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Abbreviations

aa amino acid

ADP adenovirus death protein
AF amplification factor
APC antigen-presenting cell
ARD acute respiratory disease

BCIP/NBT  5-bromo-4-chloro-3-indolyl phosphate-nitro blue tetrazolium

BSA bovine serum albumin

C constant immunoglobulin-like domain
CD cluster of differentiation

CDR complementary-determining region

CLIP class II-associated invariant chain peptide
CMV cytomegalovirus

CTL cytotoxic T lymphocyte

DBP single-stranded-DNA-binding protein
DC dendritic cell

ddH-O double distilled water

DMSO dimethyl sulfoxide

EBV Epstein-Barr virus

EDTA ethylenediaminetetraacetic acid

ELISpot enzyme-linked immunospot

ER endoplasmic reticulum

ERAAP endoplasmic reticulum aminopeptidase associated with antigen processing
FACS fluorescence-activated cell sorting

FC final HAdV HLA class II-peptide cocktail
FCS fetal calf serum

G-CSF granulocyte-colony stimulating factor
HAdV human adenovirus

HLA human leukocyte antigen

HSCT hematopoietic stem cell transplantation
ICAM intercellular adhesion molecule

ICS intracellular cytokine staining
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1 Introduction

1 Introduction

1.1 The immune system
Humans are constantly surrounded by pathogens. Nevertheless, symptomatic infections

rarely occur in a functioning immune system. The anatomic barriers of our body prevent
most pathogens from entering and infecting our organism. These are the skin, the oral
mucosa, the respiratory epithelium, and the epithelium of our gastrointestinal tract. These
barriers contain both specific and unspecific protecting factors against many pathogens,
such as the acidic milieu in the stomach or the presence of immunoglobulin (Ig) A on the
mucosal epithelium. If a pathogen overcomes the biochemically protected anatomic
barriers, it is encountered by the immune system. It is categorized into the innate and
adaptive immune system, both being essential for the cooperative elimination of

pathogens. These two systems can both be divided into a cellular and a humoral part.

1.1.1 The innate immune system
The innate immune system is evolutionary older. Its receptors recognize patterns that are

common and exclusive to pathogens. Receptors of the innate immune system have a
limited variety and specificity. The advantage is a faster immune response compared to
the adaptive immune system, especially when encountering a pathogen for the first time.
The innate immune response is essential for the initiation of a later adaptive immune

response.

The cellular component of the innate immune system consists of natural killer cells (NK
cells), dendritic cells (DCs), macrophages, granulocytes, and mast cells. NK cells induce
apoptosis in cells with reduced expression of human leukocyte antigen (HLA) class I
molecules. HLA molecules display peptides on the cell surface. They are essential for the
activation and effector function of the cells of the adaptive immune system (see chapter
1.1.2.2). The identification of cells with reduced HLA molecule expression is referred to
as the recognition of “missing self”. (1, 2) A downregulation of surface HLA class I

molecules is induced in neoplastic or virus-infected cells. (3)

Both DCs and macrophages are antigen-presenting cells (APCs). DCs reside in epithelial
tissues that are inherently exposed to the environment. They constantly survey the
extracellular compartment by phagocytosis and induce an adaptive immune response by

antigen presentation to B and T cells in draining lymph nodes. After proteasomal
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degradation of phagocytosed proteins, resulting peptides are loaded onto HLA class 11
molecules and presented on the cells surface. After activation, DCs present the
antigen-derived peptides and migrate into lymph nodes where they are essential for T-cell
activation. DCs can present peptides from extracellular antigens on HLA class I
molecules, which is called cross-presentation. This process can be critical for the priming

of naive cluster of differentiation (CD) 8-positive T cells. (4)

Macrophages are tissue-resident cells. Their progenitors before migration from blood to
tissue are called monocytes. Macrophages phagocytose pathogens present in their
environment and initiate an immune response by the early secretion of inflammatory
molecules. (5) When T cells recognize pathogen-derived peptides presented on a
macrophage, they induce degradation of material contained inside endosomal vesicles.
This process is of importance, as some pathogens could otherwise evade the immune

system through their ability to survive inside phagocytotic vesicles of macrophages. (6)

The granulocytes are a group of immune cells, harboring a high density of granules in
their cytoplasm. They can be divided into neutrophils, eosinophils, and basophils. They
have a live span of a few days. Neutrophils are the most abundant white blood cells in the
peripheral blood. They are essential for the elimination of all sorts of microorganisms by
phagocytosis and efficient destruction in their endosomal compartment. Basophils and

eosinophils are of importance in the fight against parasites.

Mature mast cells are tissue-resident cells. A proinflammatory mediator contained in their
cytosolic granules is histamine. The release of histamine leads to increased permeability
of blood vessels and facilitates the recruiting of effector molecules and cells to the site of

inflammation.

The humoral part of the innate immune system consists of antimicrobial proteins and the
complement system. The complement factors are plasma proteins that can interact with
antibodies, opsonize pathogens in the absence of antibodies and kill pathogens by forming

a membrane-attack complex.
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1.1.2 The adaptive immune system
The adaptive immune system is the evolutionary younger part of the immune system. The

cellular component of the adaptive immune system consists of B cells and T cells. B cells
produce antigen-specific antibodies after activation. Naive B cells are activated in the
lymph node via their B-cell receptors when recognizing an antigen. A subgroup of T cells
assists the activation of B cells when recognizing the same antigen. Antigen-specific
antibodies represent the humoral part of the adaptive immune system. They consist of a
Fab and an Fc¢ part. Fab contains the antigen-binding site, whereas Fc binds to
Fc-receptors on phagocytes. The binding of the fragments to their counterpart enables
phagocytic cells to phagocytose and eliminate pathogens harboring the recognized
antigen efficiently. Another critical task of antibodies is the fast and efficient
neutralization of antigens. This mechanism is essential for vaccines against toxins. The
tetanus vaccine is one example where neutralizing antibodies (NABs) protect the

organism from the harmful effects of even very low concentrations of this efficient toxin.

T cells modulate the immune response by the secretion of immunomodulatory molecules
such as cytokines, kill infected or mutated cells and orchestrate the effector functions of
the cells of the adaptive and innate immune system. They are divided into CD4" and CD8"

T cells. Each T cell carries its antigen-specific T-cell receptor (TCR).

TCRs and the antibodies produced by activated B cells are very specific. The specificity
makes the elimination of pathogens more effective when compared to the innate immune
response. The TCRs depend on the presentation of particular peptides by HLA molecules
to be activated. The enormous number of epitope-specific TCRs enables the recognition
of almost every antigen. During infection, T cells that carry the appropriate
antigen-specific receptor get activated by the interaction of their TCR with an
HLA-peptide complex and multiply. The activation and multiplication enable the
clearance of the pathogen harboring the mentioned antigen. After infection, the
populations of antigen-specific T cells are reduced. Some of the antigen-specific T cells
survive and remain in the organism as memory T cells, which leads to a long-lasting
immunity. In the event of reinfection, memory T cells can mount a faster and stronger
answer against the pathogen. This mechanism is used for active vaccination. The

development of an immune memory is restricted to the adaptive immune system.



1 Introduction

1.1.2.1 Generation of HLA-peptide complexes
For their activation and effector function, T cells depend on the presentation of peptides

by HLA molecules on the cell surface. There are two sources of peptides that can be
processed and presented by HLA molecules. Firstly, HLA class I molecules present
peptides originating from intracellular proteins. These can be proteins from the natural
turnover of the cell or viral proteins in case of a viral infection. Intracellular proteins are
cleaved by the proteasome, and resulting peptides can be loaded onto HLA class I
molecules. Every nucleoid human cell can process peptides and to present them on HLA
class I molecules. This makes it possible for the cells of the adaptive immune system to

detect intracellular infections or neoplastic changes.

Furthermore, peptides can be presented on HLA class II molecules when they originate
from phagocytosed proteins. The phagocytosed proteins are cleaved, and some of the
resulting peptides loaded onto HLA class Il molecules. This pathway is mostly restricted
to cells of the immune system, especially the subgroup of APCs to which DCs,
macrophages, and B cells belong. It enables the activation of the adaptive immune system

when infected with an extracellular pathogen.

1.1.2.2 The HLA
The HLA gene locus is located on chromosome 6, with over 200 identified genes. In other

vertebrates, the HLA is also referred to as major histocompatibility complex (MHC). It
encodes several proteins that are essential for the immune system, as the HLA class I and
HLA class II molecules but also other proteins necessary for peptide-processing. (7) HLA

molecules link the innate and adaptive immune system.

As the human DNA has a pair of each chromosome, one from each parent, every human
individual is a carrier of two HLA gene regions. The HLA molecules encoded on
chromosome 6 are highly polymorphic. Each HLA allotype has its peptide-binding
preferences. HLA alleles are codominantly expressed, with most individuals being
heterozygous for each HLA. Another feature of HLA molecules is their polygeny, which
further increases the range of peptides that can be bound and presented on the cell surface
of an individual. This ensures that peptides of almost every antigen can be bound and
presented by at least one HLA allotype. As of April 2013, it had been reported that there
were 7,089 HLA class I alleles and 2,065 HLA class II alleles. (8) As of September 2018,
it has been reported that there are 14,800 HLA-I alleles and 5,288 HLA-II alleles. (9) This

-4-
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increase shows the rising research interest in the understanding of this complex gene

region.

Three groups of classical HLA class I molecules have been characterized: HLA-A,
HLA-B, and HLA-C. HLA class I molecules consist of a polymorphic a-chain and a
monomorphic B2-microglobulin. The a-chain consists of three Ig-like domains, named a;,
a2, and a3, which are encoded in the HLA class I gene region. The peptide binding cleft
of the HLA class I molecule is formed by the folded ai- and ax-chains. These regions are
highly polymorphic. They are responsible for the diversity and binding preferences of
different HLA allotypes. The a3 region is the domain of the HLA class I molecule, which
interacts with the CDS8 receptor of the T cell and is, therefore, less variable. (10) The
B2-microglobulin is the second chain of the HLA class I molecule. It is encoded on
chromosome 15. Each HLA gene region encodes one a-chain for each of the three HLAs.
Thus, when accounting codominant expression and heterozygosity for each allele, six

different classical HLA class I alleles can be carried by an individual.

The length of the peptides presented by HLA class I molecules is limited by strong
hydrogen bonds between terminal residues and the peptide carboxyl and amino termini at
both ends of the binding groove. (11) Usually, around eight to ten amino acid (aa) long
peptides are presented by HLA class I molecules. (12-14) On healthy cells, the presented
self-peptides are not recognized by TCRs of immune response-inducing T cells and do
not trigger an activation of the immune system. Autoimmune diseases occur when
self-peptides are recognized by cells of the immune system and trigger an immune
response against healthy cells. HLA class I molecules are essential for the elimination of
intracellular infections, such as viral infections. Another important pathogenesis in which
HLA class I molecules are crucial is in the state of neoplasia. Neoplasia occurs when a
cell accumulates mutations in its DNA, which can then lead to changes in the proteome.
These changes can be presented on HLA class I molecules. Peptides originating from
somatic mutations of neoplastic cells can trigger an immune response against the mutated
cells. When the recognition and destruction of mutated cells do not work correctly, it can

result in cancer.

