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1. BACKGROUND

1.1 Adaptive immunity and antigen presentation

1.1.1 Adaptive immunity

The immune system is a host defense system comprising many biological
structures and processes within an organism that protects against disease.
The immune system can be classified into subsystem such as innate
immune system, that provides the first line of defense against infection
and adaptive immune system.

The innate responses call the adaptive immune responses into play, and
both work together to eliminate the pathogens. Unlike innate immune
responses, the adaptive responses are highly specific to the
particular pathogen that induced them. They can also provide long-
lasting protection. The function of adaptive immune responses is to
destroy invading pathogens and any toxic molecules they produce.
Because these responses are destructive, it is crucial that they are made
only in response to molecules that are foreign to the host and not to the
molecules of the host itself. The ability to distinguish what
is foreign from what is self in this way is a fundamental feature of the
adaptive immune system.

The adaptive immune response creates immunological memory after an
initial response to a specific pathogen and leads to an enhanced response
upon subsequent encounters with that pathogen.

The cell types mediating adaptive immunity are B and T lymphocytes.

B lymphocytes develop in the bone marrow from hematopoietic
precursor cells. When immature B cells binds antigen through B cell
receptor, the lymphocytes will proliferate and differentiate in plasma
cells that produce antibodies. They are glycoproteins that neutralize
viruses or bacteria by activating the complement system through the
classical pathway. Each immunoglobulin molecule is made up of two
heavy chains and two light chains joined by disulfide bonds and
generally recognizes a small region on the surface of a large molecule,
named epitope (Padlan et al., 1994).


https://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A5603/
https://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A5320/

1.1.2 Cell-mediated immune responses: T lymphocytes

T lymphocytes derive from the multipotent hematopoietic stem cells in
the bone marrow. The progenitor cells migrate from the bone marrow via
blood to the thymus where they mature.

Developing T cells, named thymocytes, undergo different changes in the
status of T cell receptor genes, in the expression of T cell receptor or cell-
surface proteins such as CD3 complex and co-receptor CD4 and CD8.
Two distinct lineages of T cells-a:p and Y:6 which have different types
of T cell receptors chains, are produced early in T-cell development.
When progenitor’s cells first enter the thymus from the bone marrow,
they lack most of the surface molecules characteristic of mature T cells
and their receptor genes are not rearranged. Interactions with the thymic
stroma trigger an initial phase of differentiation, but T cells do not
express any of the three cells surface markers (CD3, CD4 or CD8). For
this reason these cells are called double negative thymocytes.

These cells undergo different rearrangements up to be double positive
thymocytes (Pang et al.,2010).

Lymphoid precursors are triggered to proliferate and become thymocytes
committed to the T-cell lineage through interactions with the thymic
stroma. The different stages of development are characterized by the
expression of particular cell-surface proteins, which change until the
development of CD8 or CD4 positive single cells.

Once T cells have completed their development in the thymus, they enter
the bloodstream.

On reaching a peripheral lymphoid tissue, they leave the blood to migrate
through the lymphoid tissue, returning via the lymphatics to the
bloodstream to recirculate between blood and peripheral lymphoid
tissues. Mature recirculating T cells that have not yet encountered their
specific antigens are known as naive T cells. When a naive T cell
recognizes its specific antigen on the surface of mature dendritic cell, it
ceases to migrate and differentiate in effector T cell.

After expansion and differentiation, the effector T cells exit the efferent
lymphatics and reenter the bloodstream, through which they migrate to
the sites of infection.

These effector cells can be divided into two classes: one carrying the co-
receptor CD8 on its surface and the other bearing the co-receptor CD4.
CD8 is carried by cytotoxic T cells which recognize peptides loaded on
the MHC class | complex, via their heterodimeric receptor whereas CD4
is carried by T cells whose function is to activate other cells of the



immune system and recognize peptides loaded on the MHC class I
complex through their specific receptors.

CD4 is a single polypeptide, folded into four external immunoglobulin-
related domains. It has a unique strand topology between domains 1 and
2 (D1 and D2) and between domains 3 and 4 (D3 and D4). The MHC
binding region on CD4 is located mainly on the lateral face of the D1
domain and CD4 binds to a hydrophobic crevice formed in the junction
of the a2 and B2 domains of the MHC class Il molecule (Zamoyska et al.,
1998). The D1 and D2 domains of CD4 are intimately connected. The G-
strand of D1 extends directly into the A-strand of D2, and a substantial
interface is buried between these two domains. The crystal structure of
fragment of rat CD4 consisting of the third and fourth extracellular
domains (D3D4) reveals that this fragment is strikingly similar to the
D1D2 fragment (Leaky, 1995). The intracellular portion of CD4 interacts
strongly with a cytoplasmic tyrosine kinase called Lck and brings Lck
close to the intracellular signaling components associated with the T cell
receptor.

The structure of CD8 is quite different. It is a disulfite-linked dimer of
two different chains, called o and B, each containing a single Ig-like
domain linked to the membrane by a segment of extended polypeptide.
This protein segment is extensively glycosylated, to maintain it in an
extended conformation and protect it by proteolytic cleavage.

CDS8 binds weakly to an invariant site in the az domain of MHC class |
molecule and form interactions with the residues in the base of the a2
domain.

The CD8 binding site to the MHC class | complex is formed by
interaction between CD8 o and f chains.

The binding strength of CD8 to MHC | molecule is influenced by the
glycosylation state of the CD8 molecule. Indeed, an increased number of
sialic acid residues added to the CD8 carbohydrate structure decrease the
strength of the interaction. Given that the pattern of sialylation of CD8
changes during the maturation of T cells and upon activation, studies
suggest that  this process may have a role in modulating antigen
recognition (Moody ., 2003).

Antigen recognition by T cells receptors happens when peptides are
bound to MHC molecules (Fig 1).

MHC class | and MHC class Il molecules are closely related in overall
structure but differ in their subunit composition.

MHC class | molecules consist of two polypeptides chains. One chain,
the a chain, is encoded in the MHC and is non covalently associated with
a smaller chain, B2-microglobulin, which is not polymorphic and is
encoded on different chromosomes.



The complete molecule has four domains, three formed from the MHC-
encoded a chain and one contribute by P2-microglobulin. The az domain
and B2-microglobulin closely resemble Ig-like domains in their folded
structure. The folded a1 and a2 domains form the walls of a cleft on the
surface of the molecule; this is where the peptide binds and is known as
the peptide-binding cleft or peptide- binding groove (Bouvier et al.,
2003).

MHC class Il molecules consists of a non-covalent complex of two
chains o and B, both of which span the membrane. Each chain has two
domains and the two chains together form a compact four-domain
structure similar to that of the MHC class | molecule. (Fremont et al.,
1996)

In both MHC class | and class Il molecules, bound peptides are
sandwiched between the two a-helical segments of the MHC molecule.
The peptide is bound as an integral part of the MHC molecule’s structure
and MHC molecule are unstable when peptides are not bound.

Peptides that bind to MHC class | molecules are usually 8-10 amino
acids long.

These interactions give MHC class | molecules a broad peptide-binding
specificity. In addition MHC molecules are highly polymorphic. There
are hundreds of different versions, or alleles, of the MHC class | genes in
the human population. The main differences between allelic MHC
variants are found at certain sites in the peptide-binding cleft, resulting in
different amino acids in the key peptide-interaction sites. In consequence,
the different MHC variants preferentially bind different peptides
(Bouvier et al., 1994).

The peptide binding for the MHC class Il molecules is different from
MHC class I. Natural peptides that bind to MHC class 1l molecules are at
least 13 amino acids long and can be much longer.

The peptide lies in an extended conformation along the peptide-binding
cleft. It is held (1) by peptide side chains that protrude into shallow and
deep pockets lined by polymorphic residues (2) by interactions between
the peptide backbone and side chains that protrude into shallow and deep
pockets lined by polymorphic residues (3) by interactions between the
peptide backbone and side chains of conserved amino acids that line the
peptide-binding cleft in all MHC class Il molecules (Conant et al., 2003).
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Figure 1: The binding sites for CD4+ and CD8+ on MHC class Il and
class I molecules.

The binding site for CD4+ lies at the base of the > domain of an MHC
class I molecule, in the hydrophobic crevice between the f2 and a
domains. The binding site for CD8+ lies in a similar position to that of
CD4+ in the MHC class Il molecule, but CD8+ binding also involves the
base of a1 and az domains (from Janeway’s Immunobiology 8" edition
2012).

CD8+ cytotoxic cells (CTLs) are important in the defense against
intracellular pathogens, especially viruses. Virus-infected cells display
fragments of viral proteins, on the surface of MHC class | complex which
are then recognized and then killed by cytotoxic T lymphocytes. Perhaps
because the effector action of these cells is so destructive, naive CD8+ T
cells require more co-stimulatory activity to become activated. The
activation provides the involvement of mature dendritic cells, which have
high intrinsic co-stimulatory activity. In some viral infections, dendritic
cells become sufficiently activated to directly induce CD8+ T cells to
produce the IL-2 required for their proliferation and differentiation,
without the support of CD4+ effector cells. In the majority of viral
infections, however, CD8+ T cell activation requires additional help,
which is provided by CD4+ effector T cells. Effector CD4+ T cells that
recognize related antigens presented by the antigen-presenting cells can
amplify the activation of naive CD8+ T cells by further activating the
antigen presenting cell. CD4+ T cells also produce abundant IL-2 and
thus help drive CD8+ T cell proliferation (Weninger et al., 2002).

Cytotoxic CD8+ T cells lead to the death of the target cells by apoptosis.
The killing steps require the receptor binding and the directed release of
cytotoxic granules. Such proteins are stored in these granules in an active



form, but conditions within the granules prevent them from functioning
until after their release. One of these cytotoxic proteins, known as
perforin, act in the delivery of the contents of cytotoxic granules to
target-cell membranes.

Another class of cytotoxic proteins comprises a family of serine protease,
called granzymes. Still, another class of cytotoxic CD8+ T cells is
granulysin, which is able to induce apoptosis.

However, most CD8+ cytotoxic T cells also release the cytokines IFN-Y,
TNF-a and LT-a which contribute to host defense in several ways. IFN-
Y inhibits viral replication directly and induces an increased expression
of MHC class | molecules and of other proteins that are involved in the
peptide loading of these newly synthesized MHC class | molecules in
infected cells. This increases the chance that infected cells will be
recognized as target cells for cytotoxic attack.

IFN-Y also activates macrophages, recruiting them to the site of infection
both as effector cells and as antigen-presenting cells. TNFa and LT« can
synergize with IFN-Y in macrophage activation (Prezzi et al., 2001).

In contrast with CD8+ T cells, CD4+ T cells differentiate into several
subsets of effector T cells with a variety of different functions: Thl, Tr2,
Th17 and regulatory T cells.

Tl cells help control bacteria that can set up intra-vescicular infections
in macrophages, such as the mycobacteria. These bacteria are taken up by
macrophages in the usual way but can evade the killing mechanism. If a
Tul cell recognizes bacterial antigens displayed on the surface of an
infected macrophage, it will interact with the infected cell to activate it,
stimulating the macrophage’s micro-biocidal activity thereby enabling to
kill its resident bacteria.

Th2 cells help to control infections by parasites through promoting
responses mediated by eosinophils, mast cell and the IgE antibody
isotype by promoting an immunity barrier on the mucosal surfaces
(Bluestone et al., 2003).

The Thl and Tn2 subsets are distinguished principally by their
production of specific cytokines, such as interferon (IFN-Y) and IL-2 by
Tl cells, and IL-4 and IL-5 by TH2 cells.

Th17 cells secrete IL-17 family cytokines that induce local epithelial and
stromal cells to produce chemokines that recruit neutrophils to sites of
infection early in the adaptive immune response. (Littman et al., 2010)
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All effector T cells are involved in activating their target cells to make
responses that help clear pathogen from the body. The other CD4+ T
cells found in the periphery have a different function. These are the
regulatory T cells, whose function is to suppress T-cell responses. Two
main groups of regulatory T cells are recognized. One subset becomes
committed to a regulatory fate in the thymus; they are known as the
natural regulatory T cells. Other subsets of CD4+ regulatory T cells with
different phenotypes are thought to differentiate from naive CD4+ T cells
in the periphery under the influence of particular environmental
conditions. This group is known as induced regulatory T cells (Bluestone
et al., 2003). These cells are distinguished by expression of transcription
factor FoxP3 and cell-surface CD4 and CD25 and are produced when
naive T cells are activated in the presence of cytokine transforming
growth factor-p (TGF-P) alone and in the absence of IL-6 and other pro-
inflammatory cytokines.

The hallmark of the acquired immune system is memory. It results from
the clonal expansion and differentiation of the antigenic-specific
lymphocytes that confer immediate protection in peripheral tissues and
mount recall responses to antigens in secondary lymphoid organs
(Sallusto et al., 2004). Protective immunity is mediated by effector
memory T cells (Tem) that migrate to inflamed peripheral tissues and
display immediate effector function. By contrast, reactive memory is
mediated by central memory (Tcwm). Although these cells which home to
lymphoid organs, have little or no effector function, they readily
proliferate and differentiate to effector cells in response to antigenic
stimulation (Sallusto et al.,1999).

Human Tcwm are CD45R0+ and costitutively express CCR7 and CD62L,
two receptors that are also characteristic of naive T cells. Following TCR
triggering, Tcwm produce mainly IL-2, but after proliferation they
efficiently differentiate to effector cells and produce large amount of
IFNY or IL-4.

Human Tem are memory cells that have lost the constitutive expression of
CCR7, are heterogeneous for CDG62L expression and display
characteristic sets of chemokine receptors and adhesion molecules that
are required for homing to inflamed tissues. When compared to Tcm, Tem
are characterized by rapid effector function. CD8+ Tem cells carry large
amounts of perforin and both CD4+ and CD8+ produce IFN-Y, IL-4 and
IL-5 within hours following antigenic stimulation. In vivo antigens
stimulate Tcm and Tewm in different ways. Tcm can be stimulated by
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mature dendritic cells whereas Tem can be stimulated by antigen
presented by non-professional APC cells (Gunzer et al., 2000).

1.1.3 Antigen processing and presentation

MHC class | and class 1l molecules are similar in function: they present
peptides at the cell surface to CD8+ and CD4+ T cells, respectively.
These peptides originate from different sources: intracellular for MHC
class I molecules and exogenous for MHC class 1l molecules and they
are obtained by different pathways.

The classical pathway for presenting short peptides to CD8+ T cells in
the context of MHC class | molecule involves cytosolic digestion of
proteins to optimal length (8-10 amino acids) or N terminal extended
proteins by the proteasome (Donoso et al., 2005; Tsvetkov et al., 2010).
A typical proteasome is composed of one 20S catalytic core and two 19S
regulatory caps, one at each end; both the core and the caps are multi-
subunit complexes of proteins. The 20S core is a large cylindrical
complex of some 28 subunits, arranged in four stacked rings of seven
subunits each. It has a hollow core linked by the active site of proteolytic
subunits. The 19S regulatory cap serves to recognize ubiquitinated client
proteins and is thought to play a role in their unfolding and translocation
into the interior of the 20S CP, which contains catalytic threonine
residues on the surface of a chamber formed by two —rings. The two
inner rings of the 20S proteasome core are composed of constitutively
expressed proteolytic subunits called B1, B2, and B5 which form the
catalytic chamber. These constitutive subunits are sometimes displaced
by three alternative catalytic subunits, called LMP2, LMP7 and MECL-1
and are induced by interferons (Cascio et al., 2002).

The proteasome comprises two forms: constitutive proteasome present in
all cells and the immunoproteasome present in cells stimulated with
interferons. The replacement of the P subunits by their interferon-
inducible counterparts alters the enzymatic specificity of the proteasome
such that there is increased cleavage of polypeptides after hydrophobic
residues and decreased cleavage after acidic residues. This produces
peptides with carboxyl-terminal residues, which are preferred anchor
residues for binding to most MHC class | molecules and are also
preferred structures for transport by TAP( transporter associated with
antigen). The production of antigenic peptides of the right length is
increased by a modification of the proteasome induced by interferon-Y.
This is the binding to the proteasome of a protein complex called the
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PA28 proteasome-activator complex. PA28 is a six or seven-membered
ring composed of two proteins, PA28a and PA28p, both of which are
induced by INF-Y. A PA28 ring can bind to either end of the 20S
proteasome core in place of the 19S regulatory cap, and acts to increase
the rate at which peptides are released. In addition to simply providing
more peptides, the increased rate of flow will allow potentially antigenic
peptides to escape additional processing that might destroy their
antigenicity.

Proteins are often tagged for degradation by the attachment of the
ubiquitin molecule. Ubiquitination is a post-translational modification in
which the 76 amino acid protein ubiquitin is covalently attached via its
carboxyl terminus to Lys residues in target proteins. Ubiquitin can be
attached to proteins as a single entity on one or multiple sites, yielding
mono and multi-monoubiquitylated proteins. Poly-ubiquitylation is the
formation of a ubiquitin chain on target proteins. The formation of poly-
ubiquitin chains involves isopeptide bond connection between the
carboxyl-terminal glycine residue of ubiquitin and an internal K residue
or the amino-terminal (M1) of another ubiquitin. Different lysine
residues could be involved such as Lys6, Lys1l, Lys27, Lys29, Lys33,
Lys48 and Lys63 thereby creating a large variety of ubiquitin chains (Fig
2).

