Cell sorting using MACS Magnetic MicroBeads

For CD14+, CD8+ or CD4+ cells separation, (follogvithe manufacturer
protocol) PBMC are magnetically labelled with MiBeads specific for CD14,
CD8 or CD4 (Miltenyi Biotec, Bergisch Gladbach, @any), supplied as
suspension and passed through a separation coliaceddn the magnetic field.
The magnetically labelled cells are retained ind¢bkimn while the unlabelled
cells run through. After removal of the column frahe magnetic field, the
selected cells can be eluted as positively seledtadtion, washed and
resuspended in the appropriate medium.

111.2.2.2. Gene expression analysis

[11.2.2.2.1. Total RNA isolation and DNA digestion

Cells (1 x 10 maximum) are lysed, Ethanol is added to provide
appropriate binding conditions, and the sampleppliad to RNeasy® mini
column (Qiagen, Basel, Switzerland). RNA molecHe00 nucleotides bind to
the silica membrane, providing enrichment for mR&iAce most RNAs are less
than 200 nucleotides. The RNA extracted is treatgd DNase | (Invitrogen,
Carlsbad, CA) following the manufacturer's protocddNase | is then
inactivated by heating for 10 min at 65°C.
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111.2.2.2.2. RNA Reverse Transcription

Moloney Murine Leukemia Virus Reverse TranscriptédeMLV RT,
Invitrogen, Carlsbad, CA) uses single-stranded RilNthe presence of a primer
to synthesize a complementary DNA strand up to 7 Kbllowing the
manufacturer’'s protocol, reverse transcription ef@rmed and then M-MLV
RT enzyme is inactivated by heating for 5 min £t®5

111.2.2.2.3. Gene Expression by quantitative Real-Time PCR (gRT-PCR)

gRT-PCR is performed using the TagMan® UniversaRRaster Mix,
No AmpErase® UNG (Applied Biosystems, Forster Ci@A) and the
appropriate primers and probes. The ABI prismTM (3@quence detection
system (Applied Biosystems, Forster City, CA) iedisData are collected and
normalization of the samples is performed ugirartin or GAPDH as reference

genes.

111.2.2.3. Flow Cytometry analysis
[11.2.2.3.1. Characterization of surface molecules

MHC class-I (HLA-ABC and HLA-A2) surface presentti is

characterized using monoclonal FITC-conjugate aniiis.

Technically, infected cells are stained with sgeatir control IgG antibodies,
incubated for 45min at’€ in the dark, washed twice in cold PBS, fixed 1min
Paraformaldehyde 1%, resuspended in 200 ul PBSaaatysed on a FACS
Calibur® cytometer (Becton Dickinson, Franklin LakeNJ). Staining with
antibodies for CD80, HLA-DR, CD44, CD14, CD8, CDRHK, FITC or APC

conjugate antibodies) is also performed following $ame protocol.
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111.2.2.3.2. MHC-Multimer Staining For Visualization of CD8+ Cells

T-cell receptors have an intrinsic low affinity ftmeir cognate MHC-
peptide ligand. To identify specific TCR on thefage of CD8+ cells, one can

use soluble multimeric MHC-peptide complexes

Principle: biotin is added to recombinant MHC peptide cometexhich are
assembled to form pentamers with avidin linked ttuarochrome (PE). Only
the T cells that have TCR capable of binding to plaeticular MHC-peptide
combination of the pentamer are able to bind topéetamer. Vaccinia virus
H3L1gs1092 B22Ryg37 and C7lzg, Or MART-1/Melan-Ag.3s peptide-MHC

multimers (Proimmune, Oxford, UK) are used. The cownitant use of a
monoclonal antibody that is specific for a T celnker (anti-CD8) allows the
detection of (CD8+) T cells specific for the peptiaf interest (figure 20).

Phycoethyrin(PE) Anti CDB 4

fluorochrome

CD8+

j:é Multimer+

Streptavidin

MHC-multimer

Figure (20): Principle of multimer staining for visualization of CD8+ cells
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111.2.2.3.3. Cytokine Intracellular Staining

Principle: Intracellular cytokine staining relies upon thiensilation of T cells in

the presence of an inhibitor (Brefeldin) of proteiansport retaining the
produced cytokines inside the cell. To analyzedtfiector function of antigen-
specific T cells, the cells are first stimulatedhwantigen, followed by staining
with antibodies specific for extracellular markgiguch as CDS8), then by

membrane permeabilization and intracellular cytelstaining.

Technically, 10° cells are resuspended in 1ml CM with 5% HS and &déf is
added to a final concentration of 10pug/ml, then bgemized and incubated for
5 hours at 37TC. After incubation, the cells are washed twiceVIACS buffer
and monoclonal antidody for the surface marker Ehbe added at this step
then the pellet is resuspended in 2ml paraformaidei% and incubated for 5
min at room temperature. After incubation, cells arashed once in MACS
buffer then the pellet is resuspended in 500ul FAQS:rmeabilizing solution
(BD n°340973) diluted 1/10 in . The cells are gently vortexed and incubated
for 10 min at room temperature. 15ul of the antibfd intracellular cytokine is
added and incubated for 30-45 min &C4n the dark, washed twice in cold
PBS, fixed 1 min in Paraformaldehyde 1%, resusp&nde200 pl PBS and
analysed on a FACS Calibur® cytometer (Becton is&n, Franklin Lakes,
NJ).

111.2.2.3.4. PI/Annexin Staining For Detection of Cell Viability

Annexin V-FITC Apoptosis Detection kit | (BD Phaimgen™, Franklin

Lakes, NJ) was used for detection of cell viahility

Principle: In apoptotic cell, phosphatidylserine (PS) isslacated from inner
to outer leaflet of the plasma membrane, and ietheexposed to the external

cellular environment. Annexin V is a €adependent phospholipid-binding
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protein that has a high affinity for PS [243]. Sinexternalization of PS occurs
in the earlier stages of apoptosis, Annexin V stgircan identify apoptosis at an
early stage. Annexin V is typically used with Paipm lodide (PI), which is a
vital dye excluded in viable cells with intact menaube (figure 21).

Technically, the cells are washed twice in cold PBS then resulggeinto 1X

binding buffer at a concentration of 1 x®1@ells/ml. 100pu! of this solution is
transferred into 5ml tube and 5ul of Annexin V @&d of Pl are added. Cells
are gently vortexed and incubated for 15 min anrdemperature in the dark.
400ul of 1X binding buffer are added and cells amalysed by flow cytometry

within 1 hour.

Apoptotic
Cells

»

AnnexinV (FITC)

Figure (21): principle of PI/Annexin staining.
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111.2.3. Immunological Methods

111.2.3.1. Generation of antigen specific CD8+ T cells

The capacity of r.VV-US12 to diminish the CTL respe against
vaccinia virus antigens by decreasing MHC classstricted presentation was
tested in co-cultures of infected APCs with autolagy CD8+ T cells. The
capacity of r.VV-Mart-US12 to induce CTL respongmiast MART-1/Melan-
A27-35 was also similarly tested.

Technically, CD14+ cells from healthy donners (used as AP&Jspended in
200 ul, are infected with r.VV-US12, rVV-Mart-US12 oMV-Mart as control.

Noninfected cells are used as negative control. ddlls are cultured in CM-
10% FCS with GM-CSF 50 ng/ml. After 36-48 hoursteaftaking part of
infected cells for MHC class-I testing by FACS, tbiaer part is co-cultured
with autologous CD8+ and CD4+ T cells, separat®ly.day 8 and 15, CD8+ T
cell cultures are stimulated with WT VV infected BTART-1/Melan-Ass_3s5

peptide pulsed (2@/ml) autologous CD14+ cells resuspended in CTLigrad
but CD4+ T cell cultures were only stimulated wtT VV infected autologous
APC. After stimulation, antigen specific (VV or MarT cells were

characterized by MHC peptide multimer staining yiokine expression.

111.2.3.2. M easurement of cell proliferation using 3H-Thymidine
incor poration

T lymphocytes proliferation is measured by incogtimn of tritiated
thymidine (3H-Thy) into the DNA of dividing cellproviding a measure of the

rate of DNA synthesis by the entire cell population

T lymphocytes primed with recombinant VV infecte® T+ cells, are
cultured in a 96 well plate with flat bottom, irfinal volume of 20Qul per well
for 6 days. 3H-Thy (2Ql of a 1/20 dilution) is then added to each weltl an
incubated for 18 hours at 37°C. The cells are Isede and lysed in a
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Micro96TM Cell Harvester (Skatron, Sunnyvale, CAJucleic acids are
sticking on a prewetted glass fiber filter. Afttirée washes, the filter is dried
and liquid scintillation cocktail is added (OPTI-BOR®, PerkinElmer, Boston,

MA) then scintillation emission is measured.
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Figure (22): Working plan
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IV.RESULTS

IV.1. CONSTRUCTION OF r.VV-US12 and r VV-MART-
US12

To construct recombinant vaccinia virus, a twggbeocedure has been
developed. In the first step, a plasmid contairiimggene of interest, controlled
by a vaccinia virus promoter and flanked by seqasnderived from a non
essential site on the viral genome, is generatethd second step, the foreign
genetic material is transfered into the viral gemsorby homologous
recombinationn vivo (as mentioned in Methods) [242].

HSV-US12 gene was amplified by nested PCR fronelmespinal fluid
of HSV infected patients. A 267bp band correspogdio the US12 gene
(picture 3) was purified and inserted into pKT1328smid.

Ladder

<« 267 bp

——

Picture (3): PCR amplification of US12 gene.