Some viruses, such as cytomegalovirus (CMV) and human adenovirus (HAdV), reduce

the surface expression of HLA class I molecules and interfere with peptide-loading onto
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HLA class I molecules, thereby minimizing the number of viral peptides presented by
infected cells. (15, 16) As mentioned earlier, the immune system does not only eliminate
cells with HLA-presented viral epitopes but also cells with reduced or absent expression

of HLA molecules. (1)

In contrast, HLA class II molecules are mostly expressed by cells of the immune system,
especially APCs. In the presence of proinflammatory molecules, HLA class II expression
is induced on epithelial cells. (17) The features of polygeny, codominant expression, and
polymorphism are comparable to HLA class 1 alleles. There are three peptide-binding
HLA class II alleles present in each HLA class II gene locus: HLA-DR, HLA-DP, and
HLA-DQ. Each of these genes encodes an a- and a B-chain, which together form an HLA
class II molecule. Both chains contribute to the peptide-binding groove. In some
individuals, the HLA gene region encodes two different HLA-DR B-chains, which can
both pair with the DR a-chain. This leads to a second HLA-DR molecule encoded in one
HLA class II gene locus. The DR a-chain does not vary between individuals and is
functionally monomorphic. (18-20) The core peptide length bound to HLA class II
molecules is similar to the peptide length bound to HLA class I molecules (21), with the
difference that the binding pocket is not limited on both ends. Thus, longer peptides can
be bound and presented by HLA class II molecules. (22-24) Peptides presented on HLA
class II molecules mostly originate from protein fragments that were taken up from the
extracellular compartment by phagocytosis or pinocytosis. Some of the peptides
presented by HLA class II are self-peptides derived from cytosolic proteins, which are

degraded in the natural process of autophagy. (25)

1.1.2.3 Peptide processing and presentation
All somatic cells are continually degrading and replacing proteins by newly synthesized

proteins. Generally, they are post-translationally modified via ubiquitination, for
degradation by the 26S proteasome. When a virus infects a somatic cell, it will use the
protein biosynthesis of the host cell to reproduce itself. Some viral proteins which are
present in the cytosol after synthesis are post-translationally modified with ubiquitin as
well and cleaved into fragments by the adenosine triphosphate dependent 26S
proteasome. (26) The proteasome consists of the 20S proteolytically active core particle
and two 19S regulatory particles. In the presence of interferon-gamma (IFN-y), some

subunits of the proteasome are replaced by more effective ones to form the
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immunoproteasome. (27) The fragments generated by the proteasome are then transported
from the cytosol into the endoplasmic reticulum (ER) lumen by the transporters
associated with antigen processing-1 and -2 (TAP1, TAP2). TAP1 and TAP2 are located
in the membrane of the ER and transport peptides with a length of eight to 16 aa. (28)
The TAP-1 and TAP-2 genes are encoded within the HLA gene locus. The lumen of the
ER is the site where the peptides are first brought into contact with the HLA class |
molecules that are translocated into the ER lumen during synthesis. This translocation
during synthesis is crucial to prevent the HLA class I molecules from already binding to
peptides in the cytosol. The assembly of the HLA class I molecules takes place in the ER
lumen, so that only peptides which were transported into the ER by TAP1 and TAP2 are
loaded onto the HLA class I molecules. Due to the length restriction of both TAP proteins
and the binding groove of HLA class I molecules, most peptides need to be shortened.
This is done by an enzyme called endoplasmic reticulum aminopeptidase associated with
antigen processing (ERAAP). ERAAP trims peptides at their amino-terminal end and
shortens them to fit into the binding-groove of the HLA class I molecule. (29) Further
chaperones assist peptide-loading onto HLA class I molecules. When the newly
synthesized a-chain of the HLA class I molecule is translocated into the ER, it binds to
calnexin, which holds it in a partially folded state. As soon as the B>-microglobulin binds
to the partly folded a-chain, it dissociates from calnexin and is associated with the
peptide-loading complex (PLC). The PLC consists of four components. First, there is
calreticulin, which has a function comparable to that of calnexin. Another component is
tapasin, which links the partly folded HLA class I molecule to the TAP. In close location
to the TAP is where the HL A class I heterodimer waits for a peptide fitting into its binding-
groove to be transported from the cytosol into the ER lumen. The third component is a
thiol oxidoreductase named ERp57, which remodels the disulfide bond in the o> domain
of the HLA class I molecules to optimize the peptide loading process. The final
component is TAP. The PLC does not only assist the peptide loading onto HLA class I
molecules, but also facilitates the exchange of low affinity bound peptides by peptides
with higher affinity. This process is referred to as peptide editing. The HLA class I
molecule is released from the PLC only when it has bound a peptide. The released HLA-
peptide complex is then transported to the cell surface by the trans-Golgi network. It fuses

with the cell membrane to be scrutinized by CD8" T cells (Figure 1). (27, 30) The HLA
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molecules are only stable if they bind a peptide. When the peptide dissolves from the
HLA class I molecule, the B2-microglobulin dissolves from the a-chain as well. This
usually ensures that peptides of the extracellular compartment do not replace the peptides

which are bound by the HLA class I molecule.

However, some cells are also capable of presenting peptides derived from proteins that
were taken up by phagocytosis on HLA class I molecules. This pathway - called
cross-presentation - is restricted to APCs and primarily performed by DCs. (30)

The peptides presented on HLA class II molecules on APCs originate from proteins that
were degraded in intracellular vesicles. (Figure 2) These are mostly self-proteins taken
up from the extracellular compartment by phagocytosis, which leads to the presentation
of self-peptides on HLA class II molecules. (25) The most common processing-pathway
of HLA class II peptides begins with the uptake of the particles from the extracellular
compartment into endocytic vesicles. The receptor-mediated endocytosis of B cells is
triggered by proteins that bind to the membrane-bound Ig-like receptor. Macrophages and
DCs constantly internalize extracellular material by phagocytosis, receptor-mediated
endocytosis, or macropinocytosis. The extracellular material is internalized into
endosomes, which are not accessible to the proteases of the cytosol. These vesicles
contain acidic proteases, such as the cysteine proteases Cathepsin S and Cathepsin L. As
the endosomes advance into the inner of the cell, they become more acidic, thereby
activating the acidic proteases. The activated acidic proteases degrade the intravesical
proteins. The a- and B-chains of HLA class Il molecules are directly translocated into the
ER lumen during synthesis. The newly-synthesized HLA class II molecules are joined by
the MHC class Il-associated invariant chain (Ii) to prevent the HLA class II
peptide-binding groove from being occupied by peptides present in the ER lumen. (21)
The Ii is a glycoprotein that spans the ER membrane with its amino terminus residing in
the cytosol and its carboxy-terminus residing in the ER lumen. It contains a trimerization
region close to its carboxy terminus. The Ii groups to stable trimers. The class
IT-associated invariant chain peptide (CLIP) - a domain of the Ii in close location to the
trimerization domain - resides in the binding groove of an HLA class II molecule. Each
of the three CLIPs of the trimer occupies the peptide-binding groove of an HLA class 11
a:p heterodimer. In the ER, HLA class II a- and B-chains and the Ii are bound by calnexin.
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Calnexin releases these components, as soon as a nonameric complex, consisting of three
Ii, three a-chains, and three B-chains, is formed. The HLA class IT molecules can only
leave the ER in a nonameric complex. This prevents the binding of HLA class II
molecules to peptides in the ER and the transport of HLA class II molecules with its
peptide-binding groove occupied by anything else than the CLIP of the Ii out of the ER.
When a vesicle containing the nonameric complex buds off the ER, it is delivered to a
low-pH endosome, with which it fuses. This is the compartment in which the peptide
loading onto the HLA class II molecule can occur. After fusion, the activated acidic
proteases first cleave the trimerization domain from the Ii, generating three 22-kDa I,
named LIP22. In the next step, LIP22 is further cleaved to the 10-kDa fragment LIP10 by
cysteine proteases. LIP10 retains the HLA class II molecule in the endosomal
compartment. When LIP10 is cleaved, CLIP remains in the peptide-binding pocket of the
HLA molecule. The HLA class I molecule is bound and stabilized by HLA-DM for the
exchange of the CLIP by a peptide. HLA-DM resembles HLA class II molecules but does
not have a peptide-binding pocket. It is mainly found in the endosomal compartment,
where it binds to the a-chain of HLA class II molecules. This binding facilitates the
exchange of CLIP or peptides with low affinity by other peptides by inducing changes in
the structure of the HLA class II molecule. This process is comparable to peptide editing
in HLA class I molecules. Another HLA class II-like molecule, which is present in the
late endosomal compartment, is HLA-DO. Just like HLA-DM, it cannot bind and present
peptides. It binds to HLA-DM and thereby reduces the effectiveness of peptide-loading
onto HLA class II molecules. The a- and pB-chains of HLA-DM and HLA-DO are both
encoded in the HLA class II gene locus, with the HLA-DM a- and B-chains located close
to the HLA-DOA gene locus. In the presence of IFN-y, the transcription of HLA-DMA,
HLA-DMB, and HLA-DOA is increased, but not of HLA-DOB. This leads to a
predominance of HLA-DM molecules in late endosomes, compared to HLA-DO, and a

more effective peptide loading onto HLA class II molecules during infection. (19)

It is of great importance that the HLA class II molecules bind peptides with high affinity
to ensure that the peptide can stay bound to the HLA molecule on the cell surface for as
long as possible. It can take up to days until the HLA class II-peptide complex encounters
a TCR that recognizes it. If the antigenic peptide dissolves from the HLA class Il molecule

before its TCR counterpart recognizes it, no immune response can be triggered. After
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binding a peptide, the HLA class II-peptide complex is transported to the cell surface,

where it is presented to the extracellular compartment to be scrutinized by CD4" T cells

(Figure 1). (31)

antigen-presenting cell

a
1

13-17 aa peptide —v CD4 L~ 8-10 aa peptide

somatic cell

“E

a

tmicroglobulin

MHC I

Figure 1: Interaction of TCR with HLA-peptide complex: TCR of CD4" T cell interacts with
the HLA class II-peptide complex on APCs. The CD4 receptor interacts with the 2 domain of
the HLA class II molecule (left-hand side). TCR of CD8" T cell interacts with the HLA class I-
peptide complex on somatic cells. The CD8 receptor interacts with the a3 domain of the HLA
class I molecule (right-hand side). (10) The peptide, bound by the HLA class II molecule, can
protrude from the binding pocket, whereas the binding pocket of the HLA class I molecule is
limited to both ends. (11) The peptides bound by HLA class Il molecules are longer than peptides
bound by HLA class I molecules. The CD3 co-receptor is not illustrated (see Figure 3). Adapted
from (19).