Ubiquitin chains are assembled by a three-step enzymatic cascade
comprising E1 ubiquitin-activating enzymes, E2 ubiquitin-conjugating
enzymes and E3 ubiquitin-ligating enzyme. The involvement of one
lysine rather than another can address different subcellular processes.

Indeed, Lys48-linked ubiquitin chains are identified on proteasome
substrate and Lys63- linked ubiquitin chains have a role in DNA repair,
DNA damage response and cytokine signaling (Kulathu and Komander .,
2012).

Ubiquitination regulates different immune functions focusing on PRR
(pattern-recognition receptor) signaling in innate immunity inflammation,
DC maturation, T cell differentiation and tolerance. Especially, it is
highly important to mark proteins that can be presented by MHC class |
complex. In this way these target proteins can be processed by
proteasome and elicit a CD8+ T cell response.
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Figure 2: Forms of ubiquitination

a) The seven Lys residues and Metl of ubiquitin are show in stick
representation, and amino groups that are modified with ubiquitin
during chain formation are shown as blue spheres. b) Overview of
different forms of ubiquitination. A substrate can be modified by
mono-, multi-mono or polyubiquitin (from Kulathu and Komander .,
2012).

The main substrates for the proteasome are cytosolic endogenous
proteins and viral proteins for the classical MHC class | pathway and
exogenous proteins re-trotranslocated from phagosomes or endosomes to
the cytosol, for cross presentation (Raghavan et al., 2008; Blum et al.,
2013). The peptides are transported into the ER by TAP (transporter
associated with antigen processing) and where needed N terminal cleaved
to optimal length peptides by endoplasmic reticulum aminopeptidase
1(ERAPL; ERAAP in mice) and ERAP2. These peptides associate with
the protein-loading complex (PLC) which differs slightly between HLA
allotypes, but usually involves: tapasin, endoplasmic reticulum protein 57
(Erp57), calnexin (CAL), calreticulin (CRT) and the MHC-I heterodimer.
Loading of high affinity peptides stabilize the MHC-1 molecule and
releases PLC, allowing MHC-I: peptide complexes to traffic through the
Golgi to the cell surface for presentation to CD8+ T cells (Hammer et al.,
2006) (Fig 3).

The antigens presented by class 11 peptides are derived from extracellular
proteins. These extracellular foreign antigens, such as bacteria or
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bacterial antigens have been taken up by an antigen-presenting cell such
as macrophage or immature dendritic cell. In other case, the source of
antigen may be bacteria or parasites that have invaded the cell to
replicate in intracellular vesicles. In both cases the antigen-processing
pathway is the same. The pH of the endosomes containing the engulfed
pathogens decreases progressively, activating proteases within the
vesicles to degrade the engulfed material. At some point on their pathway
to the cell surface, newly synthesized MHC class Il molecules pass
through such acidified vesicles and bind peptide fragments of the antigen,
transporting the peptides to the cell surface.

The biosynthetic pathway for MHC class Il molecules starts with its
translocation into ER. However, they must be prevented from binding
prematurely to peptides transported to ER lumen or to the cell’s own
newly synthesized polypeptides.

Binding is prevented by the assembly of newly synthesized MHC class Il
molecules with a membrane protein known as the MHC class 11
associated invariant chain (li, CD74).

When antigen peptides are ready to be loaded, the proteases cleave the li
in the acidic vesicles, leaving the CLIP (class Il-associated invariant
chain peptide) bound to the MHC class Il molecule. Pathogens and their
proteins are broken down into peptides within acidified endosome, but
these peptides cannot bind to MHC class Il molecules that are occupied
by CLIP. The class Il-like molecule HLA-DM binds to MHC class II:
CLIP complexes, catalyzing the release of CLIP and the binding of
antigenic peptides.

A second atypical MHC class Il molecule, called HLA-DO is produced
in thymic epithelial cells and dendritic cells. This molecule is a
heterodimer of the HLA-Doo chain and HLA-Dof chain. HLA-DO acts
as negative regulator of HLA-DM, binding to it and inhibiting both the
HLA-DM- catalyzed release of CLIP and the binding of other peptides to
MHC class Il molecules. Expression of HLA-Dof chain is not increased
by IFN-Y, whereas the expression of HLA-DM is. Thus, during
inflammatory response, in which IFN-Y is produced by T cells and NK
cells, the increased expression of HLA-DM is able to overcome the
inhibitory effects of HLA-DO (Fig 3).
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Figure 3: Antigen presentation on MHC class Il and MHC class |
molecules.
a) MHC class Il pathway: MHC-Ii o and f chains are translated by

b)

ER-associated ribosomes, they are brought together and stabilized
into MHC 11 heterodimers by the Invariant chain. It forms a trimer
and stabilizes three heterodimers to form a nonamer. li provides the
endolysosomal sorting sequence, which leads the MHC Il-li
complexes via the trans-Golgi network to mature endosomes. MHC
I1-1i can also reach the cell surface and be transported back into
endosomes. In the acidic environment of the late endosome, MHC
class 1l compartment (MIIC) and phagolysosomes cathepsins cleave
li sequentially, leaving the CLIP peptide in the peptide-binding
groove of MHC Il molecules. HLA-DM associates with MHC I1-
CLIP, causing a conformational change that releases CLIP and
allows cathepsin cleaved peptides to bind to MHC IlI. Protein
substrates for cathepsins and other endosome resident proteases are
delivered to the late endosomes by phagocytosis, endocytosis, and
autophagy, allowing both exogenous and endogenous proteins to be
presented on MHC-I11. Binding of high affinity peptides releases HLA-
DM and frees MHC Il-peptide molecules to traffic to the cell surface
for presentation to CD4+ T cells.

MHC class | pathway: MHC-I molecules present short peptides
which are derived from native proteins, defective ribosomal products
(DRiPs), viral proteins and retro-translocated exogenous proteins
(for cross-presentation). The main source of peptides for MHC-I
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loading are the degradation products of the proteasome, which
cleaves proteins in the cytosol to peptides that are transported via
TAP to the ER. When in the ER peptides can be trimmed by ERAP-1 and
ERAP-2 or they can bind directly to MHC-I heterodimers in protein
loading complexes (PLCs). Initially MHC-I heterodimers in the ER
are stabilised by interactions with calnexin (CXN), which allows the
binding of p2microglobulin, and then association with calreticulin
(CRT), tapasin, and ERp57. Tapasin stabilizes MHC-I heterodimers
in the PLC in close proximity with TAP, which supplies cytosolic
peptides. Only on binding of high affinity peptides are tapasin and
the PLC released from MHC-I-peptide molecules, which are then
allowed to traffic to the cell surface for presentation of peptides to
CD8+ T cells (Janeway’s Immunobiology 8" edition 2012).

An interesting link, termed cross-presentation, exists between the two
pathways. In this process extracellular antigens, which are normally
loaded on MHC class Il complex, are instead presented by MHC class |
molecules. The proposed pathway for cross-presentation could be divided
into two main categories: those dependent on TAP and proteasome and
those relatively independent of these factors (Raghavan et al., 2008). The
latter, termed vacuolar pathway is where cathepsin S is the principal
protease that generates antigenic peptides in the endo-lysosome and binds
to MHC class | (Fig 4a).

For TAP and proteasome-dependent presentation, the antigen must reach
the cytosol. It is possible that some antigens are transported in the cytosol
after their uptake in DCs cells through the endoplasmic reticulum
associated protein degradation (ERAD) by Sec61, a putative translocon
channel (Fig 4b) (Ackerman et al., 2006).

ERAD is a complex process through which folding-defective proteins are
selected and ultimately degraded by the ubiquitin-proteasome system. It
can be envisioned as encompassing four distinct, coupled steps: 1)
substrate recognition; 2) dislocation across the lipid bilayer; 3) addition
of poly-ubiquitin adducts; 4) degradation by the 26 S proteasome.

At first molecular chaperones and lectins within the ER lumen interact
with incompletely folded or unassembled clients. These factors link
substrate recognition to the dislocation machinery by binding to
membrane-embedded adaptors. Then, substrates are dislocated across the
bilayer presumably through proteinaceous pores (dislocons), via a
process coupled to the energy derived from ATP hydrolysis by VCP/p97.
On gaining access to the cytosol, substrates are polyubiquitinated by E3
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ligases, especially on Lysll and these ubiquitinated substrates are
degraded by cytosolic 26S proteasomes (Olzmann et al.,2013).

Another mechanism that allows the transport of antigen to the cytosol
takes place from the phagocytic, endocytic or macropinocytic
compartments. Gagnon et al (2003) demonstrated that the phagosomal
membranes are formed in part from the ER membrane and the ERAD
factors and components of MHC class | peptide loading machinery are
found together within these membranes (Fig 4c).

Other possible pathway provides that soluble exogenous antigens are
retro-translocated in the cytosol from the endosomal compartment. Then
after proteasome processing, these peptides are re-imported back into
endosomes via endosomal TAP that can be recruited to early endosome
in a TLR4-Myd88 dependent manner, where peptide loading of recycling
MHC class I occurs (Fig 4d) (Raghavan et al., 2008).

®) Retrograde trar

(c)

etrograde transport
and TAP-dependent ER loading phagosomal 8 loading

-
Y
\ T Maturing 4 | ' | "."‘
| end(;some . e : / -
\ / Y I / arly
_— ’ 7D ”_/} \1 TGN \ v | : /_{_\undosomc
,/ N (&) \. @i e ' o O <R
(% 1.8 »’\‘ ‘ ¥/ ~— Golgi A | ( )\ @/‘
\"%, y : ‘ f§ g N i s
O | e AN
Recycling TGN 3 ' h_? f;? | N
endosome £ g‘&s\ ' / ’!/7 ( )
' £4es I S 34
Golgi 2 ' | ;tgga
e, v i { ‘
ER —#7en

VB <X ER 1ER

Key:

f MHC class | l TAP ‘% Antigen Y Antigen receptor

. Proteasome ":‘ Sec61 @ Cathepsin S

Figure 4: Different cellular pathways for antigen cross- presentation

a) Vacuolar TAP independent pathway: endocytosed antigens are
proteolytically processed by cathepsin S and loaded on MHC class |
into endosome.
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b) Retrograde translocation model: Once in the ER, the soluble antigens
retro-translocate into the cytosol by ERAD machinery and process
similarly to endogenous proteins for MHC class | presentation

c) TAP-dependent phagosomal pathway is supported by the presence of
ER components on phagosomes. Phagocytosed antigens use Sec61
channel to exit from the phagosome, are processed by proteasome
and are reimported into the phagosome for loading into MHC class |
molecules within the phagosome.

d) TAP-dependent endosomal pathway: antigen egress from the
endosome by an unknown transporter and after proteasomal
proteolysis, processed fragments are ferried back into endosome by
recruited TAP and loaded into recycling MHC class | molecules
(Raghavan et al.,2008)

1.2 Invariant chain (li) and its function

li is a non-polymorphic type Il trans-membrane protein, first identified as
the chaperone for MHC class Il molecules (Blum et al., 2013). The main
function of li is to stabilize the interaction of the a and B chains as they
are formed in the endoplasmic reticulum (ER) and to occupy the peptide-
binding groove of the MHC class Il molecules. li inhibits peptide loading
within the ER and targets MHC class Il to the endosomal network via its
endolysosomal targeting sequence signal peptide (ESS; Sandoval et al.,
1994). After its synthesis, li is inserted in the ER thanks to its internal
transfer peptide and its transmembrane domain. The complex li-MHC
class Il goes through Golgi and reaches the peripheral endocytic pathway
where li is sequentially cleaved by cathepsins to CLIP peptide, which is
then displaced by exogenous peptides for presentation to CD4+ T cells.
In humans li is expressed as four different isoforms named according to
their alternative molecular weights in kilodalton: li p33, li p35, li p4l
and li p43. The isoforms are produced from a single gene through a
combination of alternative splicing and alternative translation (Sand et
al., 2014). The short isoforms, denoted p33 and p35, differ from the long
isoforms, denoted p41 and p43, by a 64 amino acid insertion encoded by
the alternatively spliced exon 6 in the C terminal luminal domain which
has been shown to regulate the activity of cysteine proteases (Sand et al.,
2014). In addition to this splicing variation, an alternative initiation
codon gives rise to a 16 amino acid N-terminal extension present in the
p35 and the p43 isoforms of human li. This additional segment confers
retention in the ER consisting of three successive arginine residues (Fig
5).
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The predominant form is the p33 form in humans that in mice is is
termed p31.

Several post-translational modifications of the CD74 protein have been
identified. N- and O-glycosylation has been reported for murine and
human CD74. Furthermore, modification of a specific serine residue with
glycosaminoglycans has been described (Miller et al., 1988). Human
invariant chain is phosphorylated within its cytoplasmic domain.

li is capable of assembling into homo-trimers (Roche et al., 1991). The
region responsible for its self-association is mapped between 118 and
193 residues. This trimerization domain is organized in a a-helical coiled
structure, forming a scaffold that allows interaction with three MHC-II
heterodimers (a: ) (Cresswell et al., 1996)

Other domains in the li structure are also important for its function.

The cytoplasmic tail of li contains two endosomal targeting sequences
within amino acid residues 12-29 and the deletion of this segment reveal
the presence of a second endosomal targeting sequence, located within
the first 11 amino acid residues (Pieteres et al.,, 1993). The
transmembrane domain might contribute to stable homotrimer formation
(Stumptner-Cuvelette and Benaroch., 2002) and is also required for
efficient delivery to endocytic processing compartment containing a
signal distinct from the li cytoplasmic tail (Odorizzi et al., 1994).

This domain has long been implicated in both correct folding and
function of the MHC class Il complex. Specific mutations in the
transmembrane domain have been shown to disrupt MHC class I
functions such as mature complex formation and antigen presentation.
CLIP domain (amino acids 86-100) is important to prevent the premature
binding of antigenic peptides while KEY (amino acids 76-79) plays an
important role in CLIP loading on MHC class Il peptide binding groove
(Chen et al., 2012).
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Figure 5: The known functional domains of li

a) li is represented interacting with MHC class Il (green) and with
another li chain via its trimerisation domain (red). (b) Aligned
representation of murine li and the main human isoforms of li. The key
domains are labeled and numbered according to their amino acid
position along the murine li sequence. The 30 amino acid cytosolic tail at
the N-terminal of the li encodes the endolysosomal sorting sequence
(ESS; a di-leucine based signal). Attached to this are a type-ll
transmembrane region (amino acids 31-54) and a large luminal domain,
which contains the KEY motif and CLIP (class ll-associated invariant
chain peptide) - the residues that interact with MHC Class 11 molecules -
and a trimerisation domain (aminoacids 118-193). CLIP is the section of
li that sits directly within the binding groove of MHC class Il molecules
and KEY has a role in peptide exchange within this binding groove.
Human p35 and p43 isoforms of li (numbered according to their
molecular weight) have an additional 17 amino acids at the beginning of
li, which encodes an ER retention sequence (ERR). Human p41 and p43
isoforms contain an additional exon.

li is a complex protein with many functional domains and roles within
the cell, not all of which are involved in antigen processing. In much the
same way as it interacts with and controls the trafficking of MHC-II
molecules, it acts as a chaperone for CD1d (Kang and Cresswell, 2002)
and for the neonatal Fcy receptor molecules (Ye et al., 2008), both of
which are structurally related to MHC-II. li has been shown to associate



with CD70 (a CD27 ligand), by mediating its delivery to the
immunological synapse (Zwart et al., 2010), and it binds to myosin-II,
thereby limiting cell migration in DCs (Faure-Andre et al., 2008). li also
functions as a surface receptor for macrophage migration inhibitory
factor (MIF) (Matza et al., 2002). The cytosolic domain of li is released
upon binding MIF and it acts as an essential transcription factor in B-cell
maturation and survival, by signaling through NfkB and by upregulating
anti-apoptotic markers such as BCL-XI and BCL-2 (Starlets et al., 2006).

li regulates the trafficking of additional molecules, such as angiotensin Il
type | receptor (AT1). It associates with AT1 and impedes its
intracellular trafficking (Szaszak et al., 2008). li regulates the B cell
development, DC motility and thymic selection.

1.3 Genetic vaccines and how to improve immune response

1.3.1 Why genetic vaccines?

Vaccines have been undeniably successful at inducing immune
responses, most notably neutralizing antibodies that prevent viral or
bacterial infections. However, to protect against more complex pathogens
such as HIV, hepatitis C, malaria, tuberculosis (TB), it might be
necessary to elicit also CD8 T cells of sufficient magnitude and effector
function to recognize and rapidly clear infected cells before the pathogen
establishes a chronic infection.

Pre-clinical and clinical evidence supports the role of T cell immunity
and in particular CD8" T cells in the control and/or clearance of these
diseases (Kim and Ahmed., 2010). Therefore, a rapidly expanding field
in vaccinology is the development of so-called genetic vaccines. These
are designed to induce antigen-specific CD4* and CD8* T cells of
sufficient magnitude and necessary phenotype or effector function that
directly contribute to pathogen clearance, rather than only CD4" T cell
help for B cells leading to protective antibody responses.

One way to induce a T cell response against a given antigen is to express
that antigen intracellularly, along with suitable pathogen-derived innate
activators, through gene delivery; genetic or gene-based vaccines attempt
to use physiological antigen processing and MHC class | presentation to
activate a CD8" T cell response.

DNA vaccines were initially thought to be the ideal way to induce T cell
responses.
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1.3.2 DNA vaccination

DNA vaccine consists of a plasmid encoding a pathogenic gene and all
elements needed to transcribe this gene in mammalian cells.