US12 gene was amplified from DNA extract from ceospinal fluid of HSV infected
patients using nested PCR technique. The expe6fét bands corresponding to US12 gene
were detected.
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In order to obtain a recombinant vaccinia virug #inuttle plasmid with
the transgene US12 (pKT1323-US12) was transfectedam adherent cell
monolayer (CV-1cells) infected with the parentalgi WT VV or r.VV-Mart to
generate r.VV-US12 or r.VV-Mart-US12 constructspectively.

To verify genomic insertion, viral DNA was purifidrom infected cells
and the A56R locus of the virus genome was amglifi®CR amplicorislength
was analysed on agarose gel in order to distingtinehrecombinant from the
wild type genome. The expected band of 1 k.bp Biklbp was detected in wild
type or recombinant genome, respectively. As showpicture 4, analysis of
viral clones indicates that we obtained 3out on@ 41lout of 13 recombinant
viral clones for r.VV-US12 (panel A) and r.VV-MauS12 (panel B)

respectively.

A. B.
r.V-Usi12 r.VV-Mart-US12

1500 pb 1000 pb 1000 pb 1500 pb
Recombinant VV WT VV WT VWV Recombinant VV

Picture (4): PCR amplification of A56R locus

To distinguish the recombinant from the wild typengme, viral DNA was purified from

infected cells and PCR was performed with spegifimers targeting the A56 locus of the
viral genome. In wild type genome, the expecteddbanof 1 k.bp and for recombinant
genome is 1.5 k.bp. (A) r.VV-US12. (B) r.VV-Mart-ug.

The recombinant vaccinia virus DNA was sequencdtk T246-1513

sequence (expected US12 gene) was analysed arakifound to match the
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theoretical sequence of US12 gene of human Hernpgdex virus type | (Strain
17). However, 2 mutations were found at positio86land 1424. At position
1396, a silent mutation thymine (T) to cytosine (s detected as CCT and
CCC code for the same AA (proline) at position 2Q. position 1424, a
missense mutation adenine (A) to guanine (G) wasctkd leading to a lysine
instead of a glutamic acid at position 60 (figug.2

As detailed earlier (chapter 11.5.3), the activanégin of ICP47 protein,
located in the N-terminal region, is not affecteg this missense mutation.
Therefore, it was anticipated that these recombin& expressing ICP47

should be functional.

THEORI TI C  TGGATCCGCAT GT CGTGGEGECCCTGGAAAT GGCGGACACCT TCCTGGACAACATGCGEGT T

V. V. -US12 TGGATCCGCATGI CGTGEECCCT GGAAAT GECGGACACCT TCCTGGACAACATGCGEGT T
190 200 210 220 230 240

1300 1310 1320 1330 1340 1350
THEORI TI C  GGECCCAGGACGT ACGCCGACGT ACGCGATGAGAT CAAT AAAAGGEGEEGECGT GAGGACCEG

V. V. -US12 GGECCCAGGACGT ACGCCGACGT ACGCGAT GAGAT CAAT AAAAGGEGEGEGCGT GAGGACCGEG

250 260 270 280 290 300
1360 1370 1380 139 P 1400 1410
THEORI TI C  GAGGCGGCCAGAACCGCCGT GCACGACCCGEA GCTGCGCTCTCCCEEECTG
V.V - USL2 GA ........ GAA ....... G:ACGA .............. GCT ..... CT ........ G
310 320 330 340 350 360
142 E 1430 1440 1450 1460 1470
THEORITIC CT \T CGOCCCCAACGCAT CCTTGEGT GTGECACATCGAAGAACCGEECGEEACC
V.V - USL2 CT ....... T ............. TCCTTGTCATGAA ......... CI:
K 380 390 400 410 420
1480 1490 1500 1510 1520 1530

THEORI TI C  GTGACCGACAGT CCCCGTAATCCGGT AACIII;T-TAAGAATTCIIWZATATAGATA

V. V. -US12 GIGACCGACAGI CCCCGTAATCCGGT. AACIII;'I-NAA— -- TTCIIW:ATATANATA
430 440 450 460 470

Figure (23): Matching theoretical sequence and r.VV-US12 genome for US12 gene.
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Figure (24): Summary of the construction and characterization of r.VV-US12.
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1V.2. GENE EXPRESSION IN US12 RECOMBINANT
VV INFECTED CELLS

The expression of US12 was first verified at trenscriptional level by
infecting Hela cells with recombinant VV-US12. Iot®ns were performed
with replication-incompetent viruses treated wigogalen and long wave UV
(PLUV). Adherent monolayers of Hela cells in 6 welites (1x10 cells/well)
were infected with WT-VV, r.VV-US12 and r.VV-Mart&l2 at different doses
2.5, 10 and 25 m.o.i.. 24 hours after infection,12Sene expression was
evaluated by reverse transcription gRT-PCR.

The results in figure 25 confirm that US12 geneasectly inserted and
expressed from VV genome of r.VV-US12 and r.VV-ME®12. This
expression under vaccinia promoter is strong argk diependent according to

the concentration of the virus infecting the céftso.i.).

moi25

moil0

WT-WW

moi2.5

r.VV-Mart-US12

r.VVv-Usi2

moi2.5

Non Infected

1.0E-01 1.0E+00 1.0E+01 1.0E+02 1.0E+03

Gene expression relative to B-actin

Figure (25): US12 gene expression in infected Hela cells.

1 x 10 Hela cells were infected with PLUV r.VV-US12, r."Mart-US12 or with wild type
(WT) vaccinia virus at 2.5, 10, 25 m.o.i. and ctéal overnight. Non infected cells were used
as control. US12 gene expression was verified atd dre expressed as ratio relative to a
reference house keeping gefieattin).
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Similarly, infected HelLa cells were used to compiiae expression level
of the transgene to that of vaccinia virus gendsesé VV genes include
Thymidine kinase enzyme (TK), I4L and I3L genes,jclhhare three vaccinia
virus early genes. 14L gene expression is not dadde in r.VV-Mart construct
as the cassette containing the promoter and Msertiiwas subcloned into the
l4L locus of VV genome, thereby deleting 14L gefigure26).

The results shown in figures 25 and 26 indicatet th&12 gene
expression in r.VV-US12 and r.VV-Mart-US12 infecteglls, is comparatively
as strong as natural early VV genes. This expressippears to be also
comparable to the expression from WT infected cadisfirming that psoralen
and long wave UV treatment of the virus does noliab the ability of the virus

either to infect cells or to express its early gene

moi25 — B4l
B TK

8I3L

moi2.5

moi25

moil0

moi2.5 [

- |

rVV-Mart-uS12

rvv-usi2

moi2.5

Non Infected

1.0E-01 1.0E+00 1.0E+01 1.0E+02 1.0E+03

Gene expression relative to B-actin

Figure (26): TK, I3L and 14L gene expression from infected HelL a cells.
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IV.3. FUNCTIONAL ASSAYSOF r.VV-US12 AND
R.VV-MART-US12

I\VV.3.1. Effect of ICP47 on the Expression of Surfac e Molecules

1V.3.1.1. Surface expression of total MHC class-| (HLA- ABC)

ICP47 protein blocks the transport of peptides, cwhresults from
metabolic degradation of proteins, into the ER.sThlockade prevents the
loading of peptides into the empty MHC class-I noales located into the ER,
thereby blocking the migration of new MHC classdmplexes to the cell
surface, while the natural turnover through endosigt of surface molecules
will continue. Thus we expect that upon infectiogncells with a functional
ICP47 expressing VV, one should observe a decrgasmount of MHC

complexes on the cell surface.

The effect of ICP47 on MHC class-I in r.VV-US12 oYV-Mart-US12
infected HelLa cells and EBV-transformed B cells evanvestigated using
noninfected and WT infected cells as controls. @dr after infection, the cells
were stained with HLA-ABC specific monoclonal amtity and analysed by
FACS. As shown in figure 27, there is a signifitardecreased intensity of
MHC class-I surface expression on r.VV-US12 or r-MMrt-uS12 infected
cells as compared to noninfected or control vimfeated cells. Of note, the
downregulation of MHC class-I molecules in cellsested with WT-VV is
consistent with previous observations which dematesti that vaccinia virus
infection can lead to a modest decrease in MHCsdlasiolecule surface
expression on infected cells [244,245]. In thisexxpent, it appears that MHC
class-lI expression on the surface of r.VV-Mart-UShfected cells is less
decreased as compared to r.VV-US12 infected aelld/-US12 infected cells
display mean fluorescence intensity (MFI) repreisgn68% or 44% whereas
r.VV-Mart-US12 infected cells display MFI of 75% 6% in infected HelLa
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cells or EBV-BL respectively, as compared to noaatéd cells. This difference
of about 10% might be due to a high expression aftMpitope in the ER which
is not affected by the TAP blockade and therefoceilds help to stabilize the
HLA-A0201 molecule on the cell surface.

The formula used to calculate MFI ratio to noniméeiccells is:

MFI ratio = (sample MFI — isotype MFI) x 100/ (nafected MFI — isotype
MFI)

NI r.vv-usSiz r.vv-Mart-usS12 WT-VV
A.Hel acdls
345 240 ] 261 316
L
z 60 60 4 60 60
E 40 - 10 4 40 - 40
>
g 20 4 20 20 4 20
é 0 e — ey . o - - — : 0 e — ey T 0 e — —-
E 1 10 100 1000 H 10 100 1000 1 10 100 1000 I 10 100 1000
S B.EBV-Bcdlls
O\o 100 100 100 100
4 732 326 398 557

80 o 80 o 80 4

60 -| 60

40 40 o 40 4

20 20 20 o

0 T i ad| 0 T e e T T T T T T
1 10 100 1000 1 10 100 1000 1 10 100 1000 1 10 100 1000

» Total MHC class-I, ABC

Figure (27): Flow cytometric analysisof MHC class-| in infected cells

(A) HelLa cellg(B) EBV transformed human B cell¢ieLa cells and EBV-BL cells were infected with

r.vv-usi2, r.vVV-Mart-US12 or WT-VV control. Infeadhs were performed with replication-

incompetent (PLUV) virus at 10 m.o.i.. Cell surfamgression of MHC class-I was verified 24h after
infection by staining with a FITC-labelled monocébmantibody specific for all MHC class-1 A, B and

C subgroups (thick line) or with isotype controlibady (thin line). Data are represented as mean
fluorescence intensity (MFI).