HLA molecules are only stable if they bind a peptide. As soon as the peptide dissolves
from the peptide-binding groove, the HLA molecule is degraded. However, HLA class 11
molecules seem to be more stable without a peptide bound to them, than it is the case for
HLA class I molecules. (32) The consequences of an HLA class II peptide replaced by
another peptide of the extracellular compartment does not have a significant impact, since
it is their purpose to present peptides from the extracellular compartment. As the peptides
presented on HLA class I molecules are derived from intracellular proteins, the

extracellular replacement of a self-peptide by an epitope could induce the elimination of
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a healthy cell. Nevertheless, this process also seems to occur as it is a widely used
technique to screen for immunogenic T-cell epitopes by adding synthetic peptides to cell
cultures. It is not yet clear if those synthetic peptides replace other peptides bound by
HLA molecules or if there are HLA molecules with empty binding pockets on the cell

surface to which the synthetic peptides can bind.
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Figure 2: Peptide processing pathways: The processing of HLA class | peptides is illustrated
on the left-hand side. Cytosolic proteins are marked for degradation by the proteasome via
polyubiquitination. The cleaved peptides are transported into the ER, where they are loaded onto
HLA class | molecules with the help of the PLC (not illustrated). The HLA class | a-chain and
the B2-microglobulin are directly translated into the ER, where they are assembled. The HLA
class I-peptide complex is then transported in a vesicle to fuse with the cell membrane. The
processing of HLA class Il peptides is illustrated on the right-hand side. An exogenous peptide is
taken up into the endosomal compartment from the extracellular compartment. As the endosomal
content becomes more acidic, the acidic proteases get activated and cleave the contained protein
into fragments. In parallel, the HLA class II a- and p-chains are translated into the ER lumen
where a nonamer is formed by three a-chains, three B-chains and three li (illustrated as one
trimer). This nonamer buds off the ER in a vesicle. The li is cleaved stepwise until only CLIP
remains in the peptide-binding groove. The vesicle containing the CLIP-loaded HLA class 1l
molecule can then fuse with the late endosome containing the cleaved peptides. With the help of
HLA-DM and HLA-DO, the CLIP gets replaced by a processed peptide. The HLA class Il-peptide
complex is then transported to the cell surface.
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1.1.2.4 T cells
T cells are a subset of lymphocytes. They form the cellular part of the adaptive immune

system together with the B cells. Their names originate from the tissue, from which the
naive effector cells are released. These are the thymus in the case of the T cells and the
bone marrow for the B cells. B cells can present peptides that were taken up by
receptor-mediated endocytose on HLA class II molecules, as described in 1.1.2.3. They
produce immunoglobulins when activated. The DNA of each B cell encodes a unique
immunoglobulin antigen-binding site. The B cell displays many copies of a
transmembrane receptor, with this exact antigen-binding site - the B-cell receptor - on its
cell surface. When activated, the B cell produces immunoglobulins that are released and

can tag the antigen for degradation or neutralize it.

T cells cannot produce soluble forms of the TCR but display the TCR on their cell surface.
Most T cells carry a TCR that consists of an a- and B-chain. Some T cells carry a special
TCR which is made up of a y- and d-chain and is therefore called y:0 TCR. These cells
do not recognize antigenic peptides bound by HLA molecules. Their role is not yet
completely understood. There is some evidence that y:6 T cells can recognize lipids and
other non-peptide ligands that are common to pathogens without the help of the classical
HLA molecules. The function of this T cell subset is in between innate and adaptive

immunity. (19)

T cells that express the classical a:p TCR have different effector functions. They are
grouped into three categories: cytotoxic T lymphocytes (CTLs), T-helper cells (Tx) and
regulatory T cells (Tregs). CTLs express the co-receptor CD8 on their cell surface. CDS8
amplifies the sensitivity of the TCR for HLA class I-peptide complexes on somatic cells
about 100-fold by binding to a conserved region of the HLA molecule. (10) CTLs detect
cells that present peptides of an intracellular pathogen or neoplastic changes on HLA class
I molecules and induce apoptosis in those cells. Apoptosis can be induced by
receptor-mediated pathways or by the release of perforin and granzyme B from cytotoxic
granules from the CTLs cytoplasm. They are also known to secrete the cytokines IFN-y
and tumor necrosis factor (TNF). IFN-y induces an increase of HLA class I production
and expression on surrounding cells and the production of factors that are essential for
peptide processing and loading onto HLA molecules. It also attracts macrophages to the

site of infection and activates them to serve as APCs and effector cells. The secretion of
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TNF can lead to apoptosis of infected cells by binding to TNFR-1 and the activation of

macrophages.

Tn and Tregs express CD4, which sensitizes the TCR for HLA class II-peptide complexes.
There are four different types of Ty cells: Tul, Tu2, Tul7, and Tru. Tul cells are essential
for the clearance of pathogens that can evade or survive in the endosomal compartment
of macrophages. If an effector Tul cell recognizes a peptide on an HLA class I molecule,
it secretes IFN-y, which signals the macrophage to kill its ingested pathogen. The Tu2
cells play a crucial role in the elimination of extracellular parasites. After activation, Ty2
cells secrete the cytokines interleukin (IL) -4, IL-5, and IL-13, which lead to an activation
of eosinophils and mast cells, and to class switching of B cells to produce IgE. The
eradication of extracellular bacteria and fungi acquires the help of Tul7 cells. The
cytokines IL-17 and IL-22, which they produce on activation, lead to high production of
granulocyte-colony stimulating factor (G-CSF) in stromal cells and increased secretion
of antimicrobial peptides on the epithelial barrier, respectively. G-CSF enhances the
proliferation of hematopoietic precursor cells and activates neutrophil granulocytes at the
site of infection. The activation of Tu17 cells promotes an isotype switch in B cells, which
leads to increased production of opsonizing IgG antibodies. Trn cells are crucial during
any type of infection. They play a unique role in the activation of naive B cells, the support
of isotype switching and affinity maturation in activated B cells and plasma cells. The

main cytokine they produce is IL-21. (19)

Whereas all the described effector T cells help to clear pathogens from the body, Tregs play
a negative modulatory role in the adaptive immune response. They suppress T cell
responses by producing immunosuppressive agents such as IL-10 and are essential for the

prevention of autoimmune reactions.

1.1.2.5 The a:p T-cell receptor
The TCR is a highly specific receptor for antigen recognition. It is established by the T

cell during its development in the thymus. Every T cell carries many copies of the TCR
with a unique antigen-binding site on its cell surface. The TCR consists of an a- and a
B-chain. Each chain contains a variable (V) and a constant (C) immunoglobulin-like
domain. A disulfide bond links the two chains. The amino terminal V regions of the a-

and the B-chain form the unique antigen-recognition site. The carboxy-terminal C region
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consists of a short cytosolic tail, some transmembrane polypeptides which anchor the
TCR in the cell membrane, and an extracellular part. (Figure 3) The V region of the a-
and [-chain each contains three loops with hypervariable regions called
complementary-determining regions (CDRs). The high diversity of the TCR is created by

somatic recombination of TCR gene segments.

The V, region of the TCR is encoded by the joint of one V,to a J, segment, of which
there are 70 and 61, respectively. There is only one gene segment for the C region of the
a-chain. The Vg region is formed by a V(D)J recombination. There are 52 V genes which
are joined with either one Dg1 gene and one of six Jg1 linked to a Cp1 gene segment or one
Dg2 gene segment linked to one of seven Jg> gene segments and a Cgpz gene segment. The
Cp1 and Cpz gene segments are almost homologous and do not differ in their function. (33)

The number of possible combinations is referred to as combinational diversity.

The joint region is further modified by the insertion of P- and N-nucleotides.
P-nucleotides are palindromic sequences, generated on both ends, which are later joined.
Besides, N-nucleotides are added by the terminal deoxynucleotidyl transferase.
N-nucleotides are non-template-encoded and added randomly. After the addition of
N-nucleotides, the DNA single strands are joined at points where some of the antisense
N-nucleotides fit together. N-nucleotides that do not match are replaced, and the missing
nucleotides are filled into gaps. The diversity that is created in the joining region of the V

exon is called junctional diversity.

The CDR1 and CDR2 of the V regions are located within the V gene segment and are less
variable than the CDR3 region. The CDR3 loop is encoded within the end of the V gene
segment, the joining segment of the V(D)J joint, and the beginning of the J gene segment.
This leads to high diversity in this region. The CDR3 loop of the a- and B-chain forms
most of the antigen-binding site, and the high variability in this region is needed to be
able to cover the vast number of possible peptide epitopes, which can be presented by
HLA molecules. The CDR1 and CDR2 loops mostly form the contact site to the HLA

molecule.

The high diversity in the TCR of developing T cells can also lead to the generation of T

cells that could harm the organism. Thus, there is a need for the selection of T cells in the
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thymus before the naive T cells can be released. First, the TCR of CD4 and CDS§
double-positive T cells must recognize the HLA molecules of the organism. If the
interaction of the TCR of the double-positive T cell with the HLA molecules is too strong
or too weak, apoptosis is induced in the T cell. If the interaction of a TCR with either
HLA class I or HLA class II molecules is successful, the T cell will receive a survival
signal. Furthermore, it will receive a signal to downregulate CD4 expression in case of
effective interaction with HLA class I molecules or a signal for downregulation of CDS8
expression in case of successful interaction with an HLA class II molecule. This selection
is termed positive selection.

antigen recognition )
After selecting the thymocytes for

HLA interaction, the single positive
CD4 or CD8 T cells that express a
TCR that recognizes self-antigens
are eliminated. If the TCR of a
single-positive T cells binds to
self-antigens presented on HLA
molecules, apoptosis is induced.
This is a crucial step in the
prevention of autoimmune diseases
and referred to as negative selection.
Nevertheless, some of these cells
receive a survival signal to become

Tre gs.

An antigen can only be recognized
by a TCR if bound to an HLA

molecule on the surface of another

cell. This recognition, however, is

Figure 3: TCR complex, consisting of an a:3 TCR and
a CD3 complex. The CD3 complex is consisting of two
g-chains, one 3-chain, and one y-chain, with each chain cell. As the molecular binding
containing one ITAM, as well as a homodimer of (-

chains, each containing three ITAMs. Adapted from between the TCR and the HLA
(29).

not enough for the activation of the T

molecule is not very strong and the
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half-time before dissociation often too short for antigen recognition, the CD4 and CDS8
molecules are essential for the increase of the time of interaction between the TCR and

the HLA-peptide complex. (Figure 1)

Another co-receptor is the invariant CD3 molecule, which is specific for T cells and
essential for cell activation after epitope recognition. The CD3-complex is formed by
CD3y, CD36, CD3g, and a disulfide-linked {-homodimer. The {-chains have a short
extracellular domain. The intracellular domain contains three immunoreceptor
tyrosine-based activation motifs (ITAMs), which activate intracellular cascades by the
phosphorylation of tyrosine residues of the ITAMs when the TCR recognizes an antigen.
Each of the CD3y, CD36, and CD3¢ chains contain an extracellular Ig-like domain. The
intracellular tail of these molecules contains an ITAM as well. The CD3-complex is
formed by a CD3&:CD3y heterodimer, which is associated with the B-chain of the TCR,

as well as an {-homodimer which is related to the a-chain of the TCR. (Figure 3)

1.1.2.6 T-cell maturation, activation, and differentiation
The early progenitors of T cells reside in the bone marrow before they migrate to the

thymus to develop their TCR and undergo negative and positive selection. Naive T cells
need to be activated before they can contribute to the immune response. (Figure 4) After
their development, selection, and release from the thymus, they circulate between the
blood, the lymph, and the secondary lymphatic organs, where they constantly screen
APC:s for antigen recognition to become effector cells. The most potent activators of naive
T cells are DCs. After DC activation by toll-like receptors (TLRs) and other
pathogen-recognition receptors, they take up pathogens and migrate into secondary
lymphoid tissue to present the antigen to cells of the adaptive immune system. The
secondary lymphoid tissue is the location where naive T cells are primed. T cells are
activated when they recognize a peptide presented by an HLA molecule. They then
require a co-stimulatory signal, which is mediated by a receptor, present on the surface of
activated DCs. If a T cell recognizes a peptide presented on a non-activated DC on which
the co-stimulatory receptor is not present, the T cell is driven into apoptosis. This
mechanism prevents T cells that recognize self-peptides from triggering an autoimmune

reaction. The most studied receptors on DCs, which signal the T cell to survive are B7.1
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(CD80) and B7.2 (CD86). These co-stimulatory molecules can bind to CD28 present on
naive T cells. (Figure 4) The third signal required for T-cell differentiation is the activation
of cytokine receptors, which are present on the T cell’s surface. Cytokines can be either
produced by the activated DC, which directly interacts with the T cell or by other cells of
the immune system. The T cell subset into which the activated T cell differentiates
depends on the surrounding cytokine milieu. Naive T cells that carry CD8 need to
recognize a peptide, which is presented by an HLA class I molecule. As somatic cells do
not have co-stimulatory molecules on their cell surface, they cannot activate naive T cells.
Due to the cell tropism of most pathogens, some do not infect DCs. Therefore, it is
essential that DCs also present peptides that were taken up by phagocytosis on HLA class
I molecules to be able to activate naive CD8" T cells in the process of cross-presentation.
As there is only one group of CD8" effector T cells, the cytokine milieu in which they are
activated is not of such importance as it is the case for CD4" T cells. Nevertheless, they
need the presence of IL-2 to confirm an infection and trigger their proliferation and

differentiation into CTLs.