The use of DNA as a vaccine determines increased protein synthesis,
augmented T cell help and MHC class | presentation and the production
of specific cytokines and pathogen associated molecular patterns that
increase innate immune activation leading to T-cell response as well as
the production of antibodies against the encoded protein (Carvalho et al.,
2010).

Once the sequence of the gene of interest has been optimized, inserted
into the multiple cloning region of a plasmid backbone and delivered to
the inoculation site through intramuscular or intradermal injection, the
plasmid enters in the nucleus of transfected monocytes and of resident
antigen presenting cells (APCs) by using the host cellular machinery.
APCs have a dominant role in the inducing the immunity of DNA
vaccines by presenting vaccine-derived endogenous peptides on MHC
class 1 molecules. APC cells can do this by a direct transfection by
plasmid vaccine, by cross presentation of cell-associated exogenous
antigens or lastly by engulfment of apoptotic transfected cells.
Antigen-loaded APCs travel to the draining lymph node via afferent
lymphatic vessel where they present peptide antigens to naive T cells via
MHC and T cell receptor (TCR) in combination with costimulatory
molecules. In response to peptide-bound MHC molecules and co-
stimulatory secondary signals, activated CD4 T helper cells secrete
cytokines during cell-to cell interaction with B cells.

In this way the two arms of the immune system are elicited by DNA
immunization (Fig 6).
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Figure 6: Cellular and humoral immunity after DNA vaccines

The optimized sequence of the gene of interest is inserted in a plasmid
backbone, purified and delivered to the inoculation site. Using the host
cellular machinery, the plasmid enters the nucleus of transfected
monocytes (1) or APC cells (2). The plasmid components initiate gene
transcription, which is followed by protein production in the cytoplasm.
These host-synthetized antigens could be elicited immune system through
MHC class | or class Il complexes. APCs have an important role in the
induction of immunity of DNA vaccines by presenting vaccine
endogenous peptide to MHC class | or cross-presentation of cell-
associated exogenous antigens: for example owing to APC engulfment of

apoptotic transfected cells (3).
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APC mediate the display of peptides on MHC class Il molecules after
secreted protein antigens that have been shed from transfected cells are
processed by endocytic pathway(4). Antigen-loaded APC travel to the
draining lymphnode (DLN) via the afferent lymphatic vessel (5) where
they present antigens to naive T cells via MHC and TCR (6). In response
to peptide-bound MHC molecules, CD8+ T cells and CD4+ T helper
cells (7) are activated. The latter ones activate also B cells. Now
activated cells can travel through the efferent lymphatic system (from
Kutzler and Weiner., 2008).

A series of trials of prophylactic and therapeutic DNA vaccines in
humans against various pathogens, including HIV, HCV and malaria
have been tested.

Indeed, McConkey et al (2003) have demonstrated that a heterologous
prime-boost  vaccination regime of DNA administered either
intramuscularly or epidermally, followed by intradermal recombinant
modified vaccinia virus Ankara (MVA) induces high frequencies of
interferon (IFN)-y secreting antigen- specific T cell responses in humans
to a pre-erytrocytic malaria antigen, thrombospondin-related adhesion
protein (TRAP).

This vaccination regime determines responses that are five to ten folds
higher than the T cell responses induced by DNA vaccine or MVA
vaccine alone. In addition it produces a partial protection through a
delayed parassitemia after sporozoite challenge with a different strain of
Plasmodium falciparum.

The use of a DNA vaccine presents a series of pros and cons. The pros
are that, compared to conventional approaches the plasmids can be
manufactured by generic processes, including standardized quality
control and storage conditions that are independent of the encoded
sequence (Carvalho et al., 2010). They can be manipulated to co-express
cytokines or other molecules to enhance immune response.

The cons are that the generated T cell responses are very low magnitude
and after incorporation of immunizing DNA, various oncogenes could be
activated along anti-DNA antibodies.

Different strategies have used an adjuvant to enhance immunogenicity of
DNA vaccines in humans, but the improvement has been far too modest
(Baden et al., 2011).

Other possible problems regard a suboptimal delivery, poor antigen
expression and the lack of a localized inflammatory response, all
essential for antigen presentation and an effective immune response to
the immunogens (Li et al., 2012).
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1.3.3 Viral vector based vaccines

An alternative powerful technology for delivering heterologous antigens
Is based on the use of viruses as vaccine vectors. It is possible to delete
crucial region of viral genome to render the virus as replication-defective
(Tatsis et al., 2004). Virus-derived vectors offer different advantages
including the efficient delivery of exogenous gene into target cells, high
level of production of proteins antigens within cells of the immunized
host and the adjuvant effects derived from the use of viruses as vectors
exploiting their own propriety. A number of organisms have been used
for vector vaccines, including poxviruses, alpha viruses, and lentiviruses.

Poxviruses have been used as vaccines for infectious organisms and
tumors because they are high immunogenic and high readily engineered
for their large capacity to insert foreign genes (at least 25kb), thus
enabling multivalent vaccines to be created. Further they are safe in
humans and had a series of properties including: broad tropism of the
virus in mammalian cells, localization of the virus in the cytoplasm thus
avowing integration risk; several routes of administration and the ability
to induce both antibody and cytotoxic T cell response after a single
inoculation (Folgori and Capone; 2012). Vaccines based on poxviruses
are derived from vaccinia virus or members of the avipox genus. Indeed,
non-replicating vectors, such as avipox or fowlpox, which confer
extended expression times and enhanced immunogenicity, are now
undergoing clinical trials (Mastrangelo et al., 2000). Two main types of
approaches have been taken to enhance the safety of vaccinia virus. The
former consists, based on scientific knowledge, to delete viral genes
which are involved in nucleic acid metabolism, host interactions, and
extracellular virus formation. The latter consists in successive passage of
the virus in an unnatural host or in tissue culture, and the isolation of
virus variants. Both approaches have led to safe vaccinia virus strains.
The safety of vaccinia virus can also be enhanced by multiple deletions.
This has been demonstrated by the engineering of the NYVAC strain of
vaccinia virus (Tartaglia et al., 1992) derived from the Copenaghen strain
of vaccinia and rendered replication incompetent by 18 specific
engineered deletions.

Successive passage of the virus in an unnatural host or in tissue culture,
and the isolation of virus variants, has also lead to safer strains of
vaccinia virus. The most notorious example is the modified vaccinia
virus Ankara (MVA) strain which was isolated after more than 500
passages in chicken embryo cells. MVVA has lost the ability to replicate in
mammalian cells, is a pathogenic even for immunodeficient animals, and
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was administered without apparent incident to about 120,000 humans
including many who were considered a poor risk for the conventional
smallpox vaccine. MVA replication cycle is blocked at a late stage of
morphogenesis in mammalian cells and an examination of the MVA
genome revealed six major deletions totaling approximately 31 Kb.
Marker transfer experiments indicate that multiple gene defects need to
be corrected for efficient replication of MVA in mammalian cells. The
safety of MVA has been demonstrated in pre-clinical studies of
immunodeficient mice and immunosuppressed macaques (Wyatt et al.,
2004; Stittelaar et al., 2001) and in Phase I clinical trials evaluations of
MVA as a next generation smallpox vaccine (Parrino et al., 2007).

Another viral- vectored based vaccine entails the use of alpha viruses.
Alpha viruses are positive-stranded RNA viruses that have a broad host
range and therefore are capable of replicating in the cytoplasm of
infected cells.

The single-stranded alpha virus genome is divided into two ORFs. The
first ORF encodes the nonstructural proteins that are translated upon
entry of the virus into the cytoplasm and are responsible for transcription
and replication of viral RNA. The second ORF is under the control of a
sub-genomic promoter and normally encodes the structural proteins,
which are responsible for encapsidation of viral RNA and final assembly
into enveloped particles. Expression vectors have been engineered
replacing structural genes with heterologous genes up to 5kb while
structural proteins are provided in trans from two helper transcripts that
lack a packaging signal. These RNA vectors, known as replicons are
single cycle vectors incapable of spreading from infected to non-infected
cells. Alpha virus replicon vectors are being developed as a platform
vaccine technology for numerous viral, bacterial, protozoan and tumors
antigens where they have been shown to be efficient inducers of both
humoral and T cell responses. In addition, as the alpha virus structural
proteins are not expressed in vaccine recipients, anti-vector immune
responses are generally minimal, allowing for multiple effective
immunizations of the same individual (Rayner et al., 2002).

The new alpha viruses that are being developed as vaccine vectors
include Venezuelan equine encephalitis virus (VEE), Sindbis virus (Sin),
Semliki forest virus (SFV) and VEE-SIN chimaeras (Thornburg et al.,
2007). Several features of alpha viruses make them useful for vaccine
development: (1) they infect a broad range of animals, including humans,
often with mild or no symptoms.; (2) the seroprevalence to alphaviruses
is low, thus reducing the probability of interference with immune
responses to vectored gene products; (3)they have or may be engineered
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to have lymph node tropism that results in effective antigen presentation
and induction of a strong and balanced immune response (Rayner et al.,
2002). Further the immune responses are enhanced because as the self-
amplification of the vector RNA through a double-stranded RNA
intermediates which stimulate activation of interferon cascade and
multiple innate signaling pathways (Naslund et al., 2011). The vectors
also induce apoptosis in some cells types and the release of apoptotic
bodies that are efficiently taken up by antigen-presenting cells can result
in enhanced immune cross-priming (Perri et al., 2003). There are three
main approaches described for the use of alpha virus as vaccine vectors:
virus-like particles, layered DNA-RNA vectors and replication-
competent vectors. Virus-like particles are non-replicating vectors and
are able to undergo only one cycle of expression. Layered DNA-RNA
vectors express SFV replicon from a cDNA copy via a cytomegalovirus
promoter. Replication-competent vectors contain as the gene of interest
as the structural genes important for replication machinery. Packaged
SFV-, SIN- and VEE-based replicon vectors have been demonstrated to
induce robust humoral, mucosal and cellular immune responses in
animals. At the same time, there aren’t neutralizing anti-vector antibodies
to ensure the use of these vectors as booster (Durso et al., 2007).

The chimera VEE/SIN has been developed exploiting the replication
proprieties of VEE and the envelope glycoprotein packaging component
of SIN. In mice this chimera ensured a potent immune response as VEE
its self, being it is a pathogenic virus. Also it is superior than SIN or SIN-
VEE chimera (Perri et al., 2003). Other studies in macaques showed that
the VEE/SIN chimera elicited more potent systemic and mucosal
immune responses to an inserted HIV envelope gene product compared
to the SIN vector alone (Gupta et al., 2006).

A specific T cell response can be also induced using recombinant
lentiviral vectors (LV) as vaccines. LV are able to transduce non-dividing
cells, such as dendritic cells, at high transduction efficiencies and to
allow persistent antigen presentation through high level expression of
transgenes and low interfering anti-vector immune responses (Breckpot
et al., 2003). It has been shown that LV encoding HIV-1 polyepitopes
induces CD8+ T cell response in mice (lglesias et al., 2007). Beignon
and colleagues (2009) showed that a prime/boost vaccination strategy
using lentiviral vectors pseudotyped with a glycoprotein G from two non-
cross-reactive vesicular stomatitis virus serotypes elicited robust and
broad cellular immune responses against the vector-encoded antigen,
simian immunodeficiency virus (SIV) GAG, in cynomolgus macaques.
Vaccination conferred strong protection against a massive intrarectal
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challenge with SIVmac251, as evidenced both by the reduction of
viremia at the peak of acute infection and by the full preservation of the
CD28+ CD95+ memory CD4+ T cells during the acute phase.

Despite the use of lentivirus as vectors ensures the advantage to deliver
the transgenes into dendritic cells, vector integration in the host cell
genome has provoked safety concerns. For this reason Wanisch et al
(2009) generated an integration-deficient lentiviral vectors (IDLVS) by
interrupting the function of integrase or its attachment sites in the vector
backbone. Despite the integration is inhibited, the vectors continued to
infect dividing cells and maintained durable transgene expression in non-
dividing cells (Philippe et al., 2006). Preliminary experiments provide
the single injection of IDLV encoding the envelope protein of either
HIV-1 (Negri et al., 2007) or West Nile virus (Coutant et al.,2008)
resulted in significant and prolonged immune responses against inserted
antigen. Other reports showing that after immunization in mice with
IDLV encoding viral or tumor antigens, antigen-specific immune
responses were elicited (Karwacz et al., 2009).

One of the most potent technologies demonstrated to induce CD8+ T cell
response in mice, primates, and humans is based on adenovirus vector
(Ad).

Adenoviruses are double-stranded DNA viruses with a genome of 34-43
kb. The linear genome flanked by two origins for DNA replication
(ITRs) has eight units for RNA polymerase Il-mediated transcription.
The genome carries five early units (E1A, E1B, E2, E3,E4 and E5), two
units that are expressed with a delay after initiation of viral replication
(IX'and Iva2) and one late unit(L) that is subdivided into L1-L5.

The E1A unit activates transcription of the other viral genes. Deletion of
E1A renders the virus replication-defective. E1A stimulates viral DNA
synthesis, deregulates cell-cycle control by increasing the stability of p53
and promote apoptosis unlike E1B that has anti-apoptotic activity.

The E2 unit encodes DNA-binding proteins and a polymerase and is
essential for viral replication. The E3 unit is nonessential for virus
replication. E3 proteins allow the virus to escape immunosurveillance by
reducing expression of major histocompatibility complex (MHC) class |
determinants.

The E4 transcription unit encodes seven polypeptides through distinct
open reading frames (ORFs), which affect viral transcription and a
number of host cell functions including cell proliferation and apoptosis.
The late transcription units, divided into five subunits (L1-L5) encode as
many as 45 different species of RNA. Products of the late transcription
unit form the viral capsid (Rux et al., 1999).
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Generation of adenoviral vectors where it is possible to clone the gene of
interest (GOI) entails three steps. The first step entails the cloning of GOI
into the shuttle vector. Shuttle vectors are commercially available. The
most common shuttle vector is pshuttle-CMV. The second step entails
the homologous recombination in vivo in bacteria. In particular,  the
shuttle vector containing GOI is linearized and introduced into highly
electro competent BJ5183 Dbacterial cells pre-transformed with
supercoiled backbone plasmid vector containing most of the viral
genome flanked by inverted terminal repeat (ITR). The third and final
step entails virus production in packaging cell lines. In particular, Pacl-
digested linearized recombinant adenoviral DNA containing GOI is
transfected into packaging cell lines, viz, HEK-293 cells or PER.C6 cells.
Viruses are then harvested 14-20 days later (Luo et al., 2007).

The basic shuttle vectors have-1) resistance cassettes (Ampicillin or
kanamycin), 2) multiple cloning sites with highest capacity to
accommodate a transgene, 3) a promoter (usually CMV promoter) and a
polyadenylation signal, and 4) stretches of sequence homologues to the
backbone vectors to facilitate homologous recombination.

The backbone vectors, instead, retain the majority of human adenovirus
serotype 5 (Ad5) with deletions of E1 and E3 genes which create-space
for transgenes and eliminate self-replication capacity. Depending on the
size of the gene of interest, there is the possibility to delete the E4 gene to
have more space. It also carriers ampicillin resistance, which is lost after
recombination with shuttle vector (Fig 7).
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Figure 7: Schematic illustration of generating recombinant

adenoviruses
Three independent steps are important for recombinant adenoviruses
production: 1) subcloning GOI into a shuttle vector which transfers the
GOl into the pAd plasmid containing the adenoviral backbone 2) during
homologous recombination in bacterial system, and 3) packaging
recombinant adenoviral DNA containing GOl in 293 cells
complementing E1 in trans. Recombinant adenoviruses are collected,
amplified, concentrated and titrated suitable for in vivo application (from
Luo et al., 2007).
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Adenoviruses are highly immunogenic. They activate the innate immune
system presumably by expressing so-called pathogen-associated
molecular patterns (PAMPSs), induce maturation of dendritic cells
(Medzhitov et al., 2000), but principally enhance cellular immunity.

In preclinical models, these vectors are shown to induce potent
transgene-specific T and B cell response. T cells are mainly CD8+ T
cells though low CD4+ T cell responses of the Th1l are also induced (He
et al., 2000).

Most importantly, head to head comparisons with other genetic vaccines
(i.e. poxviruses, lentiviruses, alpha virus-based vectors and naked DNA)
in animal models and the results obtained in human clinical trials,
including vaccines against Ebola, SARS, HIV and Anthrax clearly show
that Ad5-based vectors represent the most potent currently available
delivery system for eliciting a CD8 T cell response against the encoded
antigens (Casimiro et al., 2003).

Bassett et al (2011) demonstrate that unlike most acute infections, the
CD8+ T cell memory population, elicited by persistent, low-level
transgene expression from recombinant human adenovirus serotype 5,
shows an effector memory phenotype.

The memory population is composed of effector (Terr; CD127- CD62L-)
and effector memory (Tem; CD127+CD62L-) T cells with little evidence
of central memory (Tcm; CD127+ CD62L+) T-cell accumulation (Yang
et al., 2006).

Moreover, Adeno vectors have a natural aptitude for increasing innate
immunity, thanks to the activity of their structural viral proteins.
Different pathways, belonging to innate immunity, are implicated in the
response against Adeno, including Toll-like receptors (TLRS).

Indeed, Appledorn et al (2009) have evaluated the role of TLR pathway
signaling in Ad-specific inductions of innate and adaptive immunity and
have identified different TLR proteins that contribute to immune
response.