©3 87 &



1V.3.1.2. Surface expression of HLA-A2 molecules

MART-1/Melan-Ay; 35 is a short peptide encoded in r.VV-Mart-US12. It
Is an immunodominant non-mutated self differentiatepitope derived from a
protein which is expressed by normal and malignamlanocyte. It is
specifically binding to and presented by HLA-AO2@1blecules on the cell

surface.

To evaluate the effect of ICP47 in cells expressiP independent
epitope, we infected EBV-BL from HLA-A2 positive &léhy donor and
different HLA-A2 melanoma cell lines (Na-8 and WMA cells) with r.VV-
Mart-US12 and r.VV-US12.

Analysis of FACS results (figure 28) confirms theyous data with total
HLA-ABC antibody as HLA-A2 surface expression comgzhto noninfected
cells shows MFI of 30%, 48% and 69% in r.VV-US1fcted EBV-BL, Na-8
and WM115 cells, repectively. In presence of Magitape, HLA-A2
downregulation is “compensated”. In this case thé Malue is about 18-35%
higher than in r.VV-US12 infected conditions. Tmeasurable compensation of
downregulation may imply that the HLA-A2 moleculemded with MART-
1/Melan-Ay; 35 peptide, in absence of TAP dependent peptidesesept a

significant fraction of the total HLA-A2 molecules the cell surface.
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Figure (28): Flow cytometric analysis of HL A-A2 surface expression in infected cells

(A) EBV-BL (B) Na-8 cells(C) WM115 cells. These cells were infected with r.V\&12, r.VV-
Mart-US12 or control WT viruses. Infections werefpamed with replication-incompetent (PLUV)
virus at 10 m.o.i. then cell surface expressiorbA-A2 was verified 24h after infection by staining
with a FITC-labelled monoclonal antibody specifar HLA-A2 (thick line) or with isotype control
antibody (thin line). Data are represented as nfieanescence intensity (MFI).
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1V.3.1.3. Analysisof MHC class-| surface expression kinetics

In the experiment shown in figure 29, we analy$exidurface expression
of HLA-A2 on Na-8 cells infected with r.VV-US12 MV-Mart-US12 or WT
control VV at 10 m.o.i. (as compared to noninfectedtrol) and at different
time points (between 4h and 48h) after infectione Townregulation effect of
ICP47 on MHC class-lI surface expression (expresaed% compared to
noninfected) starts to be measurable after 12 hotursfection and reaches a
maximal effect (minimal level of surface MHC) aft&6 to 48 hours of
infection. In this experiment, the difference betwer.VV-US12 and r.VV-
Mart-US12 is significant and it is attributable tbe expression of TAP
independent Mart epitope.

120
c
S
$100 - o o
@
3
) 80
N ——r.\VV-US12
< 60 - —8—VV-Mart-US12
< —A—WT VV
T B
S 40
L
= 20 -
Y
o
O\o 0 I \

0 10 20 30 40 50 60

Hours post infection

Figure (29): Kinetic analysis of HL A-A2 downregulation by | CP47 in infected Na-8 cells.

3 x 10 Na-8 cells were infected with PLUV r.VV-US12, r.Wart-US12 or WT vaccinia
virus (control VV) at 10 m.o.i. then at time poiMé, 8h, 12h, 24h, 36h and 48h after
infection, 5 x 18 were stained for HLA-A2 FITC-labelled mAb and asald by FACs.
Percent of downregulation was calculated considettiat noninfected cells MFI=100% and
isotype stained cells as 0%.
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Taking into account the results of this experimant to confirm the
significance of the difference of HLA-A2 surfacepegssion between r.VV-
US12 and r.VV-Mart-US12 infected cells, we monitbtee capacity of ICP47
to downregulate MHC class-I and of the targeted MARMelan-Ay_35 peptide
to compensate for this downregulation, 48 h aftération. Figure 3@hows the
average from @ifferent experiments performed on Na-8 cells aBYB cells
from healthy donorsAs compared to non infected cells, HLA-A2 surface
staining in r.VV-US12 infected cells is decreased4% (+/- 2%) whereas it
remains at the level of 75% (+/- 5%) in r.VV-Mar&W2 infected cells. The
differences between r.VV-US12, r.VV-Mart-US12, r\MWart and noninfected
cells are highly significant (p value < 0.05). Ngrsficant difference is found

here between r.VV-Mart infected and noninfectedscel

r.VV-Mart

r.VV-Mart-uS12

r.W-usS12

NI

0% 20% 40% 60% 80% 100% 120%
Ratio of HLA-A2 MFI to noninfected cells

Figure (30): Downregulation of HL A-A2 surface expression in infected cells

Na-8 and EBV-BL cells were infected with PLUV r. VW12, r.VV-Mart-US12 or control
r.VV-Mart viruses at 10 m.o.i. then cell surfacgmssion of HLA-A2 was verified 48h after
infection by staining with a FITC-labelled mAb spgecfor HLA-A2. Symbol (*) indicates
significant (p < 0.05) differences as comparedlitotaer samples (n=6).
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1V.3.1.4. Effect of ICP47 on MHC class-I| surface expression

Notwithstanding the critical role of CD8+ T cellsiduction of tumor-
specific CD4 T cells is important not only teelp CD8 T cell response, but
also to mediate anti-tumor effector functions tlylowactivation of eosinophils
and macrophages [36]. Antigens uptaken by APC eseegsed and presented
by MHC class-l to CD8+ T cells, and MHC class-lIl ©D4+ T cells.
Recognition of the antigen, along with co-stimufgtenolecules (B7-CD28)
results in activation of antigen-specific CD4+ Tllge which leads to

lymphoproliferation and cytokine secretion.

Therefore we verified that the downregulation ofrface molecules
following r.VV-US12 infection is limited to class+#nolecules and does not
affect other surface molecules. Figure 31 shows deam 3 independent
experiments inwhich EBV-BL cells were infected with r.VV-US12 or r.VV-
Mart -US12. Effects of ICP47 on MHC class-Il (HLAR) were evaluated in
comparison to uninfected cells and r.VV-Mart infsticells as controls. Flow
cytometric analysis demonstrates stable expressiddHC class-Il in r.VV-
US12 or r.VV-Mart-US12 infected cells as compareduninfected cells. In
parallel, the HLA-A2 surface expression confirmbed tdownregulation in r.\VV-
US12 infected cells and the “compensated downrégalain r.VV-Mart-US12
infected cells.
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Figure (31): Effect of ICP47 on MHC class-I1 (HLA-DR) in viral infected cells.

1 x 1¢ EBV-transformed B lymphocytes were infected withURLr.VV-US12, r.VV-Mart-
US12 or r.VV-Mart (control VV) at 10 m.o.i.. 48 liter infection, the cells were stained by
FITC-labelled mAb specific for HLA-DR (n=3) and dysed by FACs. In parallel HLA-A2
surface expression was verified by specific APl mAb staining and FACS analysis.
The results are expressed as percent of MFI camsgdenoninfected cells as 100%
expression.

1V.3.1.5. Effect of ICP47 on surface expression of co-stimulatory molecules
Co-stimulatory molecules play a decisive role dgrthe generation of

cellular immune response to antigenic challengésering it towards the
induction of effector cells instead of tolerancdg® The different stimulatory
ability of APC not only depends on their cognitisgnals, but also on the
presence of costimulatory molecules [247].

Thus, dendritic cells, macrophages, and activatelyniohocytes with
optimal expression of CD80 are efficient APC [248D44 is a multifunctional
adhesion molecule that has been shown to be amdatory factor for T-cell
activationinvitro andin vivo [249]. Therefore we verified that the downregulati
of surface molecules following r.VV-US12 infectidid not affect these surface
molecules. As a model of cells expressing thoserdiht molecules, we chose
EBV-BL cell lines.
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The average of different experiments in which, C§B@.1) (fig. 32.A)

(n=3) and CD44 (fig. 32.B) (n=2) were comparativelyaluated in noninfected,
r.vVVv-uS12, r.VV-Mart-US12 or r.VV-Mart infected ds| are represented in
figure 32. Flow cytometry analysis demonstratetblst expression of CD80 and
CD44 in rVV-US12 or r.VV-Mart-US12 infected cells parallel, the HLA-A2

surface expression has confirmed the downregulahonVV-US12 infected

cells and the “compensated downregulation” in r.Mert-US12 infected cells.
Taken together, these data indicate that ICP47esgpd by PLUV rec.