The differentiation of CD4" T cells into effector cells depends on the presence of specific
cytokines in their surroundings. The presence of IFN-y and IL-12 leads to the
differentiation of a naive CD4" T cell (Tu0) into Tul effector cells. In the case of the
presence of IL-4, the TuO cell will become an effector Tu2 cell. A differentiation into
Tu17 cells is triggered when the predominant cytokines are IL-6 and IL-23. The presence
of IL-6 is also vital for the development of Tru cells. The TxO is driven into differentiation
to Tregs in the presence of the transforming growth factor-f but the absence of IL-6. The
presence or absence of IL-6 determines if the TwuO cell differentiates into an
immune-stimulatory effector Ty17 cell or an immune-suppressive effector Trez. Each of
these effector T cells produces the cytokines, which stimulates its differentiation. This

results in a positive feedback loop.

After activation and differentiation, the antigen-specific T cells amplify for four to five
days. During this period, they stay in the lymph node. Afterwards, the effector cells are
released from the lymph node and attracted to the site of infection by cytokines. They can
induce receptor-mediated apoptosis in infected cells on which they recognize an HLA

class I-peptide complex, in the case of CTLs. Effector Ty cells assist B cells and
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macrophages in producing antibodies or destroying the pathogens contained in their
vesicles, respectively. Effector cells do no longer need a co-stimulatory signal when

recognizing an epitope presented on an HLA molecule.

antigen presenting cell

MHC I

cytokines

Figure 4: The three signals needed to turn a naive T cell into an effector T cell. 1. TCR needs
to recognize an HLA-peptide complex with the help of CD4 or CD8 to get activated. 2. The T cell
needs to get a receptor-mediated survival signal by the APC, which can be mediated by the
binding of B7 on the APC’s surface to CD28 on the T cell’s surface. 3. The T-cell surrounding
cytokine milieu stimulates specific cytokine receptors, which leads to the transcription of certain
differentiation factors inside the T cell and its differentiation. Adapted from (19).

After the clearance of the pathogen, most effector cells are driven into apoptosis. Some
of the effector T cells remain as so-called memory cells. They can mount a faster and
more potent immune response to the pathogen in case of reinfection, as they do not need
the time-consuming co-stimulatory signals of DCs for reactivation. The presence of these
cells is the reason for the effectiveness of active vaccination, besides the production of

NAB:s.
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1.2 The human adenovirus
The adenovirus is a non-enveloped, double-stranded DNA virus with an icosahedral

capsid. It was named after the tissue from which it was first isolated in 1953: the adenoid

tissue. (34)

Five defined genera have been described: Mastadenovirus, Aviadenovirus, Atadenovirus,
Siadenovirus, and Ichtadenovirus. The genus of Ichtadenovirus was recently discovered
when a fish adenovirus did not fit into any of the four previously defined genera. (35, 36)

Until now, there is only one identified Ichtadenovirus serotype.

The HAdV belongs to the genus of the Mastadenovirus in the family of the Adenoviridae.
Up to date, there are almost 90 types known to be able to infect humans, categorized into
seven species (A to G). (37, 38) Species B is sometimes divided into the species B1 and
B2. (39) The characterization of species into serotypes was exclusively done by serum
cross-neutralization and hemagglutination up to type 51. (40) The categorization into
types is recently performed by more specific criteria such as complete genome sequence
analysis. (41) New types are continually emerging. HAdV can infect a broad spectrum of
cells. Different serotypes have a specific cell tropism. Adenovirus serotypes which belong

to the same species are associated with similar symptoms in the host organism. (42-44)

Table 1: Serotypes in association with type of infection. Adapted from reference (42)

HAdV species  Serotype Type of infection

A 12,18,31 gastrointestinal, respiratory, urinary

B1 3,7,16,21 keratoconjunctivitis, gastrointestinal,
respiratory, urinary

B2 11,14,34,35 gastrointestinal, respiratory, urinary

C 1,2,5,6 respiratory, gastrointestinal including
hepatitis, urinary

D 8-10,13,15,17,19,20,22- keratoconjunctivitis, gastrointestinal

30,32,33,36-39,42-49,51

E 4 keratoconjunctivitis, respiratory

F 40,41 gastrointestinal

G 52 gastrointestinal
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1.2.1 Structure of the virion
As mentioned in 1.2, the adenovirus is a non-enveloped, double-stranded DNA virus with

an icosahedral capsid. The diameter of the capsid is 926 A without the protruding fiber
proteins, which vary in length from 120 A to 315 A between different serotypes. (45) The
structure of the virion contains a capsid and a core. The capsid is the outer surface of the
virus. The main capsid proteins, especially the hexon protein, are preferred targets of the
immune system. (46) The capsid is directly exposed to the immune system before the
virus enters its host cell, and a high amount of capsid proteins needs to be produced for

virus replication.

The main proteins that
form the capsid are the
hexon protein (protein II),
the penton protein (protein
IIT), and the fiber protein
(protein IV). A capsid
contains 240  hexon
capsomeres and 12 penton
complexes. One hexon
capsomere is a trimer of
protein II. Each penton

complex consists of a

core proteins pentamer of protein I1I and

. _ _ _ o TP a trimeric fiber protein
main capsid proteins  cement proteins ac .
® protease with a final knob. The
@ penton base O Ia
— VI = Va2 penton  complex  is
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Figure 5: Structure of adenovirus virion. The capsid consists of
main capsid proteins (penton base, fiber and hexon) associated
with the cement proteins (IIla, VI, VIII, IX). The core which is gre the proteins I1la, VI,
located inside the capsid contains the virion DNA, the terminal
protein (TP), proteins Va2, V, VII, Mu and a 23K virion protease. VIII, and IX. These

capsid-associated proteins
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proteins help to stabilize the junctions of the main capsid proteins and are referred to as

cement proteins. (45)

The core contains the genome and six more polypeptides: V, VII, X (Mu), IVa2, the
terminal protein (TP), and the 23K virion protease. The proteins V, VII, X, TP, and Va2
are closely associated with the DNA and are essential for DNA condensation. In contrast,
the protease is necessary for virion assembly, cleavage of precursor proteins, and virus

entry into host cells. (43, 47)

1.2.2 Genome structure and functions
The human adenoviral genome is ranging from 34 to 36-kilobase pairs in length and

contains inversed terminal repeats of a length of 36 to more than 200 base pairs. (48, 49)
Each of its 5’ termini is covalently bound to a TP. (50) The genome encodes over 40
regulatory and structural proteins, which are all transcribed by RNA polymerase I1. From
those 40 proteins, 12 structural proteins were identified in the final virion. (37, 51) The
viral DNA of HAdV also encodes two viral-associated RNAs: VA RNA I and VA RNA
II. The adenoviral genes are grouped into early and late genes, depending on their time
point of transcription. The reference is, whether they are transcribed before or after DNA

replication.

1.2.2.1 Early transcription units
The early genes consist of four cassettes: E1 to E4. The transcript products of the early

region model the host cell pathways, enabling viral reproduction, as well as evading the

immune response. E1 is often divided into E1A and E1B.

The E1A gene region is transcribed directly after the viral DNA entered the nucleus and
referred to as immediate early transcript. The primary function of these proteins is to make
the host cell metabolism more receptive to virus replication by driving the host cell into
the S-phase of the cell cycle. The p53 level is raised by enhancing its transcription (52)
and inhibiting its degradation (53). This leads to the transcription of the other viral gene
regions. (54)

E1B encodes two proteins: E1B-19k and E1B-55k. They antagonize some of the apoptotic
pathways which are enhanced by E1A. As the E1A transcription products lead to an
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increase of p53 concentration, E1B-55k downregulates p53 expression levels by multiple
methods: I) it directly binds to the gene locus inhibiting p53 transcription (55), II)
E1B-55k induces polyubiquitination of p53 followed by degradation by the proteasome.
The downregulation of p53 inhibits apoptosis. (56, 57) The E1B-19k protein also hinders
apoptosis. It can inhibit both p53-dependent and p53-independent apoptosis. This is
achieved by direct binding of E1B-19k to the pro-apoptotic molecules Bax and Bak. It
can also block the pathways of death-receptor signaling. (58)

The E2 genes are divided into E2A, which encodes the single-stranded-DNA-binding
protein (DBP), and E2B, which encodes the precursor TP and Pol. These proteins are
essential for viral DNA replication. (59) E2A has an alternative promoter that is activated

during the phase of DNA replication when most DBP is needed.

Polypeptides encoded in the E3 gene region can hinder the killing of the infected host cell
mediated by CTLs. The adenoviral protein E3-gp19k forms a complex with HLA class I
molecules in the ER where it is retained. This inhibits viral epitope presentation to and
recognition by CTLs. (16) The receptor internalization and degradation complex (RID)
enhances the internalization and degradation of death-receptors, such as Fas and
TNF-related apoptosis-inducing ligand (TRAIL) receptors. (60-62) Furthermore, RID
also inhibits the downstream pathways of these death receptors. (63) The presence of the

E3-14.7k protein makes the cell resistant against TNF-mediated cytolysis. (64)

Another protein encoded within E3 is the adenovirus death protein (ADP). It is
synthesized in a low amount in the early stages of infection and a higher amount at later
stages. The ADP induces lysis of the host cell, which leads to the release of reproduced
viruses. (65, 66)

The E4 gene encodes at least six polypeptides, which are organized in open reading
frames (Orfs): E4 Orfl to E4 Orf6/7. The function of each Orf protein is not yet
completely understood. The deletion of the E4 region has a high impact on viral
replication, whereas the inhibition of single Orfs does not have mentionable effects. The
Orf3 and Orf6 proteins are the best studied. Viruses that lack both Orf3 and Orf6 proteins

are not able to reproduce properly. A defect in one of the two proteins can mostly be
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compensated by the other. They both enhance the gene expression of late viral mRNAs

and are essential for efficient viral DNA synthesis. (67, 68)

The genome of each adenovirus encodes at least one VA RNA. The HAdV C serotypes
encode two of them. The VA RNAs are transcribed by RNA polymerase I11. Their function
is to inhibit the innate immune response. The best-known mechanism by which this is
achieved i1s the downregulation of the RNA-dependent protein kinase (PKR) by
VA RNA I. PKR is induced by IFN and can sense viral genomic contamination. The
interaction of VA RNA I with PKR prevents its autophosphorylation, which is required
for its activation. Activated PKR hinders the initiation of translation and thus the protein

biosynthesis of viral proteins. (69)

1.2.2.2 Delayed early and late transcription units
The gene IX is transcribed in the intermediate phase of infection. It encodes the protein

IX, which is translated from a non-spliced mRNA. It functions as a transcription factor,
especially for the major late promoter (MLP), besides being a structural protein associated

with the hexon protein. (70)