TLRs are type 1 transmembrane pathogen recognition receptor proteins
that contain leucine-rich repeat extracellular domains and a cytosolic toll-
interleukin-1 receptor (TIR) homology domain that is essential for intra-
cellular signaling. Upon activation, TLRs recruit TIR containing adaptor
molecules, including myeloid differentiation primary response gene 88
(MyD88) and TIR-domain-containing adapter-inducing interferon-
(TRIF, also known as TICAML1).These two adaptor molecules have a
critical role in mediating TLR signaling in a temporal manner and
determine the production of different cytokines.
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Using MyD88 and TRIF double knockout mice, Applendorn et al (2009)
demonstrated that these adaptor proteins can play either additive or
redundant roles in mediating certain aspects of Ad vector-induced
Immune responses.

The improved ability of Adeno vectors to elicit immune response with
respect to other vaccine formulations has been demonstrated by Shiver et
al (2002). They have compared the immunogenicity of several vaccine
vectors in three different formulations: DNA vector, modified vaccinia
Ankara vector (MVA) virus and a replication incompetent adenoviruses
type 5 (Ad5) vector expressing the SIV gag protein belong to simian
immunodeficiency virus of rhesus monkey. They tested the vaccines
either as a single modality or in combined modality regimens. They
found that replication-incompetent Ad5 vector, used alone or as a booster
inoculation after priming with a DNA vector induced the most potent
response. Moreover, they showed that challenging animals previously
immunized with Ad5 vector with a pathogenic HIV-SIV hybrid virus
(SHIV), promoted a highly pronounced attenuation of the virus infection.

Steffensen et al. (2012), also, demonstrated that a DNA-primed immune
response can be effectively boosted by the Ad35 vector and that this
response can be further boosted by Ad5 vector. This series of
vaccinations leads to a memory CD8+ T cell population characterized by
low CD27 expression and high CD127 and killer cell lectin-like-receptor
subfamily G member 1 (KLRG1) expression. These memory CD8 T cell
are able to proliferate in response to viral challenge and to protect against
infection.

Human adenoviruses vectors are attractive for several reasons.

First, they possess a stable virion, wide cell tropism and the transferred
information remains epichromosomal, avoiding the risk of insertional
mutagenesis. Second, they are safe and can be propagated easily with
good vyields in complementing cells lines. Finally, compared to DNA
vaccines, adenoviral vectors more efficiently enter in the transduced
cells, especially APC cells and induce high level of protein expression.
However, the majority of the human population is exposed to Ad5 in first
years of life and develops high titer of anti-Ad5 neutralizing antibodies
(nAb) against the adenovirus capsid. These pre-existing Ad5 nAb impair
the immunogenicity of Ad5-based vaccines in animal models and
humans and may also potentially compromise their safety.

To overcome this drawback, several strategies are used including rare
human adenovirus serotypes such as Ad1l1l, Ad24, Ad26, Ad34, Ad35,
Ad48, Ad49 and Ad50. All of these serotypes are rarely neutralized by
antibodies present in humans and are currently being evaluated in a
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number of pre-clinical and clinical studies (Abbink et al., 2007).
However adeno vectors from different serotypes have lower
immunological potency than Ad5 in mice and in non-human primates
(Colloca et al., 2012). Another approach is to encapsulate adeno vectors
in inert polymer or to use nonhuman adenoviruses, such as simian and
porcine vectors. Indeed, Colloca et al., (2012) have generated a large
collection of replication defective vectors based on Ad isolated from
chimpanzees (ChAds). These types of vectors are strongly related to
human Ads, showing high degree of DNA homology with human Ads
belonging to the same species and similar genomic structure. All ChAds
which reveal significant diversity in the hypervariable regions in the
hexon protein from the highly sieroprevalent Ad5, are not neutralized in
vitro and in vivo by anti-Ad5 antibodies and some of these have an
equivalent  immunological potency of Ad5 such as
ChAd3,ChAd63,ChAd83,PanAdl,PanAd2 and PanAd3. Indeed two of
the most potent ChAd vectors have been selected for clinical studies as
carriers for malaria and hepatitis C virus (HCV) genetic vaccines
(Colloca et al, 2012).

ChAd63 encoding for pre-erythrocytic insert multiple epitope
thrombospondin-related adhesion protein for malaria ME-TRAP, was
tested in a phase | clinical study from 2007 to 2010. It was administered
alone or in a prime-boost regime with a modified vaccinia virus Ankara
(MVA) ME-TRAP 8 weeks later. At the end of the study, ChAd63
resulted safe and highly immunogenic (O’Hara et al., 2012).

In a recent study, two other adenoviral vector expressing NS proteins
from HCV genotype 1b were constructed based on rare serotypes such as
human adenovirus 6 (Ad6) and chimpanzee adenovirus 3 (ChAd3). They
were tested in a phase 1 study of healthy human volunteers (Barnes et al.,
2012). Both vectors primed T cell responses against HCV proteins, by
targeting multiple proteins and were able to recognize heterologous
strains (genotypes 1A and 3A). HCV-specific T cell consisted of CD4
and CDS8 T cell, secreted IL2, IFNY and TNFa and was sustained for at
least 1 year after boosting with heterologous adenoviral vector.

Swadling et al (2014) assessed the immunogenicity of ChAd3 vector
encoding for NS3, NS4, NS5A and NS5B proteins of HCV genotype 1b
in a prime-boost regimen with MVA virus in healthy human volunteers.
The specific T cell response, elicited after prime, was optimally boosted
with MVA, generating high level of CD4+ and CD8+ T cells targeting
multiple HCV antigens. Furthermore, elicited T cells showed a effector
memory phenotype that evolved over time with improvement of quality
after boost.
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Altogether, these preclinical studies highlight that an adenovirus prime
followed by an MVA boost is a powerful strategy to induce a strong and
durable T cell response.

1.3.4 Improve immunogenicity of viral vector-based vaccines

Different strategies had been explored to improve immune response
against antigens inserted in DNA and viral-vectored vaccines. Improved
responses might be needed to reduce the dose of the vaccine or the
number of injections; and to improve the efficacy of vaccines in
newborns, the elderly, and immunocompromised people.

Strategies employed to enhance immunogenicity of DNA vaccines
included: 1) addition of CpG sequences in the vector to increase its
immunological propriety; 2) maximize the antigen presentation using
strong constitutive promoters by adding regulatory elements that work as
transcriptional enhancers or by optimizing the codon usage of the antigen
sequence; 3) co-administration of DNA with cytokine such as IL-2, IL-
23, or GM-CSF to boost -immunization with genes encoding protective
antigens much more effective; 4) co-administration of DNA with lipid
complexes, micro particles or other delivery formulations to increase
transfection and expression efficacy (Cheung et al., 2004; Barouch et
al.,2005).

Another approach to improve immune response after DNA vaccine is to
use signal sequences that target the antigen to intracellular compartments.
For example, the invariant surface glycoprotein (1SG) and the N-terminal
trans-sialidase (NTSA) of Trypanosma brucei were used as an antigen
model by Silva et al., 2009. In their study, the authors fused three
different targeting sequences to the antigens such as secretion signal and
lysosomal-associated membrane protein (LAMP-1) sequence (Ahlen et
al., 2007; Ulmer et al., 2006).

It is also possible to co-express the immunogen protein and the cytolytic
protein, perforin (PRF), a protein of 67kda which upon degranulation,
that leads to a non-apoptotic cell death. This strategy is adopted for
human immunodeficiency virus-1 (HIV) Gag protein, a model antigen
luciferase or HCV proteins after intradermal DNA vaccination (Gargett
etal., 2014; Gummow et al., 2015).

Bartholdy et al (2003) demonstrated that the linkage of MHC class |
restricted epitopes of lymphocytic choriomeningitis virus covalently
linked to human B2 microglobulin (f2m) in a DNA vaccine results in a
major presentation of the inserted epitope covalently fused to the MHC
complex. Mice vaccinated with the DNA vaccine encoded for epitope
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linked to 2m show stronger recall response than mice vaccinated with a
conventional mini-gene construct that codifies for an immunodominant
peptide from a given pathogen.

The same results were obtained by Holst et al (2007) using recombinant
replication deficient adenovirus to express either full-length protein or
minimal MHC class | restricted epitopes from lymphocytic
choriomeningitis virus (LCMV). These authors demonstrated that
minimal immunodominant epitope covalently linked to 32-microglobulin
determines a CD8+ T cell response that is faster and more consistent than
the CD8+ T cell response induced by the full length viral glycoprotein.
The generated CD8+ T cells provide long-term protection from virus
infection, thus adding support to the role of CD8 T cell-memory in
protection from lethal infection.

This strategy uses an Ad5 vector encoding for a TLR agonist derived
from Eimeria tenella (EA) as an adjuvant linked to HIV-Gag. The
expression of rEA elicits TLR mediated innate immune responses by
evaluating the production of chemokines or cytokines and activation of
the innate immune system in mice (Appledorn et al., 2010).

Other approaches are based on linking to the antigen the herpes virus
VP22 protein and calreticulin which have been tested in Sindbis virus
replicon particles (Cheng et al., 2002) and vaccinia vectors (Hsieh et al.,
2004), and the herpes viral glycoprotein D, which has been tested using
Ad vectors (Lasaro et al., 2008).

Since viral vectors are good inducers of CD8+ T cell response and the
ubiquitination has an important role in the processing of antigens loaded
in MHC class | molecules, several vaccine strategies could exploit it to
increase antigen presentation.

Rodriguez et al (1997) set out a DNA transfection experiment using a
plasmid encoded LCMYV viral antigen linked to ubiquitin molecule at its
N terminus. They showed an enhanced intracellular degradation of
LCMV nucleoprotein (NP) thanks to the linkage of ubiquitin. The
ubiquitinated NP is hardly detectable at steady state, but is easily
visualized after proteasome inhibition using ALLN inhibitor, suggesting
a rapid turnover of ubiquitinated protein and an important role of
proteasome in degradation of the ubiquitin-tagged proteins. In vitro
cytotoxicity assay, using MC57 (MHC haplotype b) and BalbCl7 (MHC
haplotype d) cells transfected with DNA plasmids encoding for NP and
Ub-NP and splenocytes derived by mice infected with LCMV virus as
effector cells showed that the presence of ubiquitin-NP products led to an
improvement of MHC class | presentation, since transfected tissue
culture cells are more sensitive to CTL lysis. Further mice immunized
with plasmid DNA encoding this rapidly degraded protein are able to
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mount an enhanced antiviral CTL induction and protective antiviral
immunity. Bazhan et al (2010) designed DNA vaccines encoding for ten
selected HLA-A2 epitopes from the major HIV antigens evaluating also
different approaches to improve their immunogenicity through the
linkage of ubiquitin molecule to the N terminus of poly-epitope to
increase the targeting to proteasome, or use spacer sequences between
epitopes to optimize proteasome liberation and TAP transport. After a
first in vitro analysis, they assessed the immunogenicity of these
constructs through double DNA prime and single vaccinia virus boost
immunization of HLA-A2 transgenic mice. They showed that most
Immunogenic vaccine construct contained the N-terminal ubiquitin for
targeting the poly-epitope to the proteasome and included both
proteasome liberation and TAP transport optimized spacer sequences that
flanked the epitopes within the poly-epitope construct.

Reguzova et al (2015) designed novel HIV poly-epitope T cell
immunogens based on conserved natural CD8+ and CD4+ T cell epitopes
from different HIV strains and restricted by most major HLA alleles.

Designed immunogens contained optimized core poly-epitope sequence
and additional sequences such as N terminal ubiquitin or N-terminal
signal peptide, and C-terminal tyrosine motif of LAMP-1 protein that
increase epitope processing and antigen presentation. So far they
engineered three DNA vaccines, by encoding novel T cell immunogens
and different combination of signal sequences.

All constructs have been tested in vivo and the attachment of either
ubiquitin or ER signal/LAMP1 sequences increases both CD8+ and
CD4+T cell response in comparison with poly-epitope immunogen
without any additional sequences, but the linkage of ubiquitin to
immunogen core determined an highest magnitude of T cell responses.

1.3.5 Invariant chain as genetic adjuvant

The generation of high quality memory cells together with the induction
of a substantially expanded CD8+ T cell population is possible by linking
the major histocompatibility complex class Il associated invariant chain
(1) to an antigen encoded by an adenoviral vector.

Holst et al (2008) have demonstrated that an adenovirus expressing the
glycoprotein (GP) of the lymphocytic choriomeningitis virus (LCMV)
tethered to li increases the kinetics, magnitude and durability of T cell
specific responses in vivo.
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li was initially used with the aim to improve CD4+ T cell response when
linked to an antigen. Malcherek et al (1998) have engineered a li vector
by inserting T cell epitopes of tetanus toxin or acetylcholine receptor in
the CLIP region. When peripheral blood mononuclear cells (PBMC) are
pulsed with 1i hybrids T cell response is increased compared to
stimulation after priming with native or recombinant proteins. Fujii et al
(1998) also designed a mutated human form p33 in which they
substituted CLIP with streptococcal M12 p55-68 and evaluated the
peptide presenting function through a T cell proliferation assay. Mouse L
transfectants expressing mutated form of Ii with HLA-DR4 can process
and present M12 p55-68 to the peptide specific and DR4 restricted CD4+
T cell clone.

Another method to increase antigen-specific stimulation of T-helper cells
entails the use of the li hybrids, in which a four-amino-acid sequence
(LRMK), the KEY motif of li, is linked to T-helper epitopes. The
mechanistic hypothesis states that the li-KEY binds initially to an
allosteric site just outside the MHC class Il binding groove at the cell
surface (Voutsas et al., 2007). This induces a conformational change in
the trough, facilitating antigenic epitope charging, and a concomitant
increase in the potency of antigen presentation compared with the
unmodified class Il epitope. As vector, li-KEY and li enhanced the
interferon IFNy and interleukin IL-4 or IL-2 responses in enzyme-linked
immunosorbent spot assay, epitope-specific CD4+ T cell activation, or
specific antibody production (Chen et al., 2012).

In addition, Mwangi et al (2007) have designed a DNA-construct
encoding for the major surface protein 1a of Anaplasma marginale fused
with the lysosome-targeting motif of bovine li. A single inoculation with
this construct primed immune response seen as a potent proliferation of
IFN-Y/CD4 T cells and production of IgG. A single injection of this
construct induced antigen specific memory cells, which formed the basis
for an accelerated response to repeated doses of the antigen.

The linkage of li to the N terminus of glycoprotein of LCMV virus
encoded by Adenovirus-based vaccines induced enhanced proliferation
of naive CD4+ and CD8+ T cells determining an accelerated, enhanced
and prolonged vaccine-induced protection against acute or chronic viral
infection. Additionally, this vaccine provides efficient protection against
viral escape variants due to an increased breadth of the vaccine-induced
CD8+ T cell response (Holst et al., 2008).
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Likewise, the adjuvant effect of li is obtained when li is linked to NS3, a
nonstructural protein from HCV and the fusion is encoded by Adeno
vector. Ad-murine-li NS3-induced CD8+ T cells show increased
cytotoxicity compared to Ad NS3. In addition, Ad li-NS3 elicited high
quality memory cells characterized for being poly-functional (IFNY,
TNFa and IL2) central memory T cells expressing the phenotypic cell
surface markers CD27 and CD127. These markers are associated with
long-term survival of Ag-specific memory CD8+ T cells and
maintenance of T cell memory (Mikkelesen et al., 2011).

li does not only enhance CD8+ T cell responses when tethered to antigen
within Ad vectors but has been shown to enhance responses when
included in DNA plasmids, lentiviral vectors and MVA.

Indeed, Rowe et al (2006) constructed lentiviral vaccine vectors carrying
li sequence linked to chicken ovalbumin, as model antigen. The li-OVA
vector was the most efficient at inducing cytokine-secreting CD4+ and
CD8+ T cells in mice and at protecting mice from challenge with the
OVA-expressing tumor, EG7.0VA.

The enhanced T cell response is visible also when murine p31 li is linked
to naked DNA encoded antigens. Grujic et al (2009) compared two DNA
vaccines, pACCMV.pLpA expressing either the glycoprotein (GP) of
LCMV virus (DNA-GP) or GP linked to the p31 li chain (DNA 1i-GP)
after gene immunization through FACS analysis. The insertion of the
murine li chain at the N terminus of GP antigen results in increased
priming of antigen specific CD8+ T cells directed against both dominant
and subdominant epitopes as previously described by Holst et al (2008)
using Adeno5 vaccine vector. Further they demonstrated that DNA mli-
GP vaccinated mice were significantly better protected against systemic
infection than DNA-GP vaccinated animals.

The enhanced protection derived by li has also been demonstrated in a
murine cancer model where the vaccination becomes a tool to improve
cancer specific T cell responses and vaccine-induced tumor control. In
brief, C57BL/6 mice are challenged with B16.F10 melanomas expressing
the dominant epitope (GP33) of LCMV glycoprotein and vaccinated with
Ad5 li GP. Vaccination with Ad5 li GP leads to a sustained rejection of
the tumor in mice vaccinated prior to tumor challenge and a delay of
tumor growth in therapeutically vaccinated mice compared to Ad5 GP
(Sorensen et al., 2009).