VV, is specifically downregulating MHC class-| aitdis not affecting MHC

class-Il or other surface molecules

A. CD80 and HL A-A2

B. CD44 and HLA-A2

r.vVV-Mart i |_|
r\VV-Mart-US12 - —
| -
r.vVv-usiz
NI
O CD80 0% 20% 40% 60% 80% 100% 120%
O HLA-A2 MFI ratio to noninfected cells
r.vv-Mart |_|
r.vv-Mart-usS12 f‘ B
rVV-US12 —
NI
O Cbh44 0% 20% 40% 60% 80% 100% 120%
B HLA-A2 MFI ratio to noninfected cells

Figure (32): Effect of 1CP47 on surface molecules, CD80 and CD44 in r.VV-US12 or
r.VV-Mart-US12 infected cells. 1 x 10 EBV-transformed B lymphocytes were infected with
PLUV r.VV-US12, r.VV-Mart-US12 or r.VV-Mart (conttoVV) at 10 m.o.i.. 48 h after
infection, the cells were stained by PE-labelledbmapecific for(A) CD80 (n=3) andB)
CD44 (n=2) and analysed by FACS. In both panelshA+A2 surface expression is displayed.
The results are expressed as percent of MFI camsid@oninfected cells as also 100%

expression.
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3VV- MHC mulrimers

LCD8+ cells

I\VV.3.2. ICP47 Modulation of MHC class-I Antigen Pre sentation

1V.3.2.1. Effect of r.VV with US12 on VV antigens specific T cell response

Decreased MHC class-I expression in r.VV-US12 itddccells, might
result in a downregulation of their ability to pees viral antigens to CD8+ T

cells. Specific experiments were designed to addfes issue.

CD14+ cells from healthy donors (n = 2) were ingelctith r.VV-US12,
r.VV-Mart-US12 or WT-VV as control and co-culturedth autologous CD8+
and CD4+ T cells, separately. All cultures werestigrulated on day 8 with
WT-VV infected autologous CD14+ cells. On day lteathe priming, specific
multimer staining for a pool of common VV derivedLAA2 restricted
epitopes, including H3lgs 193 B22Ryg.37 and C7lz4.4,[250;251] was performed.
As shown in figure33, cultures primed with r.VV-US12 or r.VV-Mart-U31
infected APCs induce 0.59% and 1.33% VV-multimesifpge CD8+ T cells
respectively, similar to 0.85% in noninfected crgtuwhereas WT-VV leads to

the expansion of 4.25% antigen specific CD8+ Tscell

NI r.vVv-us12 r.vv-Mart-Usi2 WT-VV

1.21 0.56 361

a17 079 010 0.55 021

0.85% 0.59% 1.33% : 4.25%

Figure (33): Inhibition of vaccinia virus specific CD8+ T cellsresponse.

1 x 10 CD14+ cells from healthy donor were infected withU¥ r.VV-US12, r.VV-Mart-
US12 or WT-VV (control VV) at 10 m.o.i. and 48hefinfection, they were co-cultured with
1 x 1¢ autologous CD8+ T cells. Noninfected CD14+ celisavalso used as control. On day
8, T cell cultures, were boosted with 5 X &0tologous CD14+ cells, infected with WT-VV at
10 m.o.i.. FACs analysis of CD8+ T cells was pearfed 7 days after boosting by staining
with APC-labelled anti-CD8 mAb and PE-labelled SiﬁEd‘|3L184.193 B22Ryg.37, C7Ll74.82

HLA-A2 multimers.
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Antigen specific production of IFMN-from the same cultures was
characterized by intracellular staining. Figure Sdows that CD8+ T cell
cultures stimulated with r.VV-US12 or r.VV-Mart-U31display 0.72% and
1.1% of CD8+ cells producing IFN-respectively as compared to 2.43% in
cultures primed with WT VV or 0.63% in noninfectedltures. These results
confirm that ICP47 ihibits the induction of MHC skl VV antigen specific
CD8+ T cell responses.
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0.2 CEE Rl 744 " Jogp o7g 00
] 0.63% ] 0.72% ] 1.1% ]

1000 ’ 1000 1000 )

10000

IFN-y

100 100 4

L A o 3
100 1000 10001 1 10 100 1000 10001 1 10

» CDS8+T cdls

o ERIS 5|
100 1000 10001

Figure (34): Cytokineevaluation of T cell responseto VV antigens.

1 x 10 CD14+ cells from healthy donors were infected viRtHJV r.VV-US12, r.VV-Mart-
US12 or WT VV at 10 m.o.i. and co-cultured with 11%° autologous CD8+ T cells.
Noninfected cells were also used as control. On&laynd 15 after priming, CD8+ cultures
were re-stimulated with WT VV infected autologouB1Zl+ cells. On day 15, the cells were
stained with PE-labelled anti-IFiNmAb and APC labelled-anti-CD8 mAb.

Similar experiments were performed with PBMCs froealthy donors to
evaluate the effect of ICP47 not only on CD8+ Tiscbut also on CD4+ T cells.
As read-out on day 15, a viral antigenic stimulatiwas performed (WT
infected CD14+ cells) and cytokine (IFNand IL-2) gene expression was

analyzed by qRT-PCR, as ratio to the level measuwr®dT VV infected culture
(100%).
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In CD8+ T cell cultures, panel 35.A demonstrateat tHFN-y gene
expression in cultures primed with r.VV-US12 or VA¥art-US12 infected
cells is 7% (+/-6.8%) and 24% (+/-12%), respectivavhile cultures primed
with noninfected APCs displayed only 1% of the colntalue.

Panel 35.B shows IL-2 gene expression from the s@8+ T cell
cultures. Similarly to IFN¢ gene expression, CD8+ cell cultures primed with
r.VV-US12 or r.VV-Mart-US12 infected APC give 27%/{2%) and 48% (+/-
12%) of IL-2 expression respectively as comparedComtrol VV whereas,
noninfected cultures display only 10% (+/-7%) aof gontrol value.

Depending on a number of conditions (including regth of antigen
signalling, co-stimulation and cytokines secreted APC), CD4+ T cells
differentiate into either TH1 or TH2 type cells. Tldells secrete predominantly

IFN-y, which plays a role in activation of cell mediatednune responses.

CD4+ T cells were primed with autologous CD14+ sefifected with
r.vVV-uS12, r.VV-Mart-US12 or WT-VV as control. CD4¥ cell cultures were
stimulated on day 8 and 15 with WT-VV infected dogmus APC.

Panel 35.C, reports data from three independergrarpnts showing that
although r.VV-US12 and r.VV-Mart-US12 infected AP@=screase activation of
VV specific CD8+ T cells, these APCs triggered Vpesific CD4+ T cells at
least as efficiently as the WT control virus (143%66% and 146% +/-42% of
IFN-y expression, respectively).
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Figure (35): Inhibition of vaccinia virus CD8+ T cell antigens presentation as measured
by cytokine gene expression. 1 x 1¢ CD8+ or CD4+ T cells from healthy donor were co-
cultured with autologous 1 x $@D14+ cells infected with r.VV-US12, r.VV-Mart-US1or
control WT VV at 10 m.o.i. Noninfected cells wersed as control. On days 8 and 15, all
cultures were restimulated by 5 x>18utologous CD14+ cells infected with WT VV at 10
m.o.i.. 24h after second stimulation, mRNA levekevevaluated by gRT-PCR feA) IFN-y
in CD8+ T cells(B) IL-2 in CD8+ T cells anqC) IFN-y in CD4+ T cells.
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1V.3.2.2 Effect of ICP47 on TAP dependent recombinant full antigens

To confirm the necessity of rendering recombinariegencoded antigen
independent from TAP pathway, we also evaluated affiect of ICP47 on
recombinant antigen expressed as full protein astficted by MHC class-|
molecules, thus requiring the complete pathwayntijan processing, transport

and presentation.

In this experiment, APC (CD14+ cells) were co-ingéet with r.VV
MART-1/Melan-A full gene (r.VV-MFG) together withitaer WT VV or r.VV-
US12 at 5 m.o.i. for each virus or infected with\zUS12 at 10 m.o.i.. 48h
after infection, a fraction of infected CD14+ celisas tested for HLA-A2

surface expression and the rest was co-culturddauitologous CD8+ T cells.

Results shown in figure 36 panel A confirm thatexqression of ICP47,
simultaneously with Mart entire protein, reduceé thean value of HLA-A2
surface expression as compared to APC infectednt¥t-Mart alone. Of note,
the apparent difference of HLA-A2 surface exprassand Mart-MHC class-I
pentamer staining between r.VV-US12 and r.VV-USI2¥MFG, is probably
due to the fact that in order to keep the samd total infection dose for
rVVUS12 alone, cells were infected with twice ascmliCP47 expressing VV.

In panel B, the decreased expansion of MART-1/M&la¢ss specific
CD8+ T cells from the condition co-expressing ICRvth the antigen (2.7% vs
4.6%), confirms that this gene product decreasesptiesentation of MART-

1/Melan-Ay; 35 epitope from the full protein.
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A. HLA-A2 surface expression
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B. HLA-A2 MART-1/Me&an-A.s.3s multimer staining
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Figure (36): ICP47 diminishing MHC class-| presentation from MART entire protein.

1 x 1@ initial CD14+ cells were infected with r.VV-US12 H moi or co-infected with rvV-
MFG (Mart full gene) together with either r.VV-USI®& WT VV at 5 m.o.i. for each.
Noninfected cells were used as cont(&l) cell surface expression of HLA-A2 was verified
48h after infection by staining with a FITC-labellexonoclonal antibody specific for HLA-
A2 (thick line) or with isotype control antibodyh{b line).(B) 8 days after priming, cultures
were stimulated with 5 x POautologous CD14+ cells pulsed with MART-1/MelapsAs
peptide (2Qg/ ml). FACs analysis of CD8+ T cells was perfornoedday 9 by staining with
APC-labelled anti-CD8 mAbs and PE-labelled specfART-1/Melan-Aps.35HLA-A2
pentamers.
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1V.3.2.3. CTL responseto recombinant ER-targeted antigens

Following the results of VV antigen specific respenwhich confirmed
that r.VV-US12 is able to reduce the CTL immunegogse to VV vector or to
transgenic proteins, we assessed the immune resppesific for ER-MART-
1/Melan-Ay; 35 recombinant antigen. CTL response induced by M¥&-Mart-
US12 was monitored in stimulated peripheral blo@B€ cells.