Protein I'Va2 is a transcription factor that is transcribed from the IVa2 gene during the
intermediate phase of infection. It raises the activity of the MLP and thereby the
transcription of late transcription units. (71) IVa2 is also associated with virion assembly
and encapsulation of the viral genome. (72) Furthermore, it has non-specific DNA binding

properties. (73)

The activity of the MLP is increased during the late phase of infection. It leads to the
transcription of the late units. These contain the information for most structural proteins
and proteins, essential for virion assembly. The late transcription genes can be grouped
into five units (L1-L5). L1 encodes the 55k protein and precursor protein Illa (pIlla). The
transcription products of L2 are the penton protein, precursor protein VII (pVII), protein
V and precursor protein X (pX). L3 contains the genomic information for the precursor
protein VI (pVI), the hexon protein, and the virion protease. L4 encodes the 100k protein,
the 22k protein, the 33k protein, and the precursor protein VIII (pVIII). LS5 only encodes
the fiber protein. The precursor proteins need to be cleaved by the viral protease to be
functional. (74) Except for protein IX, the primary transcript of any given adenoviral

polypeptide is spliced at least once during the synthesis of its final mRNA. (75)
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Figure 6: Genome of HAAV C serotype 2. Gene regions with encoding proteins. The p in front of polypeptides means that a precursor protein, which

needs to be cleaved for functionality, is synthesized. From (76).
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1.2.3 Viral entry into host cells and gene delivery
The fiber knob protein of most HAdV serotypes binds to the coxsackie adenovirus

receptor on the host cell. (77, 78) Most fiber proteins of the B genera bind to CD46 except
for the serotypes 3 and 7. (79, 80) Serotype 3 attaches to the receptors CD80 and CD86.
(81) Some of the HAdAV species D bind to sialic acid residues on the target cell. (82) The
receptors to which the fiber knob can bind determines the cell tropism of the serotype.
(83) The fiber protein always mediates the attachment to the host cell. A further
interaction necessary for viral entry occurs between an arginine, glycine, aspartic acid
sequence in a loop of the penton base with integrins on the host cell membrane. The
interaction with ay-integrins facilitates the uptake of the virion into an endosomal

compartment. (84)

The entry process into the host cell differs between serotypes. Due to the focus of this
work on HAdV2, the entry mechanism of this serotype is discussed in more detail. The
virus, except for the fiber, which dissociates from the capsid, is taken up into the
endosomal compartment after the arginine, glycine, aspartic acid sequence motif of the
penton base binds ay-integrins. (85) The next dissociation step is the loss of the penton
base in the endosome. This process correlates with the time of evasion from the
endosomal compartment into the cytosol and is mediated by the interaction of the penton
base with ay-integrins. Only 5% of the virions which undergo receptor-mediated
endocytosis are destroyed in lysosomes, highlighting the adenoviral efficiency of
endosomal evasion. (86) At this time point, the 23k protease, which is needed for
activation of precursor proteins and essential for virus reassembly, is reactivated. The
reactivation of the 23k protease leads to the degradation of protein VI. Protein VI is a
capsid-stabilizing protein. Its degradation is an essential step for the destabilization and

further disassembly of the capsid. (47)

The proteins Illa, VIII, and XI are detached from the capsid (87) during the
microtubule-dependent transport of the partly dissociated viral particles (88) through the

cytoplasm to the nuclear membrane.

The last step of virion disassembly takes place at the nuclear membrane, where the hexon
proteins dissociate after the virus particle has docked to the nuclear pore complex (NPC).

The NPC enables the transports of viral DNA and protein VII into the nucleus. (89)
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1.2.4 Immune response to human adenovirus infection

1.2.4.1 Innate immune defense
First, the HAdV must overcome the epithelial barriers to be able to infect the organism.

These barriers have mechanical ways to protect themselves. Examples are the mucociliary
clearance or the acceleration of air when coughing. The mucus layer on different epithelia
contains antimicrobial molecules, such as defensins and cathelicidins, which reduce the
infectivity of HAdAV (90) and are upregulated in the presence of HAdV to mediate
chemotaxis (91). The mucus also contains molecules that bind to sialic acid residues and

thereby compete for host cell-attachment with adenoviral fiber proteins.

Epithelial cells are the primary site for HAdV infection and replication. They produce and
release antimicrobial peptides and cytokines when infected, inducing local inflammation,
and attracting cells of the immune system to the site of infection. In infected epithelial
cells, the expression of intercellular adhesion molecule (ICAM) -1 is elevated to facilitate

the CD18-dependent attachment of neutrophils (92).

Phagocytotic cells of the innate immune system play a pivotal role in the initiation of an
immune response by the secretion of IFN-y, TNF, and IL-6. They can also directly
eliminate HAdV by phagocytosis. Macrophages engulf and eliminate viral particles upon
a potential viral entry and thereby prevent the infection of epithelial cells. They secrete
different cytokines shortly after engulfing viral particles to stimulate other immune cells.
(5) They are also able to emit the antimicrobial molecules mentioned earlier. The
activation of macrophages is most likely triggered by the presence of capsid proteins but
can also be mediated by viral DNA when sensed by TLR-9 (93). DCs show less
phagocytotic activity than macrophages, but a higher efficiency in antigen-presentation,
which makes them crucial for the initiation of an adaptive immune response. Furthermore,
DCs also secrete cytokines in the early phase of an adenoviral infection (94). HAdV
capsid proteins are an essential trigger for DC activation, comparable to the activation of
macrophages (95). The activation of TLRs by viral DNA also leads to DC activation (93).
Neutrophils need to be attracted to the site of infection by cytokines, such as IL-8
produced by macrophages and endothelial cells. After activation, neutrophils produce
IL-8 themselves, thereby amplifying the immune response. Neutrophils internalize HAdV
that is opsonized by complement factors or bound by IgG. (96) Unfortunately, IL-8 may
facilitate the entry of some HAdV serotypes into epithelial cells by inducing the
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expression of receptors on the cell’s surface (97). Another group of lytic leukocytes that

are involved in the clearance of an adenoviral infection are NK cells. (98)

The main cytokines involved in HAdV infections are IL-1, IL-6, IL-8, IL-12, interferons,
and TNF. IL-1 is important during the early inflammation response, in the presence of
HAAV. (99) It contributes to the production of IL-8 (100) and enhances the expression of
ICAM-1 on endothelial cells at the site of infection (101). IL-6 levels increase early
during infection compared to other acute-phase proteins such as CRP. (102) IL-6
plasma-concentrations correlate with the severity of HAdV infections. This effect is
predominant in HAdV infections compared to influenza and respiratory-syncytial-virus
infections. (103) The IL-8 serum-concentration of pediatric patients with HAdV
pneumonia correlates with clinical outcomes (104). IL-12 is an essential link between the
innate and the adaptive immune system. Its presence leads to the differentiation of TxO
cells to Tul cells and the induction of IFN-y production in T and NK cells (105). IFN-y,
a type II IFN, increases the expression of HLA-peptide complexes. Type I IFN (IFN-a
and IFN-B) are secreted by virus-infected cells. The secretion can be mediated by both
TLR-dependent and TLR-independent pathways, depending on the type of infected cells.
The decreased immune response in type I IFN-receptor knockout mice demonstrated the

importance of type I IFN in the combat of adenoviral infections. (106)

1.2.4.2 Adaptive immune response
APCs and cytokines initiate the adaptive immune response. Macrophages and DCs can

activate naive lymphocytes, with DCs being more efficient. When DCs recognize
pathogen-associated molecular patterns (PAMPs), transcription factors, such as NF-«xB,
are activated. In the case of HAdV, the capsid proteins and the viral DNA are essential
PAMPs. NF-«B is the best characterized inflammatory transcription factor. The activation
of NF-xB leads to the transcription of inflammatory molecules, which trigger the
maturation of DCs. Phagocytosis, peptide-processing, and -presentation on both HLA
class I and HLA class II molecules are increased during maturation. Mature DCs migrate
to lymph nodes where they are scrutinized by T and B cells. Activation of T or B cells
occurs when they recognize the epitope presented by a DC (see chapter 1.1.2.6). After
activation CD8" T cells differentiate to CD8" CTLs. CTLs leave the lymph node and are
attracted to the site of infection, where they lyse infected cells. During HAdV infection,

the predominant CD4" T cells are Tul cells, which help macrophages to clear the
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pathogens present in their endosomal compartment. (107) The highly cross-reactive T
cells (see chapter 1.2.7) play a crucial role in clearing HAdV infections, as can be seen in
T-cell-depleted patients in which those infections are associated with high morbidity and
mortality (see chapter 1.2.6). The activation of B cells with Tul help leads to an Ig class
switch and the production of NABs. NABs are efficient in the viral elimination in case of
reinfection with the same serotype but are not very cross-reactive. (108) They preferably
target the hyper-variable loops on the outer surface of the hexon protein or the fiber knob.

(109, 110)

After infection, some of the effector T and B cells become memory cells. These cells can
mount a fast and strong response to HAdV in case of reinfection, without the need for
reactivation by APCs. A difference between NAB and memory T cells regarding the

elimination of pathogens is the high cross-reactivity of memory T cells.

1.2.5 Epidemiology
Human adenoviral infections belong to the most frequent infections in humans. However,

there is no necessity for serology during infection, as they cause a variety of symptoms
that cannot always be distinguished from other self-limited viral infections. Furthermore,
there would be no consequence drawn from positive testing, as only symptomatic
treatment is available and necessary. The only HAdV infection in healthy individuals that
requires further investigations and must be, namely, reported in Germany is endemic

keratoconjunctivitis, as it is extremely contagious. (111)

The spread of adenovirus can occur via fecal-oral or aerosol droplet transmission. (112-

114)

Adenoviral infections are endemic in our pediatric population. They are a common cause
of upper and lower respiratory tract infections, especially in children from six months to
five years of age. (115-117) Some studies state that HAdV causes 5-10 % of respiratory
infections in children. (117-119) Although HAdV species C does not bare many
serotypes, they are the cause of most infections, with serotype HAdV2 being most
frequent. (120-122) Flomberg et al. could detect a proliferative response to HAdV2
antigen mediated by CD4" T cells in the peripheral blood mononucleotic cell (PBMC)
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cultures of 29 out of 30 healthy individuals (107). A study by Sukdolak et al. identified
HAdV-specific antibodies in 196 of 204 healthy individuals (96%) (123). Otherwise,
healthy patients infected with non-C serotypes often show more severe symptoms than
when infected with C serotypes (121). This can explain the higher prevalence of other
serotypes than C in the hospital setting compared to the general population. Due to the
limited success of adenovirus as a vector, studies analyzing the prevalence of NABs
against certain adenovirus strains were performed. Most studies screened the sera for the
presence of antibodies against HAdV?2 and HAdVS5 serotypes, as they are preferred gene
vectors. In a study of a pediatric population in northeast China, anti-HAdV2 and
anti-HAdVS antibodies were present in 59.6% and 43.3% of the tested children,
respectively. (124) Anti-HAdVS antibodies could be identified in 114 out of 114 sera
samples from healthy adults in India. (125) An international study showed that 85.2% of
the participants had anti-HAdVS5 antibodies (126). Another observation confirmed that
over 85% of the adult population had been exposed to HAdV C. (122)