The effect of li was seen for both murine and human form of li and was
observed in inbred and outbred mice (as described previously) and in
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cynomolgus macaque as described by Capone et al (2014). They
demonstrated that fusion to murine li in CD1 mice and NHP improves
the magnitude and the breadth of CD8+ T-cell response to vaccine-
encoded homologous and heterologous HCV NS antigen in a prime-boost
regime using a chimpanzee Adeno vector (ChAd3) as primer and MVA
virus as booster. Since HCV virus exists in six different genotypes and
accumulates mutations, during its replication, this poly-specific elicited
response facilitates targeting multiple epitopes from divergent HCV virus
genotypes. Like the murine version of li, the human form of li
accelerated a CD8+ specific T cell response in both animal models.
Despite macaque li has very high amino acid sequence homology with
human p35 form of li, no self-reactive T cells of li were detected. This
demonstrates that the enhancement, derived by li, is not species specific
and translates from mice to NHP.

The same results were obtained by Spencer et al (2014) when they tested
in a regime of prime boost, the adjuvant effect of murine and human li
linked to ME-TRAP, an antigenic construct encoded for full length
Plasmodium falciparum TRAP (thrombospodin related adhesion protein)
fused to ME, a string of 20 malarial T and B cell epitopes. In particular,
after prime-boost vaccination with ChAd63 and with a subsequent MVA
boost ( given 8 weeks later), they observed a significantly higher antigen
specific CD8+ T cell response in mice and macaques than in those
expressing unmodified ME-TRAP.

In other studies, li shows protection not only by challenge with virus but
also by intracellular bacteria, such as Listeria monocytogenes Gram
positive bacteria that cause chorioamnionitis in pregnant women and
septicemia and meningitis in immunocompromised individuals.. To
effective clear this infection, the host elicits an adaptive immune
response involving both CD8+ and CD4+ T cells. For this reason, Jensen
et al (2013) tested two Adeno vectors expressing the glycoprotein of
LCMV virus (GP) with and without the li linkage. After vaccination with
Ad5 li GP and Ad5 GP, mice are challenged with a recombinant strain of
Listeria monocytogenes modified to secrete part of LCMV GP. The
tethering of li to antigen conferred protection in mice vaccinated with
Ad5 li GP than with Ad GP.

Despite the extensive description of the adjuvant effect of i, the
molecular mechanisms underlying this effect have not yet been
elucidated.
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2. AIM OF THE STUDY

My research activity, during the last three years, focused on identification
of the mechanism of action of Invariant chain as genetic adjuvant in the T
cell response induced by adenoviral vectors used as vaccines.

li is a non-polymorphic type Il trans-membrane protein, first identified as
the chaperone for MHC class Il molecules (Blum et al., 2013) and
prevents the premature binding of antigen peptides in the ER on class Il
molecules. Although li plays a role to ensure a CD4+ T cell response, its
genetic fusion of li to antigens encoded by human adenoviral vectors
(such as Ad5) increases the kinetics, magnitude and durability of CD8 T
cell response (Holst et al., 2008).

The adjuvant effect of li has been demonstrated linking as the murine as
the human forms of li to several antigens, such as malaria, Ebola, HCV
and LCMV viruses in inbred and outbreed mice and non-human primates
(NHP) (Malcherek et al., 1998; Holst et al., 2008; Capone et al., 2014;
Spencer et al., 2014).

Despite the extensive characterization of the effect of li as genetic
enhancer of CD8+ T cell response, its mechanism of action still remains
unknown.

For this reason my research activity was devoted to identify the
functional domains of li involved in enhanced CD8+ T cell response and
meanwhile to define the minimal region of the li that could retain
adjuvant effect.

Trimming of li to very short functional sequences might offer a better
candidate for evaluation of this technology in humans reducing possible
off target effects within transduced cells or improve the chances of
breaking tolerance.
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3 MATERIALS AND METHODS

3.1 Cell line cultures

Hela cells (ATCC) were cultured in Dulbecco’s Modified Essential
Medium (DMEM) (GibcoBRL) supplemented with 10% Fetal Bovine
Serum (FBS) (heat inactivated 56°C 30 min Hyclone) and 2mM L-
glutamine (GibcoBRL) at 37°C in a 5% CO2/95% air atmosphere.
BMDC (Bone Marrow Dendritic Cells) were obtained from femurs of 6-
10 week old female CB6F1 mouse. The protocol for generation and
purification of BMDC was adapted from Muccioli et al., 2011. The ends
of the bones were cut off and the inside of the bones infused with RPMI
using a sterile syringe inside a petri dish. Bone marrow leukocytes
clumps were broken up and the cell suspension washed twice in RPMI
(GibcoBRL) containing with 10% FBS (Hyclone), 2mM L-glutammine
(GibcoBRL), 10mM Hepes (GibcoBRL), 55uM 2-mercaptoethanol
(GibcoBRL) (1200 rpm for 5 minutes) after collection. Red blood cells
were lysed using ACK lysis buffer (5 minutes RT) and washed with
RPMI and counted. 3 x10° cells were cultured in 10ml R10% in a T75
flask (BD 353136) with 10 ng/ml of recombinant murine granulocyte-
macrophage colony-stimulating factor (rGM-CSF; Invitrogen PMC2015)
at 37°C with 5% CO2. On day 3 cultures were supplemented with 10mls
of R10 with 10 ng/ml rGM-CSF. On day 6 of culture the media was
harvested, cells were pelleted (1200 rpm for 5 minutes) and suspended in
20ml of fresh R10 supplemented with 10 ng/ml rGM-CSF until 10 days.
For the last part of experiments it was used another protocol to
differentiate BMDC cells in suspension (Zanoni et al., 2011). 7 x10° cells
were cultured in 10ml R10% in a T75 flask (Corning 3814) with 10
ng/ml  of recombinant murine granulocyte-macrophage colony-
stimulating factor (rGM-CSF; Invitrogen PMC2015) at 37°C with 5%
CO2. On days 4 and 7 5 ml of R10 with 10 ng/ml rGM-CSF were added
and cells grew until day 8/9.

The new protocol was introduced to achieve a better differentiation and
viability of BMDC cells in vitro and to collect a high number of cells for
each experiment. The results obtained with two protocols were
comparable.

HuH7 and HEK293 (ATCC) were grown in DMEM supplemented with
10% FBS (Hyclone) and 2mM L-glutamine (GibcoBRL) at 37°C in a 5%
C0O2/95% air atmosphere
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3.2 Adenoviral vectors: construction, amplification and purification

The first adenoviral vectors were made by Peter Holst (University of
Copenhagen). Murine li (mli) insert (accession number NM_1042605.1)
was obtained from plasmid murine li opt.

All Ad constructs were E1E3 deleted and all full and truncated li
sequences were cloned at the N-terminus of the transgene under HCMV
and SV40pA.

For the second part of the work, the new short variant mli 50-75 OVA ,
the mutated vectors in the full length and in the short forms and related
controls such as Ad5 OVA, Ad5 mli OVA or Ad5 1-75 mli OVA were
generated by me using another preAdeno shulttle.

GeneArt (Life Technologies, Paisley, UK) had synthesized pvj plasmid
encoded for mutated and short variants of mli using pvj shuttle.

All full and truncated li sequences were cloned at the N-terminus of the
transgene OVA under HCMV and BGHPpA control and then transferred
into the pre-adeno vector by homologous recombination in BJ5183 cells.
All Ad constructs were E1E3 deleted and therefore non-replicative
except in E1 supplemented cell lines.

The first pre-adeno backbone and the last one differed for the poly A
signal and also for the length of the HCMV promoter.

The sequence of HCMV promoter of the first pre-adeno backbone is:
5’GATCTATACATTGAATCAATATTGGCAATTAGCCATATTAGTCA
TTGGTTATATAGCATAAATCAATATTGGCTATTGGCCATTGCATAC
GTTGTATCTATATCATAATATGTACATTTATATTGGCTCATGTCCAA
TATGACCGCCATGTTGACATTGATTATTGACTAGTTATTAATAGT
AATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCC
GCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCC
AACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCAT
AGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAG
TATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCAT
ATGCCAAGTCCGCCCCCTATTGACGTCAATGACGGTAAATGGCC
CGCCTGGCATTATGCCCAGTACATGACCTTACGGGACTTTCCTA
CTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTGA
TGCGGTTTTGGCAGTACACCAATGGGCGTGGATAGCGGTTTGA
CTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGG
AGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTC
GTAATAACCCCGCCCCGTTGACGCAAATGGGCGGTAGGCGTGT
ACGGTGGGAGGTCTATATAAGCAGAGCTC 3’
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The sequence of HCMYV promoter of the second pre-adeno backbone is:
5’CCATTGCATACGTTGTATCCATATCATAATATGTACATTTATATT
GGCTCATGTCCAACATTACCGCCATGTTGACATTGATTATTGACT
AGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCA
TATATGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCT
GGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAATAATGA
CGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGT
CAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACA
TCAAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAATG
ACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTA
TGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCT
ATTACCATGGTGATGCGGTTTTGGCAGTACATCAATGGGCGTGG
ATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTG
ACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTT
TCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAAATGGGC
GGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCTCC
CTATCAGTGATAGAGATCTCCCTATCAGTGATAGAGATCGTCGA
CGAGCTCGTTTAGTGAACCGTCAGATCGCCTGGAGACGCCATC
CACGCTGTTTTGACCTCCATAGAAGACACCGGGACCGATCCAG
CCTCCGCGGCCGGGAACGGTGCATTGGAACGCGGATTCCCCGT
GCCAAGAGTGAGATCTTCCGTTTATCTAGGTACCAGATA 3’

The second pre-adeno backbone had a longer promoter than the first one.
Probably this justified difference in the vaccination dosages.

The change of backbone had been useful to verify if the phenotype that it
is visible in vivo between OVA and mli OVA, is independent from
transcriptional regulation signals such as promoter and polyA.

Pre-adeno plasmids were first digested with Pmel to release the viral
ITRs then 3-5x106 HEK293/PER.C6 cells grown in DMEM, 10% fetal
bovine serum (FBS), 1% Penn-Strept in T25 flasks, were transfected with
10 micrograms of cloned viral vector. DNA transfection was performed
using Lipofectamine 2000 (Invitrogen). Vectors were then expanded up
to a production scale of 2x10° cells. Purification was performed by two
step Cesium Chloride gradient (Colloca et al., 2012). All viruses were
controlled by restriction and sequencing analysis.

3.3 Animal and vaccination

All experimental procedures were approved by the local animal ethics
council and were performed in accordance with national and international
laws and policies (EEC Council Directive 86/609; Italian Legislative
Decree 116/92). The ethical committee of the Italian Ministry of Health
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approved this research. Animal handling procedures were performed
under anesthesia, and all efforts were made to reduce animal numbers
and minimize suffering. Six-week-old female C57 mice were purchased
from Charles River (Como, Italy). All day-to-day care of the mice was
performed by trained mouse house staff at CEINGE. Viral vectors were
administered with intramuscular injection in the quadriceps by delivering
a volume of 50 pl per side (100 ul final volume). The injected dose for
all mouse experiments was 3x10° viral particles (vp) for Ad vectors. For
the second part of the project the dose of injection was 108 vp.

3.4 Ex vivo IFN-y ELISpot

Mouse splenocytes were plated in duplicate at two different densities (2x
10° and 4 x 10° cells per well) after blocking e washing of MSIP S4510
plates (Millipore , Billerica, MA) coated with 10 pg/ml of anti- mouse
IFN-y antibody (U-CyTech Utrecht, The Netherlands) overnight at 4°C.
The cells were stimulated overnight at 37°C with immunodominant OVA
peptide 257-264 (SIINFEKL) at a final concentration of 2pg/ml on each
well. Two controls were used in this assay: the peptide diluent dimethyl
sulfoxide (Sigma- Aldrich, Milan, Italy) as negative control and
concanavalin A (Sigma- Aldrich, Milan, Italy) as positive control. Plated
were incubated with biotinylated anti-mouse IFN-y antibody (U-CyTech
Utrecht, The Netherlands) conjugated streptavidin-alkaline phosphatase
(BD Bioscience, San Jose, CA) and at the end with 5-bromo-4-chloro-3-
indoyl-phosphatase/nitro blue tetrazolium 1-step solution (Thermo Fisher
Scientific, Rockford , IL). An automated ELISA —spot assay video
analysis system automated plate reader was used to analyze plates. The
ELISpot data were expressed as number of T cells producing IFN- y per
millions of splenocytes. To have a positive ELISpot response these
following conditions must occur: IFN- y spots present in wells stimulated
with Con-A; at least 50 specific spots/million splenocytes to
immunodominant peptide; the number of spots of positive wells was
three times the number identified in the mock control wells (dimethyl
sulfoxide) and responses diminished with cells dilutions.

3.5 Infection

Hela cells were stripped from the plate using pre-warmed trypsin (0.05%
GibcoBRL 25300-054) and were infected with adenoviral vectors in
DMEM containing 2% FBS and 2mM L-glutammine (GibcoBRL) at 100
MOI (Multiplicity Of Infection-vp/cell) for Western blot analysis (10°
cells), 50 MOI (vp/cell) for immunoprecipitation (3x10° cells) and FACS
analysis (10° cells) and 50 MOI for immunofluorescence (10° cells).
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After 1 hour the cells were added with DMEM with 10% FBS. After 3
hours the cells were treated with appropriate inhibitors for 16 hours such
as MG-132 (10uM Sigma), pepstatin (1uM)/ E64D (10puM) (ratio 1:1),
chloroquine (500nM), radicicol (90puM) (Hsp90 inhibitor) and 17-
allylamino-17demethoxy-geldanamycin (17-AAG 170nM) (Hsp70/90
inhibitor).

BMDC cells were stripped from the plate using pre-warmed trypsin
(0.25% GibcoBRL 25200-056) and cell dissociation solution (Sigma,
C5789-100ml) 1:1 mix (incubated 7 minutes in a CO2 incubator at 37°C
and 5% CQO2) and were infected in 48 well- plate with adenoviral vectors
in RPMI containing 2% FBS and 2mM L-glutammine (GibcoBRL) at
200 MOI (infection units/cell) (2x10° cells). After 1 hour the cells were
added with RPMI with 10% FBS. After 3 hours the cells were treated
with MG-132 inhibitor and pepstatin (1uM)/ E64D (10uM) (ratio 1:1)
for 16 hours.

For immunofluorescence analysis HUH7, HEK293 and BMDC cells (10°
cells) were infected with a dose escalation of MOI (5-10-50 MOI).

3.6 Immunoprecipitation for ubiquitination analysis

For the ubiquitination analysis Hela cells were transfected with Ub-
FLAG plasmid (Invitrogen) (2pg) for 16 hours with Lipofectamine 2000
(Invitrogen) according to the manufacture instruction. After change of
medium, the cells were infected with adenoviral vectors for 16 hours and
treated with MG-132 for 24 hours. The Hela cells were lysed and the
protein lysates were immunoprecipitated with anti-UbLys48 antibody (10
pg clone Apu2 rabbit monoclonal Millipore) or with anti Ub-Lys63
antibody (10 pg clone Apu3 rabbit monoclonal Millipore) for 16 hours at
4°C with rocking. After the supernatants were incubated with protein A
sepharose CL-4B (500 pg GE Healthcare) for 45 minutes at 4°C with
rocking. The samples were analyzed by Western blot.

3.7 Analysis of PNGase activity

Protein lysates were immunoprecipitated with anti GFP (2ug mouse
monoclonal clone B-2 Santa Cruz) or with anti HA (2ug rabbit
polyclonal Sigma) for 16 hours at 4°C with rocking. After the
supernatants were incubated with protein A sepharose CL-4B (500 ug
GE Healthcare) for 45 minutes at 4°C with rocking. The samples were
treated with 0,2% SDS in 75mM sodium phosphate buffer pH7.5, boiled
(95°C for 5 minutes) and reduced with DTT. After they were treated
with 2% Tryton in 75 mM sodium phosphate buffer (pH 7.5) and
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inhibitors protease and digested with PNGase enzyme (1000U for each
sample Biolabs) for 3 hours at 37°C. This enzyme is an amidase which
cleaves between the innermost GICNAc and asparagine residues of high
mannose,hybrid and complex oligosaccharides from N-linked
glycoproteins. At the end of incubation lysates were resolved with
Western blot analysis.

3.8 Western blot analysis

The Hela cells were lysed in 20mM Tris-HCL pH7.5, 150mM NacCl and
1mM EDTA pH8 and cell debris was removed by centrifugation (13000
rpm for 30 minutes). Lysates were resolved by 4-12% SDS PAGE and
transferred to nitrocellulose membrane. The membrane was probed with
anti GFP-HRP (mouse monoclonal anti —Green Fluorescent Protein-
Horseradish Peroxidase Miltenyi Biotec 1:5000), anti HA —HRP( mouse
monoclonal anti —Hemmagglutinin-Horseradish Peroxidase Miltenyi
Biotec 1:5000), anti GFP (mouse monoclonal clone B-2 Santa Cruz
1:1000), anti-FLAG (mouse monoclonal clone M2 Sigma 1:5000) anti
GAPDH (mouse monoclonal Sigma-Aldrich 1:3000) and peroxidase-
conjugated anti-mouse( A3682, Sigma-Aldrich, 1:5000). The blot was
visualized using ECL (SuperSignal West Pico Chemiluminscent substrate
Thermo scientific). To quantify the relative amounts of the
immunolabeled bands, different exposures of the blot were analyzed with
the NIH image program.