1V.3.2.3.1. Effect of | CP47 on ER- targeted recombinant epitope

In r.VV-Mart-US12 and r.VV-Mart constructs, Martiggpe is formulated
in a TAP independent ER-targeted form (E3/19K-MARMelan-Ay;.35). This
formulation for specific HLA restriction enables gassing of a number of
antigen processing steps, promoting the surfaceeptation of antigenic
peptides within HLA-molecules [165] even in present ICP47.

To address the effect of r.VV-Mart-US12 on Maregfic CD8+ T cell
stimulation, four independent “CTL priming” expeemts were performed with
PBMC from healthy donors. CD8+ T cell cultures wesemulated with
autologous CD14+ cells either infected with r.VV4i¥igpositive control), r.VV-
Mart-US12, r.VV-US12 (negative control), or pulsedh MART-1/Melan-Ag.
35 peptide. Eight days after priming, CD8+ T celltauks were re-stimulated
with MART-1/Melan-Aps.3spulsed autologous CD14+ cells (see figure 22).

MART-1/Melan-Ay; 35 specific CD8+ T cells were characterized using
MHC-pentamer. As shown in figure 37 panel A, cudtiprimed with r.VV-
Mart-US12 infected APCs resulted in a significanpansion of MART-
1/Melan-Ay; .35 specific CTL, similar to rVV-Mart alone (respealy 3.59% vs
3.6%) and expectably far more efficient than intoainnoninfected cells and
r.VV-US12 primed cultures ( 0.59% and 1% , respety).
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Similarly, in panel 37.B showing another experimetiltures primed
with r.VV-Mart-US12 infected APCs induced a sigo#nt expansion of
MART-1/Melan-Ap7.35 specific CTL 3.6% as compared to 5.27% in r.VV-Mar
primed cultures and more efficiently than in cudsiprimed with Mart peptide
pulsed APCs (1.48%).
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Figure (37): Induction of MART-1/Melan-Ay;.3s specific CD8+ Tcells.

(A) 1 x 10 CD14+ cells from healthy donor were infected withU¥ r.VV-US12, r.VV-
Mart-US12 or r.VV-Mart at 10 m.o.i., co-culturedttvil x 18 autologous CD8+ T cells. Non
modified CD14+ cells were also used as control.day 9 after priming, FACs analysis of
CD8+ T cells was performed by staining with APCdidd anti-CD8 mAbs and PE-labelled
specific MART-1/Melanazs.3ssHLA-A2 pentamers(B) CD8+ T cell cultures were primed as
indicated but in this experiment, the r.VV-US12 dion was replaced with CD14+ cells
stimulated with MART-1/Melan-4s.3s peptide (2Qg/ ml).
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To further characterize the functional capacityhe expanded specific T
cells, IFNy intracellular staining, following an antigenic matilation, was
performed. As shown in figure 38, cultures primed¢hw.VV-Mart-US12
infected APC display 2.55% IFNpositive cells as compared to 0.35%, 2.84%
and 0.22% in cultures where APC were control nauted condition, infected
with rVV-Mart or r.VV-US12 respectively

NI r.vVV-Usl2 r.VV-Mart-US12 r.VV-Mart
o 0.35% | 0.22% | | 2.55% 2.84%
z * ]
L_L} 100 100

T Ty T T e T T e T T ¥ T
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» CD8+ T cells

Figure (38): Cytokineevaluation of T cell responseto MART-1/Melan-Ay;.35 antigen.

1 x 1 CD14+ cells from healthy donors were infected VRHUV r.VV-US12, r.VV-Mart-
US12 or r.VV-Mart (control VV) at 10 m.o.i. and codtured with 1 x 1®autologous CD8+
T cells. Noninfected cells were also used as can@n day 9 and 15 after priming, 5 x>10
autologous CD14+ cells were stimulated with MARM&lan-Ags.35 peptide (2Qg per ml)
and then all cultures were stimulated with thesel@€bcells. On day 15, the cells were
stained with PE-labelled anti-IFfNmAb and APC-anti-CD8 mADb.

As an alternative test for the final readout afieme-boost strategy, we
measured IFN- gene expression in CD8+ T cell cultures stimulateith
different viral infected CD14+ cells (r.VV-Mart-Uland r.VV-Mart) or with
MART-1/Melan-Ags 35 peptide. Lymphocytes were re-stimulated on dayn@® a
15 using autologous Mart peptide pulsed CD14+ céldlowing the second
stimulation, IFNy gene expression was monitored by gRT-PCR and ss@ae

as ratio to the level measured in r.VV-Mart infectailtures (100%).
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Figure 39 panel A, shows that cultures primed wiMV-Mart-US12
display 87% (+/-14%) of expression as compared\t&y4Mart. Only 9% (+/-
4%) and 7% (+/-3.8%) IFN-expression could be detected in Mart peptide

primed cultures and noninfected cultures respdgtive

Similarly, IL-2 gene expression (panel B) from CD8+cell cultures
stimulated with r.VV-Mart-US12 infected APC disp&d/ 84% (+/-7%) as
compared to r.VV-Mart stimulated cultures (100%).

1

r.vVV-Mart

A. I FN"Y expron r.VV'Mart'US].Z

Mart peptide
NI
0% 20% 40% 60% 80% 100% 120%
Ratio of IFNg to r.VV-Mart
]
r.VV-Mart
B.1L-2 expression -
r.VV-Mart-US12

-
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Ratio of IL -2 to r.VV-Mart

Figure (39): Induction of MART-1/Melan-A,;.35 specific CD8+ T cells as measured by
cytokine production. 1 x 1¢ CD8+ T cells from healthy donors were co-cultuseith
autologous 1 x 10CD14+ cells infected with r.VV-Mart-US12 or r.VV-Mt at 10 m.o.i. or
stimulated with MART-1/Melan-4s.35 peptide (2Qg per ml). Noninfected cells were used as
control. On day 9 and 15, all cultures were re-stated by 5 x 1Dautologous CD14+ cells
stimulated with Mart peptiddA) IFN-y and(B) IL-2 gene expression was verified by qRT-
PCR and expressed as ratio relative to r.VV-Mamiated cultures.
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Taken together, these data suggest that r.VV-M&i2Jis able to induce
MART-1/Melan-Ay; 35 antigen specific CTL immune responses as confirbyed
specific MHC-pentamers staining and cytokines ottar&ation. The
expression of ICP47 together with Mart epitope .MMart-US12 infected
APC did not significantly diminish the presentatiai ER-targeted Mart
epitope. On the other hand, despite a low viralegygis immunocompetition and
a visible fraction of HLA molecules loaded with Mapitope, r.VV-Mart-US12
infected APCs did not display an enhanced stimutatif MART-1/Melan-A-.
35 specific T-cells, as compared to APCs infectedhwtite control vector

expressing Mart epitope.

I\VV.3.3. Effect of ICP47 on MHC class-I Antigen Pres entation in VV
Presensitized PBMCs

The above experiments confirmed that rvVV-MUS12 ldeato prime-
stimulate Mart specific CTL with a similar immunageity as compared to the
control rvVV-Mart.

In order to highlightn vitro the effect of ICP47 promoting the induction
of rec.ER-epitope specific responses despite strang-vector immune
responses, experiments of Mart specific CTL germratvas performed with
VV presensitzed PBMCs. Thisit'vitro” strategy should reflect more closely the
in vivo conditions of pre-vaccinated patients or even ingosting protocols

with a recombinant virus.

We selected two VV-vaccinated (57 and 44 years bkBlthy donors.
PBMCs were freshly isolated (figure 40) and CD14#sc(APC) were infected
with WT-VV before mixing with either autologous CB&%r CD4+ sorted T
cells. After 8 days, the cultures were primed, B0ART epitope, with either
rvV-Mart, rvVV.Mart-US12 infected CD14+ cells. Herthe critical differential

event for Mart specific CTL activation was relatedthe intensity of the APC-
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clearing effect of the pre-existing VV CTL. Nonicted CD14+ and rvV-US12

infections were also performed as controls.

All cultures were then splitted in 2 (one for MafMelan-A» 35 and one
for VV epitopes) and boosted twice on day 15 anduihg either MART-
1/Melan-Ay 35 peptide pulsed or WT-VV infected autologous CDLgHs. For
the final readout, e.g. measuring of IkNed IL-2 gene expression in CD8+ T
cell cultures, effector cells were stimulated witfvV-Mart infected autologous

APC, presenting all VV and Mart-1/Melan-A3s epitopes
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Figure (40): Presensitized PBM Cs experiment.
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1V.3.3.1. MART-1/Méelan-A,7.3s specific CD8+ T-cell responsein VV
presensitized PBMCs

Results in figure 41 show IFN-and IL-2 gene expression in “Mart
boosted CD8+ T cell cultures” from both donors 1 gh (panels A and B
respectively). Interestingly, gene expression in8EDI cell cultures primed
with r.VV-Mart-US12 shows a significant increase f&N-y (700%) and IL-2
(350%) as compared to r.VV-Mart infected CD14+ geflbr donor B, who was
revaccinated with the live virus only 15 years lbefadOn the other hand, the
“>50 years vaccinated” donor A displays a profiimitar to the one observed
previously in experiments performed without vv-gmesitized with marginal

differences with the rvVV-Mart condition.

Thus, it appears that the decreased generationtigleaic peptides from
VV proteins, due to ICP47, did play an “enhancingfe for Mart-1/Melan-Ay;.
35 Immunogenicity in the presence of pre-activated $pécific CD8+ T cell

response.