Besides children, military recruits are also at risk for adenoviral infections. The most
common serotypes to affect military recruits were HAdV4, HAdV7, and HAdV14. (127,
128) The symptoms can vary from fever, cough, sore throat, and chills in mild cases, to
pneumonia and acute respiratory disease (ARD) with fatal outcomes. (129-131) Because
of the high morbidity of these serotypes in military recruits, a live, enteric-coated vaccine
against HAdV4 and HAdV7 was established, which dramatically reduced the occurrence
of HAdV4 and HAdV7 associated ARD in this cohort. (132, 133) In 1999, the vaccine
was stopped, which led to a new rise in cases of ARD in military recruits. (130) It was

reintroduced in 2011 with great success. (134, 135)

After a primary infection, HAdV can persist in human cells without causing symptoms.
HAAV preferably persists in T lymphocytes. (136, 137) Garnett at al. could detect DNA
from HAdV subgroup C in 79% of the tonsils from 35 individuals, removed during
routine tonsillectomies. Only 6% of the samples tested directly after removal contained
the infectious virus. Weeks to months after explant, the number of infectious viral
particles in the same tissue increased. (136) They later demonstrated that latent infections
could be reactivated in case of activation of the infected host cells. (138) Adenoviral DNA

was also isolated from the gut, indicating another location for persistent HAdV infection.
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Viral DNA was predominantly found in lymphocytes. (139) One mechanism by which
lytic viral replication is inhibited and persistent infection can be induced is by mimicking

of IFN pathways, which block the transcription of the immediate-early gene E1A. (140)

1.2.6 Adenoviral infections in immunocompromised patients
Most viral infections in immunocompetent individuals are usually self-limited and are

effectively controlled by our immune system. In the state of acquired immunodeficiency
after solid organ transplantation, stem cell transplantation, or symptomatic HIV infection,
viral infections can lead to high viremia and solid organ infection with high morbidity
and mortality. (141-144) The most common viral infections affecting

immunocompromised patients are CMV, HAdV, and Epstein-Barr virus (EBV). (145)

Adenoviral infections are predominant in children and are dangerous to pediatric patients
in the early period after stem cell transplantation. (144) Baldwin et al. showed that 21%
of pediatric patients were HAdV positive following hematopoietic stem cell
transplantation (HSCT), compared to 9% of adult patients after HSCT. (146) Allogeneic
HSCT recipients have a higher risk of adenoviral infection than autologous HSCT
recipients. (147) The source of infection can be the patient’s environment as well as a
reactivation of a persistent infection, which makes it very difficult to prevent (137). The
HAGJdV C species is the most prevalent to harm patients with a hampered immune system
(148). Only a symptomatic treatment of adenoviral infections is currently available. In
some studies, the intravenous infusion of antiviral agents such as ganciclovir or cidofovir
seemed to be a promising approach after early detection of HAdAV in
immunocompromised patients. The therapy could lead to the clearance of viremia, even
in patients defined as high risk. (149-152) Unfortunately, these drugs were shown to be
nephrotoxic and could lead to kidney failure. (153, 154)

The outcome of patients infected with HAdV after HSCT strongly correlates with their
T-cell immunity. Most infections after HSCT occur in the first 100 days after
transplantation when the immune system is not yet reconstituted. (146) Feuchtinger et al.
saw that patients who have reconstituted their T-cell count, but lack adenovirus-specific
T cells succumb to the disease. In contrast, patients with adenovirus-specific T cells have

significantly better chances of clearing the infection. (155) These findings indicate how
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important virus-specific lymphocytes are to control viral infections. The administration
of live vaccines is not indicated for immunocompromised patients. Thus, the live vaccine
against the HAdV serotypes 4 and 7 is neither a preventional nor a treatment option in

patients with a weakened immune system.

A promising approach in the therapy of adenoviral infections in immunocompromised
patients is the adoptive transfer of virus-specific T cells. (156) Feucht et al. demonstrated
that the infusion of antigen-specific T cells did not show an increase of graft-versus-host
disease, but a significant reduction of adenoviral-associated death in patients who
responded to the therapy. (157) Feuchtinger et al. reported one case of
graft-versus-host-disease following the adoptive transfer of virus-specific CD4" T cells
and CD8" T cells in nine patients. Five of six evaluable patients could clear their HAdV

load. (158)

1.2.7 Homology of - and immune cross-reactivity between different human
adenovirus serotypes
Especially the central part of the adenovirus genome contains genus-common genes.

Genus-specific genes are preferably located at the terminal regions of the genome,
referred to as E1 and E4 in HAdV. Comparative analysis showed that 16 genus-common
genes are present in all adenoviruses. Their gene products are mainly responsible for DNA

replication, DNA encapsulation, or structural components of the virion. (48)

Here, the focus will be on the homology of HAdYV, as the infection of other adenoviruses

1s not relevant in humans.

Most homology between serotypes can be seen within the same subgroup (see Table 2).
As there is only one serotype currently known for HAdV E and HAdV G, no DNA
comparison is possible within those subgroups. The DNA homology within subgroup C
is the highest, ranging from 99% to 100%. The homology in subgroup A is the lowest
with 48% to 69%. In contrast, the DNA homology of serotypes from different subgroups
is less than 20%. (98)

Nevertheless, this cross-subgroup homology is enough for cells of the adaptive immune
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Table 2: DNA homology within subgroups (115) system to be highly cross-reactive.

HAdV subgroup DNA homology [%6] The adaptive immune response
A 48-69 against HAdVS5 from subgroup C
B1 89-94 was shown to lead to the activation
B2 of subgroup-cross-reactive CTLs. In
c 99-100 vitro generated HAdVS5 specific

CTLs were able to lyse fibroblasts
x 94-9 infected with HAdV  from
E ) subgroups A, B, D, and E. The
F 62-69 blocking of HLA class I molecules
G . significantly reduced autologous

cell lysis.

In contrast, the HLA class II block led to a decreased reduction of cell lysis. (159)
Furthermore, the PBMCs of individuals who were seronegative for the uncommon
serotype HAdV35 had a specific proliferative CD4" response after the exposure to
HAdV35 antigens, which indicates a cross-reactivity from an earlier HAdV infection with
another serotype. (107) Heemskerk et al. demonstrated that out of 11 HAdVS5 specific
CD4" T cell clones, two were only cross-reactive to cells infected with other HAdV C
serotypes, whereas four clones were as well able to lyse cells infected with HAdV B
serotypes. Finally, five clones could lyse cells infected with HAdV A, HAdV B, and
HAdV C serotypes. Furthermore, HLA-DR and HLA-DP are essential for adenoviral
antigen presentation and initiation of an immune response to adenovirus. (160) Other
groups showed that both CD4" and CD8" cells, which target conserved as well as variable

hexon regions, are highly cross-reactive. (161, 162)

The capsid proteins, especially the hexon protein, are stated as preferred targets of the
immune system. (163, 164) The homology in the hexon proteins of HAdV serotypes is
approximately 80%. (165) In the hexon protein, serotype-specific epitopes are located on
the surface of the hexon. In contrast, most conserved regions, which are essential for the
formation of the capsid, are located on the inner surface. (165, 166) The differing antigen
location explains why antibodies against specific serotypes are less cross-reactive

compared to the cellular immune response. T-cell epitopes that are derived from the
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conserved regions of the hexon proteins on the inner surface of the capsid can be
presented on HLA molecules and recognized by cells of the adaptive immune system
(161). In contrast, the antibodies mostly target the more variable outer surface of the virus

capsid. (109)
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1.3 Aims of this thesis
HAAJV is a widespread pathogen. The majority of HAdV infections are subclinical in

healthy individuals but are associated with high morbidity and mortality in
immunocompromised patients (141, 142, 145, 147), primarily pediatric patients
following stem-cell transplantation (144, 146). Until today there is no satisfying treatment
option. However, the outcome of the patient depends on the presence of
adenovirus-specific T cells (155). The adoptive T-cell transfer of adenovirus-specific T
cells could reconstitute a long-lasting immune response and positively influence the
outcome of patients with low side-effects (156-158). Therefore, viral epitopes with which
specific memory T cells can be selected, and stimulated must be identified. The T-cell
response to HAdV is not yet completely understood. In previous work, the search for
adenoviral epitopes was mostly focused on conserved regions of the hexon protein to
increase the probability of the presence of epitope-specific T cells in the peripheral blood
and to take advantage of adenovirus-specific T-cell cross-reactivity. (163, 167-170) The
identification of viral epitopes facilitates the selection of virus-specific T cells. The
presence of epitope-specific memory T cells is restricted by the individual HLA-genotype
and depends on the previous infection with the pathogen. Consequently, stimulating T-cell

epitopes have to be selected for each patient. This process is time and cost-intensive.

This work aims to create an HLA class I cocktail consisting of already identified HLA
class I epitopes from the HAdV subgroup C. This cocktail should elicit an immune
response in as many as possible randomly selected PBMC cultures. As subgroup C
infections are most prevalent, all tested peptides are derived from proteins of one of the
subgroup C serotypes. Compared to HLA class I epitopes, not much research has been
done concerning the identification of HLA class II epitopes. The second aim was,
therefore, to predict promiscuous HLA class II epitopes from the 46 reviewed HAdV2
proteins from the UniProt database (171), with the help of the prediction tool SYFPEITHI
(172). The predicted promiscuous HLA class II epitope candidates and previously
identified HLA class II epitopes were synthesized, screened for immunogenicity via
enzyme-linked immunospot (ELISpot) screening assays, and confirmed as HLA class II
epitopes by intracellular cytokine staining (ICS). Finally, we designed a cocktail that
should lead to the stimulation of CD4" T cells in all tested, randomly selected PBMC

cultures without prior HLA class II typing nor HAdV serology.
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2.1 Materials

2.1.1 Devices
Analytical balance MC1 research RC 210 S

Cell culture hood Technoflow
Centrifuge Labofuge 400
Centrifuge Megafuge 1.0 R

ImmunoSpot® S6 Ultra-V-Analyzer

Fluorescence-activated cell sorting (FACS)
Canto II

Freezer -20° C

Freezer -80° C

Nalgene® Mr. Frosty freezing container
Ice machine AF30

Laboratory Microscope DMLS
Multi-channel pipette (200 pl)

Neubauer improved counting chamber

One-channel pipettes
(1 pl, 10 pd, 20 pl, 100 pl, 200 pl, 1000 pl)

Peptide Synthesizer ABI433A

Peptide Synthesizer Activo-P11

Peptide Synthesizer Liberty Blue
Pipet boy Integra
Refrigerator 4°C

Vortex MS1 Minishaker
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Sartorius, Gottingen, Germany
Biosciences, Zizers, Switzerland
Heraeus Instruments, Waltham, USA
Heraeus Instruments, Waltham, USA

Cellular Technology, Shaker

Heights, USA

Becton Dickinson, Franklin Lakes,
USA

Liebherr, Bulle, Switzerland

Sanyo, Moriguchi, Japan
Sigma-Aldrich, St. Louis, USA
Scotsman, Milan, Italy

Leica, Wetzlar, Germany
Abimed, Langenfeld, Germany

Marienfeld Superior, Lauda-

Konigshofen, Germany

Abimed, Langenfeld, Germany

Applied Biosystems, Foster City,
USA

Activotec,  Comberton,  United

Kingdom

CEM, Kamp-Lintfort, Germany
Biosciences, Zizers, Switzerland
Liebherr, Bulle, Switzerland

IKA-works, Wimington, USA
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Water bath

2.1.2 General material
96-well-plates

96-well-plates, U-bottom

6-well-plates

Cryotubes (2 ml)

Disposable pipettes (5 ml, 10 ml, 25 ml)

FACS tubes (5 ml)

Falcon tubes (15 ml, 50ml)