3.9 Antigen presentation assay

After transduction BMDC are harvested as above, washed in RPMI
twice, and suspended in PBS. BMDC are pelleted and suspended in PBS-
Fc blocked (1:25 BD Bioscience) at 4°C for 20 minutes. After wash in
PBS, the pellet was suspended in violet fixable live/dead (1:50 by 1:20
dilution Life Technologies) and stained at room temperature for 20
minutes. Cells were washed with PBS and incubated with CD11c-Pecy7
(1:100 BD Bioscience) and H2-Kb-SIINFEKEL (1:100 Biolegend) in
FACS buffer (1% FBS in PBS) for 30 minutes at room temperature.
After centrifugation at 1200 rpm for 5 minutes, the pellet was washed in
FACS buffer and suspended in PBS. Stained cells were acquired on a
FACS Canto flow cytometer and analyzed using DIVA software (BD
Biosciences). Voltages and gating were checked with BMDC infected
with Ads containing full length mli and unstained and not infected cells.
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3.10 FACS analysis

Hela cells (2x10°) were transfected with DNA encoded GFP or mli GFP
(0.8 ug) or infected with adenoviral vectors encoding for GFP as
described above. After 4 hours they were treated with MG-132 (10uM
Sigma), chloroquine (1x) and pepstatin (1uM)/E64D (10uM) (ratio 1:1),
for 16 hours. Cells were harvested and suspended in violet fixable
live/dead (1:50 by 1:20 dilution) at room temperature for 20 minutes.
After incubation cells were washed with PBS. Stained cells were
acquired on a FACS Canto flow cytometer and analyzed using DIVA
software (BD Biosciences). Voltages and gating were checked with Hela
infected with Ads containing full length mli (or transfected with the same
DNA form) and unstained and not infected cells.

3.11 Immunofluorescence and colocalization evaluation

Hela, BMDC, HEK29 and HuH7 cells (10° cells) were infected with
50MOI or dose escalation of MOI (5-10-50 MOI) with Ad5 GFP or Ad5
mli GFP and treated or not with MG-132 for 24 hours.
Poliethylenimmine (PEI) in water (1ug/ul) was used at transfecting agent.
Briefly 2 ug of DNA were mixed with 5 ug of PEI in 150 mM NacCl to be
then added after 30 minutes of incubation to a 10 cm dish of the cells in
complete fresh medium. After detaching with 0,05% of trypsin, the cells
were plated on glass coverslips and were fixed in 4% Formaldehyde
dissolved in PBS for 30minutes. Formaldehyde was quenched by
incubating the coverslips for 30minutes in 0,1M Glycine dissolved in
PBS. Cells were permeabilized in 0, 1% TritonX100 for 10minutes at RT
to be then incubated with primary and secondary antibody diluted in PBS
for 1hour and 30minutes, respectively. The fluorescence of GFP was
evaluated with confocal microscopy

For co-localization study the antibodies used were: rabbit polyclonal anti
GM130 ( Sigma 1:100), rabbit polyclonal anti Lampl ( Thermo fisher
1:200), rabbit polyclonal anti LC3 ( Abcam 1:50) and mouse monoclonal
anti FLAG ( Sigma 1:100) that recognizes the FLAG tag linked to
Ubiquitin FLAG plasmid, transfected in the cells (as described above).
The secondary antibody was a rabbit Texas-Red conjugated polyclonal
antibody (1:400 Sigma). The immunofluorescence intensity in the
Texas-Red channel (depending only on the PM localized CB1) was
measured using NIH ImageJ Biophotonic programs and normalized to
one of the GFP channel. The results are given as mean +/— s.d.m.
Immunofluorescence images were taken by a Leica DFC320 video-
camera (Leica, Milan, Italy) connected to a Leica DMRB microscope
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equipped with a 100 X objective and the Image J Software (National
Institutes of Health, Bethesda, MD) was used for analysis.

3.12 Statistical evaluation

Statistical analysis was performed using GraphPad Prism (version 6).
Because populations were more or less normally distributed, a parametric
one-tailed unpaired Student’s t-test was used to evaluate statistical
significance (*p <0,05; **p <0,01;***p <0,001; ****p <0,0001).

One-tailed tests are appropriate when testing a specific, directional
hypothesis. Because our a priori predictions, supported also by a lot of
works presented in literature, were directional towards an improvement
of T cell response thanks the presence of li, one-tailed tests were used.

49



7. ACKNOWLEDGMENTS

Undertaking this PhD has been a truly life-changing experience for me
and it would not have been possible without the support and guidance
that I received from many people. | would like to first say thank you to
Prof. Alfredo Nicosia, who gave me the possibility to work in a biotech
company. | have really appreciated the help that he gave me during the
writing of my thesis. Thanks to my supervisor Antonella Folgori, the
director of the Immunology group that | joined during my PhD, for all
the support and encouragement; my tutor Morena D’Alise, for her
encouragement and supervisory role and Stefania Capone for all advices
and support.

Many thanks to all Immunology group of Reithera that followed my
education and has made these three years very fabulous: Maria Luisa
Esposito and MariaRosaria Del Sorbo for all advise that they gave me
and help in my experiments, Alessandra Contino and Andrea Sommella
for their pep talk and good humor. All of them have allowed sustaining a
positive atmosphere in which to do science.

Thanks to all Vectorology group, especially Fabiana Grazioli who have
followed me in the second part of my PhD project. She taught me
everything about the production of adenoviral vectors, increasing my
personal background. I would thank her also for encouragement and
patience in my entire route.

I would thanks also prof. Paul Klenerman and prof. Ellie Barnes, for their
willingness to host me and for the opportunity you gave me to take part
in their project.

| greatly appreciate the support received through the collaborative work
with Peter Holst from the University of Copenhagen from the help in the
first part of my PhD project, Leo Swadling from the University of Oxford
that have started this project during his PhD route and Mariano
Stornaiuolo from the University of Naples for his experience in
proteomic field.

Further, I would thanks prof. Paola Merolla, for the corrections and
suggestions that have improved the readability of mine dissertation.

I would also thank all my family and my boyfriend because they are
around me and support me in all my life.

50



8. REFERENCES

Abbink P, Lemckert AA, Ewald BA, Lynch DM, Denholtz M, Smits S,
Holterman L, Damen I, Vogels R, Thorner AR, O'Brien KL,
Carville A, Mansfield KG, Goudsmit J, Havenga MJ, Barouch DH.
Comparative seroprevalence and immunogenicity of six rare
serotype recombinant adenovirus vaccine vectors from subgroups B
and D. J Virol. 2007; 81(9):4654-63.

Ackerman AL, Giodini A, Cresswell P. A role for the endoplasmic
reticulum protein retrotranslocation machinery during
crosspresentation by dendritic cells. Immunity. 2006 ;25(4):607-17.

Ahlén G, Sdderholm J, Tjelle T, Kjeken R, Frelin L, Hoglund U,
Blomberg P, Fons M, Mathiesen I, Séllberg M. In vivo
electroporation enhances the immunogenicity of hepatitis C virus
nonstructural 3/4A DNA by increased local DNA uptake, protein
expression, inflammation, and infiltration of CD3+ T cells. J
Immunol. 2007;179(7):4741-53.

Aichele P, Hengarthern H, Zinkernagel RM, Schulz M. Antiviral
Cytotoxic T Cell Response Induced By in Vivo Priming With a Free
Synthetic Peptide. J. Exp. Med. 1990;171:1815-20.

Appledorn DM, Patial S, Godbehere S, Parameswaran N, Amalfitano
A.TRIF, and TRIF-interacting TLRs differentially modulate several
adenovirus vector-induced immune responses. J Innate Immun.
2009;1(4):376-88.

Applendorn DM, Aldhamen YA, DePas W, Seregin SS, Liu CJJ, Schuldt
TN, Quach D, Qurioga D, Godbehere S, Zlatkin I, KimS,
McCormick JJ, Amalfitano A. A new adenovirus based vaccine
vector expressing an Eimeria tenella derived TLR agonist improves
cellular immune responses to an antigenic target. PLoS One.
2010;5(3):e9579.

Ashman JB, Miller J. A role for the transmembrane domain in the
trimerization of the MHC class Il-associated invariant chain. Journal
of Immunology 1999;163(5): 2704-2712.

Baden LR, Blattner WA, Morgan C, Huang Y, Defawe OD, Sobieszczyk
ME, et al. Timing of plasmid cytokine (IL-2/1g) administration

51



affects HIV-1 vaccine immunogenicity in HIV-seronegative
subjects. J. Infect. Dis. 2011;204:1541-9.

Bakke O, Dobberstein B. MHC class Il-associated invariant chain
contains a sorting signal for endosomal compartments. Cell.
1990;63(4):707-16.

Barnes E, Folgori A, Capone S, Swadling L, Aston S, Kurioka A, Meyer
J, Huddart R, Smith K, Townsend R, Brown A, Antrobus R,
Ammendola V, Naddeo M, O'Hara G, Willberg C, Harrison A,
Grazioli F, Esposito ML, Siani L, Traboni C, Oo Y, Adams D, Hill
A, Colloca S, Nicosia A, Cortese R, Klenerman P. Novel
adenovirus-based vaccines induce broad and sustained T cell
responses to HCV in man. Sci Transl Med. 2012;4(115):115ral.

Barouch DH, Yang ZY, Kong WP, Korioth-Schmitz B, Sumida SM,
Truitt DM, Kishko MG, Arthur JC, Miura A, Mascola JR, Letvin
NL, Nabel GJ. A human T-cell leukemia virus type 1 regulatory
element enhances the immunogenicity of human immunodeficiency
virus type 1 DNA vaccines in mice and nonhuman primates. J Virol.
2005 ;79(14):8828-34.

Bartholdy C, Stryhn A, Hansen NJ, Buus S, Thomsen AR. Incomplete
effector/memory differentiation of antigen-primed CD8+ T cells in
gene gun DNA-vaccinated miceEur J Immunol. 2003;33(7):1941-8.

Basha G, Omilusik K, Chavez-Steenbock A, Reinicke AT, Lack N, Choi
KB, Jefferies WA. A CD74-dependent MHC class | endolysosomal
cross-presentation pathway. Nat Immunol. 2012;13(3):237-45.

Bassett JD, Swift SL, Bramson JL. Optimizing vaccine-induced CD8 (+)
T-cell immunity: focus on recombinant adenovirus vectors. Expert
Rev Vaccines. 2011;10(9):1307-19.

Bazhan SI, Belavin PA, Seregin SV, Danilyuk NK, Babkina IN,
Karpenko LI, Nekrasova NA, Lebedev LR, Ignatyev GM, Agafonov
AP, Poryvaeva VA, Aborneva IV, llyichev AA. Designing and
engineering of DNA-vaccine construction encoding multiple CTL-
epitopes of major HIV-antigensVaccine. 2004;22(13-14):1672-82.

Bazhan SI, Karpenko LI, llyicheva TN, Belavin PA, Seregin SV,
Danilyuk NK, Antonets DV, Ilyichev AA. Rational design based

52



synthetic polyepitope DNA vaccine for eliciting HIV-specific CD8+
T cell responses. Mol Immunol. 2010 ;47(7-8):1507-15.

Beignon AS, Mollier K, Liard C, Coutant F, Munier S, Riviere J, Sougque
P, Charneau P. Lentiviral vector-based prime/boost vaccination
against AIDS: pilot study shows protection against Simian
immunodeficiency virus SIVmac251 challenge in macaques. J
Virol. 2009;83(21):10963-74.

Berke G. The CTL's kiss of death. Cell 1995;81(1):9-12.

Bernhardt SL, Gjertsen MK, Trachsel S, Mgller M, Eriksen JA, Meo M.,
Buanes T, Gaudernack G. Telomerase peptide vaccination of
patients with non-resectable pancreatic cancer: A dose escalating
phase I/11 study. Br. J. Cancer 2006;95:1474-1482

Berzofsky JA. Epitope selection and design of synthetic vaccines.
Molecular approaches to enhancing immunogenicity and cross-
reactivity of engineered vaccines. Ann N 'Y Acad Sci.
1993;690:256-64.

Bijker MS, Melief CJ,0Offringa R, van der Burg SH. Design and
development of synthetic peptide vaccines: Past, present and future.
Expert Rev. Vaccines 2007;6:591-603.

Bikoff EK, Huang LY, Episkopou V, van Meerwijk J, Germain RN,
Robertson EJ. Defective major histocompatibility complex class Il
assembly, transport, peptide acquisition, and CD4+ T cell selection
in mice lacking invariant chain expression. J Exp Med. 1993
;177(6):1699-712.

Bluestone JA, Abbas AK.Natural versus adaptive regulatory T cells. Nat
Rev Imm 2003; 3:253-7.

Blum JS, Wearsch PA, Cresswell P. Pathways of antigen processing.
Annu Rev Immunol. 2013;31:443-73.

Bouvier M and Willy DC. Importance of peptide amino and carboxil
termini to the stability of MHC class 1l molecules.Science 1994;
265:398-402.

53



Breckpot, K., M. Dullaers, A. Bonehill, S. van Meirvenne, C. Heirman,
C. de Greef, P. van der Bruggen, and K. Thielemans. 2003. Lentivirally
transduced dendritic cells as a tool for cancer immunotherapy. J. Gene
Med. 5:654.

Brochier B, Dechamps P, Costy F, Hallet L, Leuris J, Villers M, Peharpre
D, Mosselmans F, Beier R, Lecomte L, Mullier P, Roland H,
Bauduin B, Kervyn T, Renders C, Escutenaire S, Pastoret PP.
Elimination de la rage en Belgique par la vaccination du renard roux
(Vulpes vulpes). Ann Med Vet 2001;145:293-305.

Brunsvig PF, Kyte JA,Kersten C, Sundstrem S, Mgller M, Nyakas M,
Hansen GL,Gaudernack G,Aamdal S. Telomerase peptide
vaccination in NSCLC: A phase Il trial in stage Il patients
vaccinated after chemoradiotherapy and an 8-year update on a phase
I/11 trial. Clin.Cancer Res. 2011;17:6847—6857.

Capone S, Naddeo M, D’Alise AM, Abbate A, Grazioli F, Del Gaudio A,
et al. Fusion of HCV nonstructural antigen to MHC class I1-
associated invariant chain enhances T-cell responses induced by
vectored vaccines in nonhuman primates. Mol. Ther. 2014;22:1039-
47,

Carvalho JA, Rodgers J, Atouguia J, Prazeres DM, Monteiro GA DNA
vaccines: a rational design against parasitic diseases. Expert Rev
Vaccines. 2010;9(2):175-91.

Cascio P, Call M, Peter BM, Walz T and Goldberg AL Propreties of the
hybrid form of the 26S proteasome containing both 19S and PA28
complexes. EMBO J 2002; 21: 2636-2645.

Casimiro DR, Tang A, Chen L, Fu TM, Evans RK, Davies ME, Freed
DC, Hurni W, Aste-Amezaga JM, Guan L, Long R, Huang L, Harris
V, Nawrocki DK, Mach H, Troutman RD, Isopi LA, Murthy KK,
Rice K, Wilson KA, Volkin DB, Emini EA, Shiver JW. Vaccine-
induced immunity in baboons by using DNA and replication-
incompetent adenovirus type 5 vectors expressing a human
immunodeficiency virus type 1 gag gene. J Virol.
2003;77(13):7663-8

Cerundolo V, Elliott T, Elvin J, Bastin J, Townsend A Association of the

54



human invariant chain with H-2 Db class | molecules Eur J
Immunol. 1992 Sep;22(9):2243-8.

Cerundolo V, Benham A, Braud V, Mukherjee S, Gould K, Macino B,
Neefjes J, Townsend A. The proteasome-specific inhibitor
lactacystin blocks presentation of cytotoxic T lymphocyte epitopes
in human and murine cells. Eur J Immunol. 1997;27(1):336-41.

Chen F, Meng F, Pan L, Xu F, Liu X, Yu W.Boosting immune response
with the invariant chain segments via association with non-peptide
binding region of major histocompatibility complex class Il
molecules. BMC Immunol. 2012;13:55.

Cheng WF, Hung CF, Chai CY, Hsu KF, He L, Ling M, Wu TC. Tumor-
specific immunity and antiangiogenesis generated by a DNA
vaccine encoding calreticulin linked to a tumor antigen. J Clin
Invest. 2001;108(5):669-78.

Cheng WF, Hung CF, Hsu KF, Chai CY, He L, Polo JM, Slater LA, Ling
M, Wu TC. Cancer immunotherapy using Sindbis virus replicon
particles encoding a VP22-antigen fusionHum Gene Ther.
2002;13(4):553-68.

Cheung YK, Cheng SC, Sin FW, Xie Y. Plasmid encoding
papillomavirus Type 16 (HPV16) DNA constructed with codon
optimization improved the immunogenicity against HPV infection.
Vaccine. 2004 ;23(5):629-38.

Colloca S, Barnes E, Folgori A, Ammendola V, Capone S, Cirillo A,
Siani L, Naddeo M, Grazioli F, Esposito ML, Ambrosio M,
Sparacino A, Bartiromo M, Meola A, Smith K, Kurioka A, O'Hara
GA, Ewer KJ, Anagnostou N, Bliss C, Hill AV, Traboni C,
Klenerman P, Cortese R, Nicosia A. Vaccine vectors derived from a
large collection of simian adenoviruses induce potent cellular
immunity across multiple species. Sci Transl Med 2012 ;4(115).

Conant SB, Swanborg RH MHC class Il peptide flanking residues of
exogenous antigens influence recognition by autoreactive T cells.
Autoimmun Rev 2003; 2:8-12.

55



Coutant F,Frenkiel MP,Despres P,Charneau P .Protective Antiviral
Immunity Conferred by a Nonintegrative Lentiviral Vector-Based
Vaccine. PLoS ONE. 2008; 3(12): e3973.