3 108



A.Donor: 1

r.VV-Mart

r.VV-Mart-US12

1

1
[

1

r.VV-Mart

r.VV-Mart-US12

r.VV-Mart-US12

r.vv-usi2

NI

IW

0% 200% 400% 600% 800%

Ratio of IFNg to r.VV-Mart

r.VV-Mart-US12

r.vv-Us12

N

rVV-Us12. | rVV-US12
1
v [ Y
‘ T T T T T T 1
0% 20% 40% 60% 80% 100% 120% 140% 0% 20% 40% 60% 80% 100% 120%
Ratioof IFNg to r.VV-Mart Ratio of IL-2 to r.VV-Mart
B. Donor: 2
r.VV-Mart r.VV-Mart

0%

100% 200% 300%

Ratio of IL-2 to R.VV-Mart

400%

Figure (41): Cytokine gene expression in MART-1/Mean-A7.35 specific CD8+ T cell
culturesfrom presensitized PBMC.
5 x 10 CD14+ cells were infected with PLUV WT-VV at 10 mi.oand mixed with
autologous T cells. After 8 days, monocytes infedim 48h with r.VV-US12, r.VV-Mart-
US12 or r.VV-Mart or noninfected (as negative cohtmwere used to prime Mart specific
CTL. On days 15 and 21 cultures were boosted with18 autologous CD14+ cells pulsed
with MART-1/Melan-Aps.35 peptide (20ug per ml). On day 27, IFN-and IL-2 gene
expression, following rvVVMart infected cells stimatibn, was verified by gRT-PCR. Data are
expressed as ratio to r.VV-Mart primed cultures.

3 109



1V.3.3.2. Inhibition of vaccinia virusspecific CD8+ T cdll responsein VV
presensitized PBMCs

The results shown in figure 42, from the “Vaccirbaosted T cell
cultures” demonstrate that IFN-and IL-2 gene expression, in cultures
restimulated on day8, with an ICP47 expressingsvifuvV-US12 or r.VV-
Mart-US12), is decreased (about 30% IFN and 60% #s2compared to that of
the control r.VV-Mart. These data are confirmingtthCP47 is able to diminish
vaccinia viral antigens presentation leading toidishmed VV antigens specific
CD8+ T cell responses which is rapidly clearingitifected APC.
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Figure (42): Cytokines gene expression in VV specific CD8+ T cells stimulated with VV
from presensitized PBMC.

CD14+ cells were infected with WT-VV at 10 m.o.idamixed with autologous CD8+ T
cells. After 8days, cells restimulated with r.VV-U& r.VV-Mart-US12 or r.VV-Mart at 10
m.o.i.. Noninfected monocytes were used as con®ol.day 15 and 21 all cultures were
boosted for vaccinia antigens with autologous CDddHs infected with WT-VV. On day 27,
following WT-VV infected cells stimulation; IFN-and IL-2 gene expression was verified by
gRT-PCR and expressed as ratio to r.VV-Mart stiteaaultures.
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1V.3.3.3. Induction of vaccinia virusspecific CD4+ T cell responsein VV
presensitized PBMCs

We have previously shown that MHC class-Il vaccimieus specific
CD4+ T cells from vaccinia immunized donors respdondVV by active
proliferation [252]. In this study, we have alsmaim that expression of ICP47

does not affect the surface expression of MHC dlas®lecule.

In this experiment with similarly VV-presensitizéeD4+ T cells (only
from donor 1), we analysed the effect of ICP47 ety viruses stimulation
(during the second stimulation) on CD4+ T cell éyes and proliferative

responses to viral antigen.

Figure 43 displays IFN-and IL2 gene expression following an antigenic
stimulation of the different CD4+ Tcell cultureslti@ough, in the 2 conditions
stimulated with US12 encoding virus, IL2 gene espien is detected slightly
above 2 fold more as compared to the control veugdition, IFNy expression
remains below this gRT-PCR threshold of 2 folds.
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Figure (43): Cytokines gene expression in VV specific CD4+ T cells stimulated with VV
from presensitized PBMC.

CD14+ cells were infected with WT-VV at 10 m.o.idamixed with autologous CD4+ T
cells. After 8days, cells restimulated with r.VV-U& r.VV-Mart-US12 or r.VV-Mart at 10
m.o.i.. Noninfected monocytes were used as con®ol.day 15 and 23 all cultures were
boosted for vaccinia antigens with autologous CDdadls infected with WT-VV. On day 24,
following WT-VV infected cells stimulation, IFN-and IL-2 gene expression was verified by
gRT-PCR and expressed as ratio to r.VV-Mart stiteaaultures.
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As an alternative test, CD4+ T cells proliferationeasuring the
incorporation of tritiated thymidine into the diung cells. Results shown in
figure 44, demonstrate that CD4+ T cell prolifesatifollowing r.VV-US12 or
r.VV-Mart-US12 stimulation is similar to that detable in the control VV

infected cultures.
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Figure (44): CD4+ T cell proliferation in responseto VV antigens.

WT VV presensitzed CD4 cells were restimulated VAtttV r.vVVv-US12, r.VV-Mart-US12

or r.VV-Mart control virus at 10 m.o.i.. Cultureseve boosted only once (on day 16) with
autologous WT infected CD14+ infected cells. Pevhtion of CD4+ T cells in the presence
of autologous infected CD14+ cells was evaluatethlggnidine 3H incorporation. Thymidine
®H was added and cultures were re-incubated for fi8#n harvested, lyzed and washed.
Liquid scintillation cocktail was added and scilatilon emission was measured.
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V. DISCUSSION

Despite the relative effectiveness of conventioneémotherapy and
targeted agents, most patients with cancer exmri¢émmor progression and
ultimately die of their disease. Therefore, thesean urgent need for better
treatments, not only for the advanced disease Isotta prevent relapse. One
promising approach seems to be the stimulationuafot directed immune
responses. For this aim, efficient presentatiommofiunogens to T cells, leading
to generation of large numbers of TAA specific CTépresents a critical issue

for cancer immunotherapy.

The potential of immunotherapy was first documertigdVilliam Coley
in 1890. Then it was generally ignored until thet lpart of the 20 century,
when studies of chemically induced tumors of inbmatte demonstrated
spontaneous regression of melanoma fueled spemuldiat immune responses
contributed to tumor regression [253]. In 1980, mcytes activated with

lectins or IL-2 were demonstrated to target tun@kia vitro [254;255].

In 1995, interferom-2b became the first immunotherapy approved for
adjuvant treatment of stage IIB/lIll melanoma by theited States Food and
Drug Adminstration (USFDA) [256]. IL-2 was the sedbexogenous cytokine
to demonstrate antitumor activity against melanama it was approved by the
USFDA in 1998 for treatment of adults with advancedtastatic melanoma
[160]. The discovery and cloning of a number ofredamelanoma associated
antigens or cancer germline antigens expressedfisptg by solid tumors
including melanoma, has spurred interest in peittk protein vaccines [257].
(figure 45)
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Figure (45): Key eventsin the history of cancer immunother apy.

Despite the fact that melanoma may be a poor chasca tumor model,
due to its proclivity to rapidly grow and metastasin a totally unpredictable
manner, it has remained the *“training ground” fornamber of different
experimental approaches, involving a wide rangdgechnologies [258]. The
limitations of immunotherapy for melanoma stem frotmumor induced
mechanisms of immune evasion that render the btetant of tumor antigens.
Nevertheless, vaccines are being developed thauftiayately target melanoma

either alone or in combination with immunomodulgttrerapies.

Reproducible success for generating CD8+ T celliated vaccines has
emerged from the use of recombinant viral vectorstaining transgenes
encoding antigens to which a CTL response is disifaerefore, recombinant

viruses rank among the most effective immunogend appear to be of
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particular interest in the development of TAA sfiedmmunization procedures.
In this approach, delivery of antigenic transgen@educts closely mimics the
physiological endogenous production of MHC clasBgands [259;260].
Furthermore and perhaps most importantly, suchovechay per se provide a
typical danger signal, possibly activating APC amducing high avidity CTL
more effective at clearing tumors [261].

Immunization with recombinant viral vectors inducestrong and long
lived CD8+ T cell response that is rarely matcheeéfficacy by other modes of
Immunization. Many recombinant poxviral vaccineaséd on attenuated and
nonattenuated strains of vaccinia, have demondtrateeir safety and
immunogenicity in many clinical trials [157;158;464 his strong response to
viral vectors may be a fortuitous by-product of teeolution of the innate
immune system to combat viral infection and thusetmognize viral vectors as
‘dangerous’ [263]. Nonetheless, significant chales remain prior to the
successful use of recombinant viral vectors to eedilherapeutic and protective

CD8+ T cell response in human cancers.

Smallpox disease, caused by variola virus was easgetl in the 1970s by
a worldwide vaccination with cross-protective va@gi virus [264]. It was
demonstrated that one round of vaccination witliva VV was sufficient to
induce a long-lived (50 years) cellular immune oeege to several identical
vaccinia epitopes. It was even claimed by Demkowical., that human subjects
with prior exposure to VV, years earlier, provide excellent model for the
study of human T cell memory [153]. It was alsareated by Hsieh et al that
the significant T cell memory response to VV frootsessful vaccination may

persist for about 20-30 years in the presumed &@esainantigen [265]

In a previous randomized phase | trial reportedCloypney et al., when
they immunized 35 healthy HIV-1 seronegative youadults with r.VV
expressing gpl60 envelope gene of HIV-1, it wasdbthat individuals who
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had been immunized as young children with VV hadrpmmune response to
the HIV-1 gp160 antigen as compared with those fadub no previous exposure
to VV. The results from this trial suggested thatd lasting immunity to VV
had limited the replication of the recombinant vaec virus used for

immunization [158].