Pipette tips (10 ul, 200 ul, 1000 ul)
Reaction vials (0.5 ml, 1.5 ml, 2 ml)
Sterilization filter 0.22 um

Steritop filter units 250 ml

Syringes (2 ml, 5 ml, 10 ml, 20 ml)

2.1.3 Chemicals
Acetonitrile

Aqua-Live-Dead

B-mercaptoethanol

5-bromo-4-chloro-3-indolyl phosphate

-nitro blue tetrazolium (BCIP/NBT) tablet

Biocoll separating solution

GFL, Burgwedel, Germany

Multiscreen® HTS Filter Plates
Millipore®

Corning Incorporated, Corning, USA

Becton Dickinson, Franklin Lakes,
USA

Greiner Bio One, Frickenhausen,
Germany

Becton Dickinson, Franklin Lakes,
USA

Becton Dickinson, Franklin Lakes,
USA

Becton Dickinson, Franklin Lakes,
USA

Starlab, Ahrensburg, Germany
Eppendorf, Hamburg, Germany
Corning Incorporated, Corning, USA
Millipore, Billerica, USA

B. Braun, Melsungen, Germany

Thermo Fisher Scientific, Carlsbad,
USA

Thermo Fisher Scientific, Carlsbad,
USA

Roth, Karlsruhe, Germany

Sigma-Aldrich, St. Louis, USA

Biochrom, Berlin, Germany
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Bovine serum albumin (BSA)
Brefeldin A

double distilled water (ddH20)
Dimethyl sulfoxide (DMSO)

Dulbecco’s phosphate buffered saline (PBS)
w/o Mg?** and Ca?*

Ethanol

Ethylenediaminetetraacetic acid (EDTA)

FACS-Clean

Fetal calf serum (FCS)
Formaldehyde

Human plasma (heat-inactivated)

Iscove’s Modified Dulbecco’s Medium (IMDM)

Penicillin/Streptomycin (Pen/Strep)
Phytohaemagglutinin (PHA)

Phorbol 12-myristate 13-acetate (PMA)
Saponin

Sodium azide

Tween 20

Trypan blue

2.1.4 Buffers and solutions
FACS buffer
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Sigma-Aldrich, St. Louis, USA
Sigma-Aldrich, St. Louis, USA
in-house production

Merck, Darmstadt, Germany

PAA Laboratories, Pasching, Austria

Liquid  Production,
Germany

Flintsbach,

Roth, Karlsruhe, Germany

Becton Dickinson, Franklin Lakes,
USA

PAA Laboratories, Pasching, Austria
Sigma-Aldrich, St. Louis, USA
in-house production, pooled

Lonza, Cologna, Germany

PAA Laboratories, Pasching, Austria
Sigma-Aldrich, St. Louis, USA
Sigma-Aldrich, St. Louis, USA
Sigma-Aldrich, St. Louis, USA
Sigma-Aldrich, St. Louis, USA
Merck, Darmstadt, Germany

Merck, Darmstadt, Germany

2% FCS
2mM EDTA
in PBS



Freezing medium

PBS BSA

PBS-EDTA

PBS Tween

Permwash buffer

T cell medium (TCM)

Thawing medium

Trypan blue solution
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10% DMSO

in FCS

0.5% BSA

2 mM EDTA

in PBS, sterile filtered
2 mM EDTA

0.02% sodium azide

in PBS

0.05% Tween 20

in PBS

0.5% BSA

0.1% Saponin S-7900
in PBS

10% human serum
1% Pen/Strep

0.05% B-ME [0.1 M]
0.05% Gentamycin
in IMDM

1% Pen/Strep

0.05% B-ME [0.1 M]
0.05% Gentamycin

1 x DNAse [3 pg/ml]
in IMDM

0.05% trypan blue
0.02% sodium azide

in PBS
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2.1.5 Enzymes
DNAse |

ExtrAvidin Alkalinphosphatase

2.1.6 Antibodies

2.1.6.1 Antibodies for ICS
CD8-PerCP

CD4-APC-Cy7
INFy-PE

TNFa-PacificBlue

2.1.6.2 Antibodies for IFN-y ELISpot:

Anti- IFN-y 1-D1K [2 pg/ml]

Anti- IFN-y 7-B6-1 [0.3 pg/ml]

2.1.7 Softwares
FlowJo version 10

ImmunoSpot® software
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Roche, Basel, Switzerland

Sigma-Aldrich, St. Louis, USA

Biolegend, San Diego, USA
Biolegend, San Diego, USA
Biolegend, San Diego, USA

Biolegend, San Diego, USA

MabhTech, Nacka Strand, Sweden

MabTech, Nacka Strand, Sweden

Becton Dickinson, Franklin Lakes,
USA

Cellular Technology, Shaker
Heights, USA



2 Materials and methods

2.1.8 Peptides
2.1.8.1 HLA class I peptides

Table 3: Tested HLA class I peptides, all derived from HAdV2 proteins

Sequence HAdV2 Position HLA-  |Recogni-|Positive/| Publication
Source restriction | tion | tested
Protein rate [%]| PBMCs
(UniProt-
[»))

LTDLGQNLLY | CAPSH 901-910 A*01 95.7 66/69 | (173-175)
STDVASLNY CAPSP 76-84 A*01 56.3 9/16 (176)
LLDQLIEEV E1A 19-27 A*02 67.6 50/74 (175)
RLLPGVFTV DPOL 733-741 A*02 45.8 11/24 (163)

YVLFEVFDVV CAPSH 968-977 A*02 48.3 14/29 (163)
FLAPKLYAL DPOL 1074-1082 A*02 45.8 11/24 (163)
ALYLPDKLK CAPSH 494-502 A*03 53.1 17/32 in house
RLMETRGKK DPOL 1024-1032 A*03 40.5 15/37 in house

VIYGPTGCGK PKG1 168-177 A*03 46.4 13/28 in house
TYFSLNNKF CAPSH 37-45 A*24 72.7 40/55 @77
EPRSGGIGTL CAPS8 177-186 B*07 62.5 10/16 in house
EPTLLYVLF CAPSH 928-936 B*07 40.0 6/15 (178)
RPKLVPAIL E1A 206-214 B*07 50.0 8/16 in house

VPATGRTLVL LEAD 26-35 B*07 66.7 2/3 (174)
FRKDVNMVL CAPSH 601-609 B*08 68.8 | 11//16 | (170, 179)
IEEFVPSVY CAP8 189-197 B*18 50.0 8/16 in house
AEIEGELKCL DNB2 276-285 B*40 100 8/8 in house
FEPPTLHEL E1A 38-46 B*40 87.5 14/16 in house
CEDRASQML E1B55 350-358 B*40 75.0 12/16 in house
PEIHPVVPL E1A 241-249 B*40 43.8 7/16 in house
NEPVSTREL SF33K 154-163 B*44 87.5 7/8 in house

NESHCGVLVEL | SHUT 236-246 B*44 75.0 6/8 in house
NEIGVGNNF CAPSH 466-474 B*44 66.7 16/24 in house
QESPATVVF E1B55 28-36 B*18; 50.0; | 8/16; in house

B*40; 50.0; | 8/16;
B*44 75.0 18/24
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2.1.8.2 HLA class II peptides

Table 4: Published HLA class 11 epitopes and previously tested epitopes from earlier non-
promiscuous HLA class II predictions

2 Materials and methods

VDCYINLGARWSLDY CAPSH_ADEQ2 530-544 DR1 (162)
TETLTKVKPKTGQEN CAPSH_ADEOQ5 423-437 DR1 (162)
GTAYNALAPKGAPNP CAPSH_ADEOQ5 118-132 DR1 (162)
EWNFRKDVNMVLQSS CAPSH_ADE02 598-612 DR3/DR4 (162)
ATFFPMAHNTASTLE CAPSH_ADEQ2 633-647 DR4/DR7 (162)
THDVTTDRSQRLTLR CAPSH_ADE02 53-67 DR3 (162)
SQWYETEINHAAGRV CAPSH_ADEOQ5 209-223 DR4 (162)
FKKVAITFDSSVSWP-NH2 | CAPSH_ADE02 734-748 DR7 (162)
DEPTLLYVLFEVFDV CAPSH_ADEQ2 927-941 DR (163, 169)
RPSFTPRQAILTLQT CAP8_ADEQ2 159-173 Class Il in house
TGNMGVLAGQASQLN CAPSH_ADEQ2 354-368 DR (162)
GASIKFDSICLYATF CAPSH_ADE02 621-635 DR3 (162)
PGSYTYEWNFRKDVN CAPSH_ADEOQ5 576-590 DR4 (162)
ENGWEKDATEFSDKN CAPSH_ADEO05 436-450 DR4 (162)
GNNFAMEINLNANLW CAPSH_ADEQ2 471-485 DR4 (162)
GWAFTRLKTKETPSL CAPSH_ADE02 693-707 DR4 (162)
TLRFIPVDREDTAYS CAPSH_ADEQ2 65-79 DR4 (162)
DFYFHHINSHSSNWW DPOL_ADEOQ2 247-261 DR in house
NIALYLPDKLKYNPT CAPSH_ADEQ2 492-506 DR in house
LFEVFDVVRVHQPHR CAPSH_ADE02 935-949 DR in house
VNQFYMLGSYRSEAD DPOL_ADEOQ2 528-542 DR in house
LKSVYGDTDSLFVTE DPOL_ADEQ2 1006-1020 DR in house
RAFVSEWSEFLYEED DPOL_ADEOQ2 982-996 DR in house
YPTYLGILREPLYVY DPOL_ADEQ2 670-684 DR in house
CGMYASALTHPMPWG DPOL_ADEQ2 687-701 DR in house
FPEWRCVAREYVQLN DPOL_ADEOQ2 803-817 DR in house
WRFLWGSSQAKLVCR E1BS_ADEQO2 28-42 DR in house
MHLWRAVVRHKNRLL E1BS_ADE02 120-134 DR in house
RCSMINMWPGVLGMD E1B55 ADE02 217-231 DR in house
CGCFMLVKSVAVIKH E1B55 ADE02 329-343 DR in house
AELFPELRRILTINE E1B55 ADE02 80-94 DR in house
GDDFEEAIRVYAKVA E1B55 ADE02 164-178 DR in house
SVMLAVQEGIDLLTF E1A ADEQ2 69-83 DR in house
PKLVPAILRRPTSPV E1A-ADEQ2 207-221 DR in house
PQKFFAIKNLLLLPG CAPSH_ADE02 579-593 DR (162)

-4] -



2 Materials and methods

Table 5: Tested 15mer peptides from promiscuous HLA class Il epitope prediction
containing more than five core sequences, only TLRFIPVDREDTAYS has previously been
published as adenoviral epitope