Cresswell P. Invariant chain structure and MHC class Il function. Cell
1996; 84:505-507.

Dixon AM, Stanley BJ, Matthews EE, Dawson JP, Engelman DM.
Invariant chain transmembrane domain trimerization: a step in MHC
class Il assembly. Biochemistry 2006; 45(16): 5228-5234.

Dranoff G. Cytokines in cancer pathogenesis and cancer therapy.
Nat RevCancer. 2004 ;4(1):11-22.

Draper SJ, Moore AC, Goodman AL, Long CA, Holder AA, Gilbert SC,
Hill F, Hill AV. Effective induction of high-titer antibodies by viral
vector vaccines. Nat Med. 2008 Aug;14(8):819-21.

Draper SJ, Biswas S, Spencer AJ, Remarque EJ, Capone S, Naddeo M,
Dicks MD, Faber BW, de Cassan SC, Folgori A, Nicosia A, Gilbert
SC, Hill AV. Enhancing blood-stage malaria subunit vaccine
immunogenicity in rhesus macaques by combining adenovirus,
poxvirus, and protein-in-adjuvant vaccines. J Immunol. 2010 Dec
15;185(12):7583-95.

Durso RJ, Andjelic S, Gardner JP, Margitich DJ, Donovan GP, Arrigale
RR, Wang X, Maughan MF, Talarico TL, Olmsted RA, Heston WD,
Maddon PJ, Olson WC. A novel alphavirus vaccine encoding
prostate-specific membrane antigen elicits potent cellular and
humoral immune responses. Clin Cancer Res. 2007;13(13):3999-
4008.

Epstein JE, Giersing B, Mullen G, Moorthy V, Richie TL. Malaria
vaccines: Are we getting closer? Curr. Opin. Mol. Ther.2007; 9:12—
24.

Faure-André G, Vargas P, Yuseff MI, Heuze M, Diaz J, Lankar D, Steri
V, Manry J, Hugues S, Vascotto F, Boulanger J, Raposo G, Bono
MR, Rosemblatt M, Piel M, Lennon-Duménil AM. Regulation of
dendritic cell migration by CD74, the MHC class I1-associated

56



invariant chain. Science.2008;322(5908):1705-10.

Fishbain S, Inobe T, Israeli E, Chavali S, Yu H, Kago G, Babu MM,
Matouschek A. Sequence composition of disordered regions fine-
tunes protein half-life. Nat Struct Mol Biol. 2015;22(3):214-21.

Folgori A et Capone S 2012- Enhanced viruses as vaccine platforms-In:
Innovation in Vaccinology, Springer; pp:65-86.

Frauwirth K, Shastri N. Mutation of the invariant chain transmembrane
region inhibits 1l degradation, prolongs association with MHC class
I1, and selectively disrupts antigen presentation. Cell Immunol.
2001;209(2):97-108.

Fremont DH, Hendrickson WA, Marrack P, Kappler J. Structures of an
MHC class Il molecule with covalently bound single peptides.
Science. 1996 ;272(5264):1001-4.

Fujii S, Senju S, Chen YZ, Ando M, Matsushita S, Nishimura Y. The
CLIP-substituted invariant chain efficiently targets an antigenic
peptide to HLA class Il pathway in L cells. Hum Immunol. 1998
Oct;59(10):607-14.

Furuta K, Walseng E, Roche PA. Internalizing MHC class I1-peptide
complexes are ubiquitinated in early endosomes and targeted for
lysosomal degradation .Proc Natl Acad Sci U S A.
2013;110(50):20188-93.

Gagnon E, Duclos S, Rondeau C, Chevet E, Cameron PH, Steele-
Mortimer O, Paiement J, Bergeron JJ, Desjardins M Endoplasmic
reticulum-mediated phagocytosis is a mechanism of entry into
macrophages. Cell. 2002 ;110(1):119-31.

Gargett T, Grubor-Bauk B, Garrod TJ, Yu W, Miller D, Major L,
Wesselingh S, Suhrbier A, Gowans EJ. Induction of antigen-
positive cell death by the expression of perforin, but not DTa, from
a DNA vaccine enhances the immune response. Immunol Cell Biol.
2014 ;92(4):359-67.

Grujic M, Holst PJ, ChristensenPJ, Thomsen AR Fusion of a viral antigen
to invariant chain leads to augmented T-cell immunity and

57



improved protection in gene-gun DNA-vaccinated mice J. Gen.
Virol.,2009 90: 414-422.

Gummow J, Li Y, Yu W, Garrod T, Wijesundara D, Brennan AJ,
Mullick R, Voskoboinik I, Grubor-Bauk B, Gowans EJ. A
Multiantigenic DNA Vaccine That Induces Broad Hepatitis C
Virus-Specific T-Cell Responses in Mice. J Virol.
2015;89(15):7991-8002.

Gunn MD, Tangemann K, Tam C, Cyster JG, Rosen SD, Williams LT. A
chemokine expressed in lymphoid high endothelial venules
promotes the adhesion and chemotaxis of naive T lymphocytes.
Proc Natl Acad Sci U S A. 1998;95(1):258-63.

Gunzer M, Schéfer A, Borgmann S, Grabbe S, Zénker KS, Brocker EB,
Kémpgen E, Friedl P. Antigen presentation in extracellular matrix:
interactions of T cells with dendritic cells are dynamic, short lived,
and sequential. Immunity.2000;13(3):323-32.

Gupta S, Zhou F, Greer CE, Legg H, Tang T, Luciw P, zur Megede J,
Barnett SW, Donnelly JJ, O'Hagan DT, Polo JM, Vajdy M.
Antibody responses against HIV in rhesus macaques following
combinations of mucosal and systemic immunizations with chimeric
alphavirus-based replicon particles.AIDS Res Hum Retroviruses.
2006;22(10):993-7.

Hammer GE, Gonzalez F, Champsaur M, Cado D, Shastri N. The
aminopeptidase ERAAP shapes the peptide repertoire displayed by
major histocompatibility complex class | molecules. Nat Immunol.
2006 ;7(1):103-12.

He Z, Wlazlo AP, Kowalczyk DW, Cheng J, Xiang ZQ, Giles-Davis W,
Ertl HC. Viral recombinant vaccines to the E6 and E7 antigens of
HPV-16. Virology. 2000;270(1):146-61.

Holst PJ, Bartholdy C, Stryhn A, Thomsen AR, Christensen JP. Rapid
and sustained CD4 (+) T-cell-independent immunity from
adenovirus-encoded vaccine antigensJ Gen Virol. 2007;88(6):1708-
16.

58



Holst PJ, Sorensen MR, Mandrup Jensen CM, Orskov C, Thomsen AR,
Christensen JP. MHC class Il-associated invariant chain linkage of
antigen dramatically improves cell-mediated immunity induced by
adenovirus vaccines. J Immunol. 2008;180:3339—46.

Holst PJ, Christensen JP, Thomsen AR. Vaccination against lymphocytic
choriomeningitis virus infection in MHC class Il-deficient mice. J.
Immunol. 2011;186:3997-4007.

Huang L, Marvin JM, Tatsis N, Eisenlohr LC. Cutting Edge: Selective
role of ubiquitin in MHC class | antigen presentation. J Immunol.
2011;186(4):1904-8.

Huotari J, Helenius A. Endosome maturation. EMBO J. 2011; 30:3481—
500.

Iglesias MC, Mollier K, Beignon AS, Souque P, Adotevi O, Lemonnier
F, Charneau P. Lentiviral vectors encoding HIV-1 polyepitopes
induce broad CTL responses in vivo. Mol Ther. 2007;15(6):1203-
10.

Jensen S, Steffensen MA, Jensen BA, Schliiter D, Christensen JP,
Thomsen AR. Adenovirus-based vaccine against Listeria
monocytogenes: extending the concept of invariant chain linkage. J
Immunol. 2013;191(8):4152-64.

Kang SJ, Cresswell P. Regulation of intracellular trafficking of human
CD1d by association with MHC class Il molecules. EMBO J.
2002;21(7):1650-60.

Karwacz K, Mukherjee S, Apolonia L,1 Blundell MP, Bouma G, Escors
D,Collins MK, Thrasher AJ. Nonintegrating Lentivector Vaccines
Stimulate Prolonged T-Cell and Antibody Responses and Are
Effective in Tumor Therapy.J Virol. 2009; 83(7): 3094-3103.

Kim PS, Ahmed R. Features of responding T cells in cancer and chronic
infection. Curr Opin Immunol. 2010(2):223-30.

Kirchhausen T, Pines J, Toldo L, Lafont F. Membranes and sorting.
Membrane permeability. Curr Opin Cell Biol. 1997;9(4):473.

Knipe DM, Lieberman PM, Jung JU, McBride AA, Morris KV, Ott M,

59



Margolis D, Nieto A, Nevels M, Parks RJ, Kristie TM Snapshots:
chromatin control of viral infection. Virology. 2013;435(1):141-56.

Kolesanova EF, Sanzhakov MA, Kharybin ON. Development of the
schedule for multiple parallel "difficult” Peptide synthesis on pins

Int J Pept.2013:1973-17.

Kulathu Y, Komander D. Atypical ubiquitylation - the unexplored world
of polyubiquitin beyond Lys48 and Lys63 linkagesNat Rev Mol

Cell Biol. 2012;13(8):508-23.

Kutzler MA, Weiner DB. DNA vaccines: ready for prime time? Nat Rev
Genet. 2008 ;9(10):776-88.

Lankat-Buttgereit B, Tampé R. The transporter associated with antigen
processing: function and implications in human diseases. Physiol

Rev. 2002 ;82(1):187-204.

Lasaro MO, Tatsis N, Hensley SE, Whitbeck JC, Lin SW, Rux JJ,
Wherry EJ, Cohen GH, Eisenberg RJ, Ertl HC. Targeting of antigen
to the herpesvirus entry mediator augments primary adaptive
immune responses. Nat Med. 2008;14(2):205-12.

Legler DF, Loetscher M, Roos RS, Clark-Lewis I, Baggiolini M, Moser
B. B cell-attracting chemokine 1, a human CXC chemokine
expressed in lymphoid tissues, selectively attracts B lymphocytes

via BLR1/CXCRS5. J Exp Med. 1998;187(4):655-60.

Levine MM, Levine OS. Influence of disease burden, public perception,
and other factors on new vaccine development, implementation, and
continued use. Lancet (London, England). 1997;350:1386-92.

Li HB, Zhang JY, He YF, Chen L, Li B, Liu KY, Yang WC, Zhao Z,
Zou QM, Wu C. Systemic immunization with an epitope-based
vaccine elicits a Th1-biased response and provides protection
against Helicobacter pylori in mice.Vaccine. 2012;31(1):120-6.

Li W, Joshi M, Singhania S, Ramsey K, Murthy A. Peptide Vaccine:
Progress and Challenges. Vaccines 2014;2:515-36.

Li Z, Menoret A, Srivastava P. Roles of heat-shock proteins in antigen
presentation and cross-presentation. Curr Opin Immunol. 2002

60



:14(1):45-51.

Li ZH, Srivastava PK. Tumor rejection antigen GP96/GRP94 is an
atpase— implications for protein-folding and antigen presentation.
EMBO J 1993; 12:3143-3151.

Littman DR, Rudensky AY. Th17 and regulatory T cells in mediating
and restraining inflammation. Cell. 2010;140(6):845-58.

Liu J, O'Brien KL, Lynch DM, Simmons NL, La Porte A, Riggs AM,
Abbink P, Coffey RT, Grandpre LE, Seaman MS, Landucci G,
Forthal DN, Montefiori DC, Carville A, Mansfield KG, Havenga
MJ, Pau MG, Goudsmit J, Barouch DH. Immune control of an SIV
challenge by a T-cell-based vaccine in rhesus monkeys.Nature. 2009
1;457(7225):87-91.

Liu X, Broberg E, Watanabe D, Dudek T, Deluca N, Knipe DM. Genetic
engineering of a modified herpes simplex virus 1 vaccine vector.
Vaccine 2009;27(21):2760-7.

Lombard-Platet S, Bertolino P, Gimenez C, Humbert M, Gerlier D,
Rabourdin-Combe C. Invariant chain expression similarly controls
presentation of endogenously synthesized and exogenous antigens
by MHC class 1l molecules. Cell Immunol. 1993;148(1):60-70.

Luo J, Deng ZL, Luo X, Tang Ni, Song WX, Chen J, A Sharff K, Luu
HH, Haydon RC, Kinzler KW, Vogelstein B, He TC. A protocol for
rapid generation of recombinant adenoviruses usind the AdEasy
system. Nature Protocol 2007; 2:1236-1247.

Malcherek G, Wirblich C, Willcox N, Rammensee HG, Trowsdale J,
Melms A. MHC class Il-associated invariant chain peptide
replacement by T cell epitopes: engineered invariant chain as a
vehicle for directed and enhanced MHC class Il antigen processing
and presentation. Eur J Immunol. 1998;28(5):1524-33.

Manoury B, Hewitt EW, Morrice N, Dando PM, Barrett AJ, Watts C. An

asparaginyl endopeptidase processes a microbial antigen for class Il
MHC presentation. Nature. 1998;396(6712):695-9.

61



Mastrangelo MJ, Eisenlohr LC, Gomella L, Lattime EC. Poxvirus
vectors: orphaned and underappreciated. J Clin Invest.
2000;105(8):1031-4

Mattiroli F, Sixma TK Lysine-targeting specificity in ubiquitin and
ubiquitin-like modification pathways. Nat Struct Mol Biol. 2014;21
(4):308-16.

Matza D, Kerem A, Medvedovsky H, Lantner F, Shachar Invariant
chain-induced B cell differentiation requires intramembrane
proteolytic release of the cytosolic domain. I. Immunity.
2002;17(5):549-60.

McConkey SJ, Reece WHH, Moorthy VS, Webster D, Dunachie S,
Butcher G, et al. Enhanced T-cell immunogenicity of plasmid DNA
vaccines boosted by recombinant modified vaccinia virus Ankara in
humans. Nat. Med.2003;9:729-35.

Medzhitov R and Janeway C Jr. Innate immune recognition: mechanism
and pathways. Immunol Rev 2000, 173:89-97.

Mehlhop-Williams ER, Bevan MJ. Memory CD8+ T cells exhibit
increased antigen threshold requirements for recall proliferation. J.
Exp. Med. 2014;211:345-56.

Mikkelsen M, Holst PJ, Bukh J, Thomsen AR, Christensen JP.Enhanced
and sustained CD8+ T cell responses with an adenoviral vector-
based hepatitis C virus vaccine encoding NS3 linked to the MHC
class Il chaperone protein invariant chain. J Immunol.
2011;186(4):2355-64.

Miller RP, Farley RA. All three potential N-glycosylation sites of the dog
kidney (Na+ + K+)-ATPase beta-subunit contain oligosaccharide.
Biochim Biophys Acta. 1988;954(1):50-7.

Moody AM North SJ, Reinhold B, Van Dyken SJ, Rogers ME, Panico
M, Dell A, Morris HR, Marth JD, Reinherz EL. Sialic acid capping
of CD8 core O-glycans control tymocyte major hystocompatibility
complex class | interaction.J.Biol Chem 2003; 78(9):7240-6.

Muccioli M, Pate M, Omosebi O, and Benencia F. Generation and
Labeling of Murine Bone Marrow-derived Dendritic Cells with


https://www.ncbi.nlm.nih.gov/pubmed/?term=Mikkelsen%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21257961
https://www.ncbi.nlm.nih.gov/pubmed/?term=Holst%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=21257961
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bukh%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21257961
https://www.ncbi.nlm.nih.gov/pubmed/?term=Thomsen%20AR%5BAuthor%5D&cauthor=true&cauthor_uid=21257961
https://www.ncbi.nlm.nih.gov/pubmed/?term=Christensen%20JP%5BAuthor%5D&cauthor=true&cauthor_uid=21257961

Qdot Nanocrystals for Tracking Studies J Vis Exp. 2011; (52):
2785.

Murphy K. Janeway’s Immunobiology 8th edition. Washington
University School of Medicine, St Louis: Gardland Science; 2012.

Mwangi W, Brown WC, Splitter GA, Davies CJ, Howard CJ, Hope JC,
Aida Y, Zhuang Y, Hunter BJ, Palmer GH. DNA vaccine construct
incorporating intercellular trafficking and intracellular targeting
motifs effectively primes and induces memory B- and T-cell
responses in outbred animals. Clin Vaccine Immunol. 2007
Mar;14(3):304-11.

Né&slund TI, Kostic L, Nordstrom EK, Chen M, Liljestrom P. Role of
innate signalling pathways in the immunogenicity of alphaviral
replicon-based vaccines. Virol J. 2011 Jan 24;8:36.

Negri DRM, Rossi A, Blasi M,Michelini Z, Leone P, Chiantore MV,
Baroncelli S,Perretta G,Cimarelli A,Klotman ME,Cara A. Simian
immunodeficiency virus-Vpx for improving integrase defective
lentiviral vector-based vaccines. Retrovirology. 2012; 9: 69.

O’Hara GA, Dunca CJA, Ewer KJ, Collins KA, Elias SC, Halstead
FD, Goodman AL, Edwards NJ, Reyes-Sandoval A, Bird P,
Rowland R, Sheehy SH, . Poulton ID, Hutchings C,Todryk S,
Andrews L, Folgori A, Berrie E, Moyle S, Nicosia A, Stefano
Colloca S, Cortese R, Siani L, Lawrie AM, Gilbert SC ,Hill AVS.