Therefore, this strong immunogenicity, which wasvaals taken as a
positive feature, is paradoxically now considersdbae major limitation. The
potential use of recombinant viruses to producdegtive immune response,
especially for multiple boosting vaccine strategiesuld be limited due to
phenomenons, such as "immunodominance" and "veatov clearance". The
latter caveat is affecting the APC as effector CO8¢ells, that recognize VV
derived peptide/MHC complexes, may destroy the Ad#d this problem is
more obvious upon increased numbers of subseqoestd Immunodominance
of viral vectors, on the other hand, is manifesigc strong alternative CD8+ T
cell response targeted to determinants expressenlatg by the vector that
reduces or even prevents a CD8+ T cell responsehéo subdominant

recombinant antigens.

Several recombinant vaccinia viruses showed that @8+ T cell
response to foreign epitopes is coordinately regdlavith the response to the
VV vector but that the response directed against Vmuch greater in
magnitude than the response against the insertedhtenant epitope [151;157].
It is possible in experimental system to removeniytation or deletion some
immunodominant determinants in order to enhancedblpgonse to subdominant
antigens [266;267]. However, this approach is n@icfical in a therapeutic
setting, as there are no means to predict the imdmminance of antigens in an
outbreed population [268].

Moreover, pre-existing memory against the viruskbaoe may limit its

use as a viral vector for other vaccination purpoSénerefore using vaccine
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constructs that possess limited replication withie host, such as modified VV
Ankara, may be more efficient for vaccination pweps, because they are
endowed with a reduced viral immunogenicity but call prime protective

Immunity against the gene of interest [269-271].

Despite this caveat, numerous immunotherapy studssed on viral
vectors have reported a successful transgene inzation. Nevertheless, the
observed in vivo responses with “short” vaccinatmotocols are usually mild
and transient. It became apparent that effectivaamucancer vaccines require
prolonged boosting protocols. In order to avoid rtetproductive response
against single vector, different vaccine platforexgressing the target TAA
were used in so calletheterologous prime-boost” vaccine strategies ana we
shown to induce an enhanced immune response. Iticigar, we have
previously reported the relative immune efficacyaoprime and boost vaccine
regimen based on a non-replicating recombinant imeccvirus encoding
melanoma associated epitopes (GP100, Melan-A/Mamd Tyrosinase) and
both immunomodulatory molecules CD80 and CD86 whichs been
successfully used in a phase I/ll clinical triatZB4;272] and resulted in a

substantial immunogenic response.

The application of non replicating vaccine was bedswith three
injections of peptides (pept). Nevertheless, frathlzlinical trials based on this
protocol (intradermal and intranodal administra}jowe could observe that
peptide boost was far from the efficacy of the mbmant viral vaccine, as
characterized by specific CTL responses. Followmgy two cycles of
vaccinations (rec.VV-pept- pept- pept), the fireldl of CTL generated was not
much different from the initial level. However, taer injections (3, 4 or 5) of
viral vaccine, were able to generate significanéle of specific CTL responses.

All these observations led us to conclude thatuhecination protocol

should apply multiple boosting injections (morertlfg of the recombinant viral
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vaccine. However, even if the recombinant antigpecgic response was
decreasing after only 2 vaccination cycles, the-Axtresponse (measured by
antibodies) was increased after each r.VV boost.

Therefore, further investigations on recombinantctees providing
innovative pathways susceptible to enhance vaahiven TAA specific CD8+
T cell response in cancer patients, without indrgaghe anti-VV vector

response, might represent a crucial issue for camreunotherapy.

In this study, we hypothesized that, given the kmawle of TAP in
antigen processing and presentation to be recafynzespecific TCR, co-
expression of a TAP blocker by recombinant VV veetould result in reduced
presentation of VV derived peptides on the surfaicéhe transduced cells. This
immunomodulation should reduce the immunocompetiaod render infected

cells less vulnerable to cytolytic response of \péafic CD8+ T cells.

Therefore, we constructed and functionally charamtd a r.VV
expressing HSV-US12 gene (r.VV-US12), coding foP4CZ, which specifically
binds to the ABC transporter TAP and blocks bindnfigpeptides generated by
proteasomal degradation. This blockade subsequiailyits their translocation

into the ER and the loading onto empty MHC classslecules [273].

Based on this construct, we also engineered a neagent (r.VV-Mart-
US12) simultaneously encoding both ER-targeted Mavielan-A,, .. antigen
as minigene, and the HSV-US12 gene. Because &Rtsargeting design, this
model of HLA-A0201 TAA epitope is independent obpessing and mostly of
TAP translocation, thus expression and presentéaid®D8+ T cells should be
maintained despite TAP inhibition.

In this context, our strategy aims at reducing tmenunodominance

features of vaccinia virus for cancer immunotherapiile maintaining high
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levels of peptide-MHC complexes derived from recoraht foreign minigenes.
The resulting viral vector should be more efficiahinducing CTL responses to
recombinant targeted-antigens while possibly awgidihe need of complex

protocol with heterologous prime-boost strategy.

Moreover, inactivation of viral replication by paten and long wave UV
treatment, on one hand improves the safety anagiraliminishes cytopathic
effect of our r.VV construct [234] and on the othand, due to the inhibition of
viral late transcription, considerably decrease mlnenbers of viral antigens
expressed. Some studies showed that vaccinia spesific CTL epitopes are
mostly driven by early promoters [274;275] whilentwral responses are mainly
directed to viral proteins that are driven by lgemoters [276]. Thus, in
individuals pre-immunized against VV, our “clas$icaon replicating vectors,
used in the two melanoma clinical trials [3;217]ght have been recognized by
pre-existing memory CTL but much less by pre-emgstneutralizing Ab as
compared to a replicating VV vector. Of note, confng this hypothesis, the
increased humoral responses following the 2 (orenanjections of non-

replicating virus were detectable and significauttfot very intense [252].

UV cross-linking affects genes proportionally tee tgene length. Thus
expression of minigenes, (about 100 bp), remaitegively spared by UV. It
was also shown that PLUV treated VV elicits lesBammation but induces
more foreign epitope specific CD8+ T cell respotisn untreated virus [268].
In the hereby presented study, US12 gene (267bpyession was first
characterized in cells infected with PLUV r.VV-USBad was shown to be

strong and viral dose dependent.

Replication incompetent r.VV-US12 is capable ofrdasing cell surface
expression of MHC class-I on infected human ceall$ decreases recognition by
specific CTL.
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These data are in agreement with published repans;278] showing
that ICP47 binds to TAP and blocks peptide transfrom the cytosol to ER
which prevents MHC molecule loading and translacatio the cell surface
[227;279]. Kinetics studies confirm that the maxmuowregulating effect,
related to ICP47 expression and MHC turn-over wateaed after 36h of
infection as evaluated by flow cytometry on thel seirface. The intensity of

MHC “downregulation” could reach 80% (compared emimfected cells).

Most importantly, in all experiments evaluating theesence of MHC
class-lI on the cell surface following infection kithe different viruses, the
downregulation of MHC class-I is partially “compeaied” in cells infected with
r.VV-Mart-US12. This compensation is most probabljue to the
overexpression of Mart-1/Melan,fss restricted epitope, stabilizing the
HLAO201-peptide complex onto the cell surface andficming the efficiency
of the ER-targeting strategy which is independehtpmcessing and TAP

transport.

Generation of TAA specific CTL represents the masue in cancer
immunotherapy. To achieve this objective, differsighals need to be provided
by the antigen presenting cells. The first sigsatapresented by MHC class-I
restricted antigenic peptides recognized by thellTreceptor. To avoid anergy
and to promote T cell activation, this signal mustcomplemented by triggering
co-stimulatory molecules, such as CD80 and CD8& agcond signal. This
effect is eventually reinforced by third signalsdiated by soluble factors such
as T helper 1 cytokines (IL-2, IFN-IL-12 and IL-15). In addition to
professional costimulatory receptors, such as mesnbethe B7 family, other
molecules, such as CD44, [249] that have an adédaivction during DC-T-
cell interactions have been found to modulate T-oetponses. Moreover,

binding of CD4+ TCR by MHC class-ll antigen peptidemplex induces
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activation and clonal expansion of antigen sped@io4+ T cells which are

needed to induce efficient cellular and humoral tmeresponses.

The characterization of these molecules on r.VV-2&ifected APC
(here CD14+cells) confirmed that, the downregutateffect of ICP47 on
surface expression is specific to MHC class-I ahddaes not affect the
expression of any other surface molecules testddrsohich could play a role
for activation of antigen specific CTL responsanttrly, we have shown that
ICP47 does not downregulate the surface expres$ibHC class-Il molecules,
which even appeared slightly upregulated. This tea@nce of MHC class-II-
peptide complexes inducing activation and proltiera of antigen specific
CD4+ T cells is especially relevant as it represg¢he main pathway for the
immunogenic adjuvant effect of the viral vectordeed, although VV specific
CTL clearing effect is undesirable, the helper station of VV specific CD4+

remains a key feature of the vaccine efficiency.

In order to formally demonstrate that the obsepkédnotype reflects the
corresponding immunogenicity, we tested the capaditour novel reagents to

differentially induce antigen specific CD8+ T cells

The results of CD8+ T cells stimulated with PLUVV-US12 and r.VV-
Mart-US12 infected monocytes, displayed a decreamaihenic responses
towards vaccinia virus proteins, as verified by tharacterization with 3 HLA-
A2-multimers containing immunodominant viral epéspH3Ligs 193 B22Rsg.37
and C7lz4.8, peptides. These data restricted to a single HLA arepitopes,
were also confirmed by the decreased levels tFhd IL-2 cytokines gene
expression in response to all possible epitopesepted by WT vaccinia

infected monocytes.

ICP47 driven MHC class-I peptide decreased aniwggnfrom native
proteins [280;281] was also demonstrated for ambooant antigen using co-
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infection of APC with r.VV-US12 together with r.VMFG (Melan-A/Mart-1
full gene). In these APC, similarly to viral antige Mart derived peptides
follow the classical processing and MHC class-I hpaty of antigen
presentation. In presence of ICP47, we could oleservstrongly decreased

induction ofMart-1/Melan-A-_ssspecific CTL response.

We then demonstrated that, using Mart-1/Melan-Aas a model epitope
of transgenic TAP-independent MHC class-lI presenmtatco-expression of
ICP47 did not affect the generation of Mart-1/MekRyy 35 specific CTL
response as demonstrated by specific multimeristpand cytokine expression.
These data confirmed that in TAP-blocked conditjioBR-targeted epitopes

remain highly immunogenic and are able to indu@eiic CTL response.

Interestingly, as previously demonstrated for rV\aft] generation of
Mart-1/Melan-A-_ssspecific CTL is more efficient by using APCs infedtwith
the novel r.VV-Mart-US12 than by using APC pulsedhwthe corresponding
soluble peptide. Whereas large numbers of peptiti&Momplexes can also be
obtained with the soluble peptide, these resu#tarty indicate that r.vVV-Mart-
US12 provides efficient adjuvance during the inductof CTL even in the
limited cell conditions tested here (only CD8+ &id14+).

The immunogenic advantage, related to co-expressHid@P47 with the
recombinant epitope for CD8+ activation, is resigitifrom two different
mechanisms acting in co-operation. First, the strarhibition of antigenic
MHC-peptides from VV proteins should decrease titction of VV specific
CD8+ T cell response. The removal of immunoprevader immunodominant
competing determinants should lead to an incre&sediency of CD8+ T cells
specific for subdominant determinants [267;282;28&]cond, the decreased VV
specific class-lI presentation should also diminiee VV related cytolytic
response and thereby will enhance the survivahfgicted APC needed for the
recombinant antigen stimulation.
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However, despite a successful demonstration of CD8ell response to a
minigene encoded epitope, we did not measure argased immunogenicity,
as compared to a control virus (without ICP47 bjodk simple prime-boost-
readout experiments. Enhanced priming could haee b&pected in view of the
“hyper” saturation of a large number of HLA-A2 moldes with the over-
expressed TAP independent epitope. Yet, the CThorese generated in this
condition was not significantly different from tkeentrol ER-Mart rvVV. We can
speculate that for the limited amount of epitopeesiic CD8+ T-cells to be
expanded in oum vitro setting, the saturating amount of HLA-peptide dPCA
surface is already reached with the control resvidespite the presence of
TAP dependant competitive epitopes. Indeed, weiguely published [165]
that in APC infected with rVV-Mart, we reach stimatibn plateau for specific
CTL clones at very low multiplicity of infection (@ MOI 1 to 5).

Therefore, in order to be able to highlight in @ithe advantage provided
by ICP47 block of vector epitopes, we investigatsel differential priming for
Mart epitope in conditions where VV-specific CTLw#m APC clearance could
become a limiting factor. In these conditions, veeld indeed observe that, in
presence of a pre-existing VV-CTL response, stitmubaby a recombinant
virus co-expressing ICP47 resulted in an improvedponse to the ER
transgenic epitope as compared to the conventioradivector.

Tumor specific CD4+ T cells have a critical role helping cytotoxic
CD8+ T cells to kill tumor cells [284]. It was algwoposed that CD4+ T cells
eliminate tumors through activation and recruitmehtother effector cells,
including macrophages and eosinophils [36]. In okl defective immune
response has often been attributed to lack of CD4eell triggering, which
would prevent the expansion of class | restrict@8€CTL [285,286].

Several studies suggest that cytokines, such asy|Rdcreted by type |
(Thl) CD4+ T cells, might be involved in antitumand antiangiogenic
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activities leading to inhibition of tumor growth§2;288]. Moreover, IFN-was
shown to be crucial for macrophage activation paghwhat results also in
inhibition of tumor cell growth [289].

In this study, we have demonstrated that the glmfitvV antigen specific
CD4+ T cells to proliferate and produce IFNR response to VV stimulation, is
preserved or even enhanced in cultures stimulatéd nvV-US12 or r.VV-
Mart-US12 infected APC as compared to culturesidaibed with control virus.
Our data clearly indicate that r.VV-US12 and r.V\&MUS12 provide efficient
activation of VV antigen specific CD4+ T cells tbby enhancing their capacity

to promote CD8+ T cells activation and expansion.

In addition to T cells, NK cells play a criticalleoin the control of viral
infection [290]. NK cells autoreactivity is contledl by expression of inhibitory
receptors interacting with MHC class-I molecule81R Studies in the human
system indicate that KIR2D subfamily and CD94/NKGRiler inhibitory
receptors constitute the main receptors controlNikgcell autoreactivity [292].
KIR2D recognizes HLA-C molecules [293] and CD94/Mé&cognizes HLA-E
molecules [294]. Because NK inhibitory receptors angaged by membrane
MHC class-l molecules, NK cells attack virally iofed cells expressing
abnormally low level of MHC class-I molecules orittsurface [295]. Different
studies of the response of isolated human NK dehes to cells infected by
HSV or HCMV were performed. Both viruses were foundinduce NK cell
cytotoxicity by downregulating HLA-C molecules eigga in triggering of
killer inhibitory receptors. This conclusion wasrther substantiated by the
finding that expression of viral genes, known tterfere with MHC class-I
surface expression (US12 of HSV or US11 and USH®©MV), was sufficient
to trigger the cytotoxicity of NK cell clones [296]

NK are also especially efficient in the rejectiontemors lacking MHC
class-I molecules, including those with defectshia TAP protein [297]. It has
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been shown that, in vivo, these tumors induce NK ioéltration, cytotoxic

activation and induction of transcription of IENn NK cells [298].

Capitalizing on these findings, we speculate tlma&t $ignificant MHC
dowregulation following infection with ICP47 expsasg rec.VV could be
sufficient to mediate NK cell activation. Prelimmaresults indeed suggest an
increased IFN+ gene expression in co-cultures of NK cells andvil¥S12
infected APC. This possible limitation of our nowelccine platform should be
further investigated to establish whether, if conéd, NK activation by infected
APC would lead to a decreased immunogenicity fer rdcombinant antigens.
Nevertheless, as described above, NK cells are atdliby multiples signals
and we can forsee that the co-expression of anm\iisitor ligand could protect
ICP47-based viral vaccine.

Altogether, the results obtained with r.VV-Mart-USihdicate that such
viral vector is able to diminish viral immunodommaMVHC class-| restricted
antigens presentation and also to reduce rapidratiea of APCs during
secondary boost due to strong antiviral respongeoRbinant vaccinia virus
co-expressing US12 and ER-Mart epitope confirmsblsteand increased
immunogenicity of the recombinant epitope.

In clinical applications, this type of engineeremt®ine may, at the same
time, simplify the prime-boost protocols, as it wbuao longer require complex
heterologous vaccine formulation and also allowaasing the possible number
of boosts. Such vaccine strategy should elicitngirand long lasting tumor
specific immune responses required to eliminateotufurden as well as

preventing delayed recurrence.
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VI. CONCLUSION

Recombinant poxviruses expressing tumor assocategens (TAAS) are
currently being evaluated in clinical trials as approach to treat several
cancers. Possible resistance to recombinant veeloy is due to either prior
systemic immunity to poxviruses or immunodominanteiral antigens which
may reduce the induction of immune response agamaker tumor antigens.
To address this issue, we developed a recombiraatdinia virus expressing
HSV type | protein ICP47. This protein downregusatdHC class-I antigen
presentation by blocking the MHC encoded transp@$sociated with antigen
processing (TAP), which translocates peptides, @¢ee by proteasomal
protein degradation, into the endoplasmic reticufamoading onto MHC class

| molecule.

Herpes simplex virus (HSV) US12 gene, coding fdected cell protein

47 (ICP47) was introduced into vaccinia virus ansbanto a recombinant
vaccinia virus expressing MART-1/Melan-As as HLA-A201 ER-targeted
epitope. Following infection with non-replicatingaombinant virus, effect of
ICP47 expression on cell surface MHC-class-I, MH&3®-11 and co-stimulatory
molecules was characterized by antibody stainirg) BACS analysis. Human
T-lymphocytes were stimulated in vitro with autabog CD14+ cells infected
with r.VV-US12, r.VV-Mart-US12 or control virus. Bliferation of specific

CD8+ and CD4+ for viral proteins and recombinantagges were monitored by

MHC-multimer staining and interferon gamma (IFNgpeession analysis.

Recombinant vaccinia virus expressing the HSV-U§&R2e confirmed a
diminished class-I presentation and CD8+ recogmitd native proteins while
CDA4+ helper-class-II stimulation is remained unetiéel. Presence of ER- Mart-
1/Melan-Ayg.35 minigene in r.VV-Mart-US12 construct appears tatipfly

compensate for the surface MHC class-I molecule ndegulation (due to
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US12) and preserve a strong capacity to induce @8ponse against the TAA

epitope.

This type of ICP47 expressing viral vaccine couldréby profit from a
diminished vector specific class-l recognition whiconserving a strong
Immunogenic potential towards recombinant ER-t&adeipitope. Such reagent
could become of high relevance especially in migtlpoost vaccine protocol

required in cancer immunotherapy.

Combined with the demonstrated potency of reconmbir@oxviruses
expressing multiple antigens and co-stimulatorydies; we can foresee that the
TAP-blocking strategy opens the way for a new gatn@n of viral vector

platform.
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