Clinical Assessment of a Recombinant Simian Adenovirus ChAd63:

A Potent New Vaccine Vector.J Infect Dis. 2012; 205(5):772—781.

Odorizzi CG, Trowbridge IS, Xue L, Hopkins CR, Davis CD, Collawn
JF. Sorting signals in the MHC class Il invariant chain cytoplasmic
tail and transmembrane region determine trafficking to an endocytic
processing compartment. J Cell Biol. 1994;126(2):317-30.

Olzmann JA,Kopito RR, Christianson JC. The Mammalian Endoplasmic
Reticulum-Associated Degradation System. Cold Spring Harb
Perspect Biol. 2013;5(9).

Padlan EA Anatomy of the antibody molecule.Mol Immunol 1994;
31:169-217.

63



Pang SS, Berry R, Chen Z, Kjer-Nielsen L, Perugini MA, King GF,
Wang C, Chew SH, La Gruta NL, Williams NK, Beddoe T, Tiganis
T, Cowieson NP, Godfrey DI, Purcell AW, Wilce MC, McCluskey
J, Rossjohn J. The structural basis for autonomous dimerization of
the pre-T-cell antigen receptor. Nature. 2010;467(7317):844-8.

Parrino J, McCurdy LH, Larkin BD, Gordon 1J, Rucker SE, Enama ME,
Koup RA, Roederer M, Bailer RT, Moodie Z, Gu L, Yan L, Graham
BS; Safety, immunogenicity and efficacy of modified vaccinia
Ankara (MVA) against Dryvax challenge in vaccinia-naive and
vaccinia-immune individuals. Vaccine. 2007;25(8):1513-25.

Parks GD, Lamb RA. Topology of eukaryotic type Il membrane proteins:
importance of N-terminal positively charged residues flanking the
hydrophobic domain. Cell 1991;64(4):777-87.

Perri S, Greer CE, Thudium K, Doe B, Legg H, Liu H, Romero RE, Tang
Z, Bin Q, Dubensky TW Jr, Vajdy M, Otten GR, Polo JM. An
alphavirus replicon particle chimera derived from venezuelan equine
encephalitis and sindbis viruses is a potent gene-based vaccine
delivery vector. J Virol. 2003 Oct;77(19):10394-403.

Philippe S,Sarkis C,Barkats M,Mammeri H,Ladroue C,Petit C, Mallet
J,Serguera C. Lentiviral vectors with a defective integrase allow
efficient and sustained transgene expression in vitro and in vivo
Proc Natl Acad Sci USA. 2006; 103(47): 17684-17689.

Pieters J, Bakke O, Dobberstein B. The MHC class Il-associated
invariant chain contains two endosomal targeting signals within its
cytoplasmic tail. J Cell Sci. 1993;106 ( Pt 3):831-46.

Powis SJ. CLIP-region mediated interaction of Invariant chain with
MHC class | molecules FEBS Lett. 2006;580(13):3112-6.

Prezzi C, Casciaro MA, Francavilla V, Schiaffella E, Finocchi L, Chircu
LV, Bruno G, Sette A, Abrignani S, Barnaba V. Virus-specific
CD8(+) T cells with type 1 or type 2 cytokine profile are related to
different disease activity in chronic hepatitis C virus infection. Eur J
Immunol. 2001;31(3):894-906.

64



Purcell AW, McCluskey J, Rossjohn J. More than one reason to rethink
the use of peptides in vaccine design. Nat. Rev. Drug Discov.
2007;6:404-414.

Raghavan M, Del Cid N, Rizvi SM, Peters LR. MHC class | assembly:
out and about Trends Immunol. 2008;29(9):436-43.

Rayner JO, Dryga SA, Kamrud KI. Alphavirus vectors and vaccination.
Rev Med Virol. 2002;12(5):279-96.

Reguzova A, Antonets D, Karpenko L, llyichev A, Maksyutov R, Bazhan
S. Design and evaluation of optimized artificial HIV-1 poly-T cell-
epitope immunogens. PLoS One. 2015;10 (3):e0116412.

Roche PA, Cresswell P. Proteolysis of the class Il1-associated invariant
chain generates a peptide binding site in intracellular HLA-DR
molecules.Proc Natl Acad Sci U S A. 1991;88(8):3150-4.

Rock KL, Gramm C, Rothstein L, Clark K, Stein R, Dick L, Hwang D,
Golberg AL Inhbitors of the proteasome block nonlysosomal protein
degradation and the generation of the peptides presented on MHC
class I molecules. Cell 1994;78:761-71.

Rock KL, Goldberg AL. Degradation of cell proteins and the generation
of MHC class I-presented peptides. Annu Rev Immunol.
1999;17:739-79.

Rock KL. Exiting the outside world for cross-presentation. Immunity.
2006;25(4):523-5.

Rodriguez F, Zhang J, Whitton JL. DNA immunization: ubiquitination of
a viral protein enhances cytotoxic T-lymphocyte induction and
antiviral protection but abrogates antibody induction. J Virol. 1997
;71(11):8497-503.

Romagnoli P, Germain RN. Inhibition of invariant chain (li)-calnexin
interaction results in enhanced degradation of li but does not prevent
the assembly of alpha beta li complexes. J. Exp. Med.
1995;182:2027-36.

Rowe HM, Lopes L, Ikeda Y, Bailey R, Barde I, Zenke M, Chain BM,
Collins MK Immunization with a lentiviral vector stimulates both

65



CD4 and CD8 T cell responses to an ovalbumin transgene Mol
Ther. 2006;13(2):310-9.

Rupprecht CE, Blass L, Smith K, Orciari LA, Niezgoda M, Whitfield
SG, Gibbons RV, Guerra M, Hanlon CA. Human infection due to
recombinant vaccinia-rabies glycoprotein virus. N Engl J Med
2001;345: 582-6.

Rux JJ, Pascolini D, Burnett RM Large scale purification and
crystallization of adenovirus hexon. W.S.M. World 1999; 21: 259-
257.

Sadowski M, Sarcevic B Mechanisms of mono- and poly-ubiquitination:
Ubiquitination specificity depends on compatibility between the E2
catalytic core and amino acid residues proximal to the lysine. Cell
Div. 2010;5:19.

Sallusto F, Lenig D, Forster R, Lipp M, Lanzavecchia A. Two subsets of
memory T lymphocytes with distinct homing potentials and effector
functions .Nature. 1999 Oct 14;401(6754):708-12.

Sallusto F, Geginat J, Lanzavecchia A. Central memory and effector
memory T cell subsets: function, generation, and maintenance.
Annu Rev Immunol. 2004;22:745-63.

Sand KM, Landsverk OJ, Berg-Larsen A, Bakke O, Gregers TF. The
human-specific invariant chain isoform lip35 modulates lip33
trafficking and function. Immunol Cell Biol. 2014 ;92(9):791-8.

Sandoval IV, Bakke O. Targeting of membrane proteins to endosomes
and lysosomes. Trends Cell Biol. 1994;4:292—7.

Sevilla LM, Comstock SS, Swier K, Miller J. Endoplasmic Reticulum-
Associated Degradation-Induced Dissociation of Class Il Invariant
Chain Complexes Containing a Glycosylation-Deficient Form of
p41. J. Immunol. 2004;173:2586-93.

Shiver JW, Fu TM, Chen L, Casimiro DR, Davies ME, Evans RK, Zhang
ZQ, Simon AJ, Trigona WL, Dubey SA, Huang L, Harris VA, Long
RS, Liang X, Handt L, Schleif WA, Zhu L, Freed DC, Persaud NV,
Guan L, Punt KS, Tang A, Chen M, Wilson KA, Collins KB,
Heidecker GJ, Fernandez VR, Perry HC, Joyce JG, Grimm KM,

66



Cook JC, Keller PM, Kresock DS, Mach H, Troutman RD, Isopi
LA, Williams DM, Xu Z, Bohannon KE, Volkin DB, Montefiori
DC, Miura A, Krivulka GR, Lifton MA, Kuroda MJ, Schmitz JE,
Letvin NL, Caulfield MJ, Bett AJ, Youil R, Kaslow DC, Emini EA.

Shortman K, Liu Y.J. Mouse and human dendritic cell subtype. Nat Rev
Immunolog 2002; 2151-161.

Slifka MK, Ahmed R. B cell responses and immune memory. Dev Biol
Stand. 1998;95:105-15.

Solares AM, Baladron I, Ramos T, Valenzuela C, Borbon Z; Fanjull S,
Gonzalez L,Castillo D, Esmir J, Granadillo M, Batte A, Cintado A,
Ale M, Fernandez de Cossio ME, Ferrer A, Torrens |, Lopez-Saura
P.Safety and immunogenicity of a human papillomavirus peptide
vaccine (CIGB-228) in women with high-grade cervical
intraepithelial neoplasia: first-in-human, proof-of-concept trial.
ISRN Obstet. Gynecol. 2011.

Sorensen MR, Holst PJ, Pircher H, Christensen JP, Thomsen AR.
Vaccination with an adenoviral vector encoding the tumor antigen
directly linked to invariant chain induces potent CD4(+) T-cell-
independent CD8(+) T-cell-mediated tumor control. Eur J Immunol.
2009;39(10):2725-36.

Spencer AJ, Cottingham MG, Jenks JA, Longley RJ, Capone S, Colloca
S, Folgori A, Cortese R, Nicosia A, Bregu M, Hill AV. Enhanced
vaccine-induced CD8+ T cell responses to malaria antigen ME-
TRAP by fusion to MHC class ii invariant chain. PLoS One.
2014;9(6):100538.

Stanekova Z, Kiraly J, Stropkovska A, MikuSkova T, Mucha V,
Kostolansky F, Vareckova E. Heterosubtypic protective immunity
against influenza a virus induced by fusion peptide of the
hemagglutinin in comparison to ectodomain of M2 protein. Acta
Virol. 2011;55: 61-67.

Starlets D, Gore Y, Binsky I, Haran M, Harpaz N, Shvidel L, Becker-
Herman S, Berrebi A, Shachar I. Cell-surface CD74 initiates a
signaling cascade leading to cell proliferation and survival. Blood.
2006;107(12):4807-16.

Steffensen MA, Jensen BA, Holst PJ, Bassi MR, Christensen JP,

67



Thomsen ARPre-existing vector immunity does not prevent
replication deficient adenovirus from inducing efficient CD8 T-cell
memory and recall responses. PL0oS One. 2012;7(4):e34884.

Stittelaar KJ, Kuiken T, de Swart RL, van Amerongen G, Vos HW,
Niesters HG, van Schalkwijk P, van der Kwast T, Wyatt LS, Moss
B, Osterhaus AD. Safety of modified vaccinia virus Ankara (MVA)
in immune-suppressed macaques. Vaccine. 2001;19(27):3700-9.

Stumptner-Cuvelette P, Benaroch P. Multiple roles of the invariant chain
in MHC class Il function. Biochim. Biophys. Acta - Mol. Cell Re.
2002;1542:1-13.

Subbarao K, Murphy BR, Fauci AS. Development of effective vaccines
against pandemic influenza. Immunity. 2006;24:5-9.

Sugita M, Brenner MB An unstable beta 2-microglobulin: major
histocompatibility complex class | heavy chain intermediate
dissociates from calnexin and then is stabilized by binding peptide. J
Exp Med. 1994;180(6):2163-71.

Swadling L, Capone S, Antrobus RD, Brown A, Richardson R, Newell
EW, Halliday J, Kelly C, Bowen D, Fergusson J, Kurioka A,
Ammendola V, Del Sorbo M, Grazioli F, Esposito ML, Siani L,
Traboni C, Hill A, Colloca S, Davis M, Nicosia A, Cortese R,
Folgori A, Klenerman P, Barnes E. A human vaccine strategy based
on chimpanzee adenoviral and MV A vectors that primes, boosts,
and sustains functional HCV-specific T cell memory. Sci Transl
Med. 2014;6(261).

Szaszak M, Chen HD, Chen HC, Baukal A, Hunyady L, Catt KJ.
Identification of the invariant chain (CD74) as an angiotensin
AGTRI1-interacting protein. J Endocrinol. 2008 199(2):165-76.

Tartaglia J, Perkus ME, Taylor J, Norton EK, Audonnet JC, Cox WI,
Davis SW, van der Hoeven J, Meignier B, Riviere M, et al.
NYVAC: a highly attenuated strain of vaccinia virus. Virology
1992;188:217-32.

Tatsis N, Ertl HC. Adenoviruses as vaccine vectors. Mol Ther.
2004;10(4):616-29.

68



ten Broeke T, de Graaff A, van't Veld EM, Wauben MH, Stoorvogel W,
Wubbolts R. Trafficking of MHC class Il in dendritic cells is
dependent on but not regulated by degradation of its associated
invariant chain Traffic. 2010;11(3):324-31.

Thornburg NJ, Ray CA, Collier ML, Liao HX, Pickup DJ, Johnston RE.
Vaccination with Venezuelan equine encephalitis replicons
encoding cowpox virus structural proteins protects mice from
intranasal cowpox virus challenge. Virology. 2007;362(2):441-52.

Tsvetkov L, Nanjundan M, Domino M, Daniel KG. The ubiquitin-
proteasome system and assays to determine responses to inhibitors.
Expert Opin Drug Discov. 2010 ;5(12):1221-36.

Ulmer JB, Wahren B, Liu MA. DNA vaccines: recent technological and
clinical advances. Discov Med. 2006;6(33):109-12.

Vembar SS, Brodsky JL. One step at a time: endoplasmic reticulum-
associated degradation. Nat Rev Mol Cell Biol. 2008;9(12):944-57

Vidalin O, Tanaka E, Spengler U, Trépo C, Inchauspé G. Targeting of
hepatitis C virus core protein for MHC | or MHC 11 presentation
does not enhance induction of immune responses to DNA
vaccination. DNA Cell Biol. 1999;18(8):611-21.

Villadangos JA, Riese RJ, Peters C, Chapman HA, Ploegh HL.
Degradation of mouse invariant chain: roles of cathepsins S and D
and the influence of major histocompatibility complex
polymorphism. J. Exp. Med. 1997;186:549-60.

Voutsas IF, Gritzapis AD, Mahaira LG, Salagianni M, von Hofe E,
Kallinteris NL, Baxevanis CN. Induction of potent CD4+ T cell-
mediated antitumor responses by a helper HER-2/neu peptide linked
to the li-Key moiety of the invariant chain. IntJ  Cancer. 2007
121(9):2031-41.

Wanisch K andYafiez-Mufioz RJ. Integration-deficient Lentiviral
Vectors: A Slow Coming of Age. Mol Ther. 2009; 17(8): 1316—
1332.

69



Weissman AM. Themes and variations on ubiquitylation Nat Rev Mol
Cell Biol. 2001;2(3):169-78.

Weninger W, Manjunath N, von Adrian VH. Migration and
differentiation of CD8+T cells. Immunol Rev 2002; 186:221-233

Wilkinson TM a., Li CK., Chui CSC, Huang AKY, Perkins M, Liebner
JC, Lambkin-Williams R, Gilbert A, Oxford J, Nicholas B, Staples
KJ, Dong T, Douek DC, McMichael AJ, Xu XN.. Preexisting
influenza-specific CD4+ T cells correlate with disease protection
against influenza challenge in humans. Nat. Med. Nature;
2012;18:276-82.

Wyatt LS, Earl PL, Eller LA, Moss B. Highly attenuated smallpox
vaccine protects mice with and without immune deficiencies against
pathogenic vaccinia virus challenge. Proc Natl Acad Sci U S A.
2004;101(13):4590-5.

XuW, Chu Y, Zhang R, Xu H, Wang Y, Xiong S. Endoplasmic
reticulum targeting sequence enhances HBV-specific cytotoxic T
lymphocytes induced by a CTL epitope-based DNA vaccine.
Virology 2005;334(2):255-63.

Xu P, Duong DM, Seyfried NT, Cheng D, Xie Y, Robert J, Rush J,
Hochstrasser M, Finley D, Peng J. Quantitative proteomics reveals
the function of unconventional ubiquitin chains in proteasomal
degradation.Cell. 2009;137(1):133-45.

Yang Y, Nunes FA, Berencsi K, Furth EE, Gonczol E, Wilson JM.
Cellular immunity to viral antigens limits E1-deleted adenoviruses
for gene therapy. Proc. Natl Acad. Sci. 1994; 91(10):4407—4411.

Yellen-Shaw AJ, Eisenlohr LC. Regulation of class I-restricted epitope
processing by local or distal flanking sequence. J Immunol.
1997;158(4):1727-33.

Zanoni |, Ostuni R, Granucci F Generation of mouse bone marrow
derived dendritic cells (BM-DCs), bio-protocol 2011. 1(12).

Zhuo M, Song L, Tang Y, Dai S, Chen X, Yu Y1, Zang G, Tang Z.
Vaccination with ubiquitin-hepatitis B core antigen-cytoplasmic
transduction peptide enhances the hepatitis B virus-specific

70



cytotoxic T-lymphocyte immune response and inhibits hepatitis B
virus replication in transgenic mice. Mol Med Rep. 2015
;12(3):3591-8.

Zwart W, Peperzak V, de Vries E, Keller AM, van der Horst G, Veraar

EA, Geumann U, Janssen H, Janssen L, Naik SH, Neefjes J, Borst J.

The invariant chain transports TNF family member CD70 to MHC
class Il compartments in dendritic cells J Cell Sci. 2010;123(Pt
21):3817-27.

71