LNRFVNTYTKGLPLA PKG1 ADEOQ2 353-367 DR
LATVPSIATTSAPQA PKG2_ADE02 70-84 DR
ASWFRMVVDGAMFNQ E434 ADEOQ2 142-156 DR
IHPVVPLCPIKPVAV E1A ADEQ2 243-257 DR
YIMTPDMTEELSVVL E4RF1 _ADEQ2 79-93 DR
ISPFIKLTSTHSANK Y172 _ADEQ2 31-45 DR
LLDLINILQSIVVQE PKG3 ADE02 242-256 DR
KDLLTDFKAFAARFS UXP_ADEQ2 48-62 DR
ILGLLALAAVCSAAK E3GL_ADE02 5-19 DR
LPLLIPLIAAAIGAV COR10_ADE02 53-67 DR
RGIFCVVKQAKLTYE E3145 ADE02 46-60 DR
QKLVLMVGEKPITVT E3145 ADEO02 77-91 DR
LDQLIEEVLADNLPP-NH2 E1A ADEQ2 20-34 DR
CAVVDALDRAKGEPV Y137 ADEQ2 48-62 DR
RQVMDRIMSLTARNP-NH?2 CAP3 ADEQ2 28-42 DR
IGAVPGIASVALQAQ COR_ADEO02 64-78 DR
YLKVMVRDTFALTHT DPOL_ADEQ2 491-505 DR
TPKLILSNSLSGSSS Y215 ADEO02 75-89 DR
VRRVLRPGTTVVFTP-NH2 CORES5_ADE02 72-86 DR
MRVIISVGSFVMVPG E4RF2_ADEO02 67-81 DR
LVSYLGILHENRLGQ SHUT_ADEQ2 386-400 DR
TLVLAFVKTCAVLAA LEAD_ADEO02 32-46 DR
VTAFRCIIQGHPRGP-NH2 Y215 ADEO02 149-163 DR
TLRFIPVDREDTAYS CAPSH_ADE02 65-79 DR

Table 6: Peptides that were predicted to contain four cores of the top 2%in the
promiscuous SYFPEITHI prediction and were categorized as good binders to HLA class
Il molecules by NetMHClIpan 2.0, none of the peptides has previously been published as
adenoviral epitope

VSKFFHAFPSKLHDK PKG1_ADE02 292-306 DR
KNRLLLLSSVRPAII E1BS_ADEO02 130-144 DR
TLLYLKYKSRRSFID E3GL_ADEO6 140-154 DR

Table 7: Elongated HLA class | peptide, showing CD4" T cell stimulation in previously
performed ICS assay, the peptide has not previously been published as adenoviral epitope

Sequence Source protein Position HLA-

(UniProt-ID) restriction
TFYLNHTFKKVAITF CAPSH ADEQ?2 727-741 DR
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Table 8: Previously described HLA class 11 epitopes from EBV and HAdV were used as
positive control peptide cocktails in ELISpot assays

Sequence Source protein ‘ Position HLA-  |Publication
(UniProt-1D) restriction
GTAYNALAPKGAPNP CAPSH ADEO5 | 117-131 DR1 (162)
TFYLNHTFKK CAPSH ADE02 | 726-735 A2 (168, 174)
RSPTVFYNIPPMPLPPSQL EBNA2 EBVB9 | 277-295 DRB3 in house
PRPVSRFLGNNSILY GP350 EBVB9 268-282 DR in house
IAEGLRALLARSHVERTTDE | EBNA1 EBVB9 481-500 - (180)

Table 9: Negative control peptide for HLA class Il immunogenicity-testing

Sequence Source protein Position HLA.- Publicatio
(UniProt-1D) restriction n
ETVITVDTKAAGKGK FLNA_HUMAN 1669- DR3 (180, 181)
1683
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2.1.9 Donors

Table 10: HLA-A and HLA-B genotype of donors used for immunogenicity-testing of
previously tested HLA class | epitopes

\ Donor ‘ HLA-A ‘ HLA-B
2226 A*03 A*31 B*27 B*62
2255 A*30 A*33 B*13 B*51
2256 A*26 A*69 B*18 B*35
2257 A*24 A*28 B*13 B*55
2264 A*02 A*25 B*44 B*62
2269 A*02 A*24 B*44 B*62
2271 A*03 A*68 B*07 B*60
2272 A*02 A*24 B*61 B*62
2273 A*02 A*11 B*44 B*55
2400 A*23 A*24 B*44 B*35
2405 A*24 A*33 B*44 B*65
2407 A*03 A*26 B*27 B*41
2412 A*32 A*32 B*27 B*62
2413 A*02 A*03 B*35 B*62
2414 A*02 A*02 B*07 B*41
2422 A*11 A*23 B*38 B*55
2423 A*02 A*24 B*44 B*55
2424 A*03 A*24 B*35 B*35
2511 A*02 A*24 B*35 B*60
2512 A*11 A*33 B*75 B*57
2515 A*26 A*26 B*38 B*57
2516 A*02 A*25 B*44 B*62
2526 A*11 A*32 B*18 B*44
2527 A*24 A*26 B*49 B*62
2528 A*02 A*29 B*44 B*62
2532 A*02 A*02 B*35 B*62
2533 A*03 A*32 B*44 B*61

Table 11: HLA-A and HLA-B genotype of donors used for immunogenicity-testing of
promiscuously-predicted, already published or previously in house tested epitopes from
earlier non-promiscuous HLA class II predictions

Dono A-A A-B

1264 A*01 A*02 B*13 B*08
1283 not typed not typed not typed not typed
1307 A*01 A*30 B*18 B*57
1311 A*01 A*02 B*08 B*60
1315 A*01 A*32 B*27 B*64
1316 A*02 A*02 B*07 B*08
1318 A*01 A*28 B*08 B*51
1328 A*01 A*01 B*55 B*60
1329 A*01 A*02 B*35 B*35
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Dono A B

1336 A*01 A*02 B*57 B*60
1376 A*01 A*26 B*07 B*08
1386 not typed not typed not typed not typed
1398 not typed not typed not typed not typed
1431 A*02 A*02 B*07 B*07
1445 A*03 A*24 B*07 B*49
1446 A*01 A*02 B*60 B*62
1735 not typed not typed not typed not typed
1745 not typed not typed not typed not typed
1762 not typed not typed not typed not typed
1763 not typed not typed not typed not typed
1764 not typed not typed not typed not typed
1765 not typed not typed not typed not typed
1774 not typed not typed not typed not typed
1778 not typed not typed not typed not typed
1791 not typed not typed not typed not typed
1874 not typed not typed not typed not typed
1877 not typed not typed not typed not typed
1952 A*03 A*28 B*38 B*62
1967 A*03 A*24 B*18 B*27
2074 A*02 A*02 B*41 B*62
2086 A*03 A*33 B*07 B*27
2100 A*02 A*02 B*35 B*44
2136 A*02 A*11 B*35 B*44
2137 A*02 A*02 B*38 B*56
2141 A*23 A*32 B*44 B*61
2159 A*02 A*29 B*27 B*37
2163 A*02 A*03 B*07 B*44
2176 A*01 A*24 B*08 B*62
2226 A*03 A*31 B*27 B*62
2255 A*30 A*33 B*13 B*51
2274 A*02 A*02 B*44 B*44
2275 A*02 A*02 B*44 B*56
2276 A*03 A*11 B*38 B*62
2281 A*02 A*66 B*27 B*41
2284 A*02 A*33 B*14 B*14
2285 A*02 A*31 B*18 B*55
2292 A*02 A*25 B*18 B*35
2297 A*02 A*29 B*44 B*58
2413 A*02 A*03 B*35 B*62
2469 A*02 A*02 B*44 B*62
2479 not typed not typed not typed not typed
2481 A*11 A*32 B*55 B*61
2483 A*03 A*30 B*13 B*62
2484 A*23 A*23 B*49 B*49
2488 A*02 A*31 B*44 B*57
2489 A*02 A*23 B*44 B*58
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Dono A-A A-B

2490 A*02 A*03 B*18 B*27
2492 A*01 A*32 B*08 B*13
2494 A*03 A*24 B*35 B*57
2497 A*02 A*02 B*49 B*57
2500 A*26 A*26 B*58 B*60
2501 A*03 A*03 B*35 B*55
2503 A*24 A*28 B*35 B*44
2506 A*02 A*29 B*07 B*38
2507 A*02 A*02 B*18 B*47
2509 A*02 A*03 B*18 B*55
2510 A*02 A*29 B*44 B*57
2534 A*02 A*02 B*07 B*57
2536 A*02 A*26 B*39 B*44
2537 A*02 A*26 B*35 B*38
2540 A*02 A*02 B*44 B*60
2543 A*24 A*29 B*44 B*63
2550 A*01 A*26 B*38 B*55
2552 A*25 A*28 B*18 B*44
2553 A*03 A*03 B*35 B*55
2561 A*24 A*25 B*61 B*62
2563 A*01 A*26 B*08 B*45
2564 A*24 A*28 B*35 B*62
2567 A*01 A*26 B*62 B*64
2570 A*02 A*25 B*44 B*62
2573 A*01 A*11 B*08 B*14
2574 A*01 A*28 B*08 B*60
2575 A*02 A*29 B*08 B*27
2577 A*01 A*30 B*08 B*61
2580 A*25 A*28 B*14 B*18
2585 A*02 A*32 B*39 B*51
2588 A*02 A*31 B*56 B*62
2590 A*02 A*02 B*18 B*44
2592 A*02 A*23 B*50 B*62
2595 A*03 A*31 B*14 B*27
2599 A*02 A*32 B*27 B*51
2600 A*29 A*33 B*07 B*57
2601 A*02 A*03 B*07 B*08
2603 A*02 A*23 B*13 B*44
2604 A*01 A*01 B*44 B*55
2605 A*01 A*03 B*08 B*38
2606 A*02 A*30 B*13 B*60
2610 A*02 A*32 B*44 B*51
2611 A*02 A*02 B*08 B*60
2612 A*24 A*32 B*56 B*63
2614 A*01 A*31 B*35 B*57
2615 A*02 A*28 B*44 B*44
2616 A*03 A*03 B*35 B*62
2620 A*24 A*24 B*39 B*41
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Donor HLA-A HLA-B
2631 A*03 A*26 B*27 B*41
2633 A*02 A*03 B*35 B*35
2634 A*01 A*24 B*35 B*62
2636 A*03 A*31 B*18 B*37
2639 A*01 A*02 B*08 B*60
2640 A*02 A*32 B*08 B*38
2642 A*23 A*25 B*44 B*62
2643 A*23 A*32 B*38 B*44
2644 A*02 A*29 B*07 B*07
2646 A*24 A*26 B*08 B*49
2647 A*02 A*02 B*18 B*62
2648 A*02 A*03 B*35 B*60
2652 A*02 A*03 B*07 B*51
2653 A*02 A*26 B*07 B*38
2654 A*30 A*33 B*63 B*42
2655 A*01 A*25 B*18 B*62
2657 A*02 A*29 B*07 B*44
2658 A*28 A*32 B*44 B*62
2659 A*02 A*02 B*44 B*57
2660 A*02 A*34 B*14 B*45
2661 A*24 A*24 B*18 B*35
2662 A*02 A*28 B*57 B*62
2665 A*02 A*29 B*44 B*62
2666 A*01 A*02 B*62 B*62
2668 A*24 A*26 B*49 B*70
2670 A*02 A*31 B*41 B*44
2671 A*01 A*01 B*37 B*60
2676 A*01 A*31 B*08 B*35
2677 A*01 A*02 B*08 B*18
2679 A*01 A*02 B*08 B*18
2743 not typed not typed not typed not typed
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2.2 Methods

2.2.1 Prediction of promiscuous HLA class II epitopes
SYFPEITHI was used to predict possible immunogenic epitopes. It uses an algorithm

based on a position-specific scoring matrix. The position-specific scoring matrix is based
on an HLA-specific peptide motif, derived from isolated natural HLA-ligands. As each
HLA allotype bears a different peptide-binding motif with specific anchor preferences
(21), SYFPEITHI scores each aa depending on the frequency of this aa at an anchor
position and its chemical and physical properties. The score ranges from +15 if the aa is
favorable to the HLA-peptide binding to -3 if the aa is disadvantageous to HLA-peptide
binding at this position. Finally, the score for each aa is summed up. The summation
results in a peptide-specific score that correlates with the binding-probability of the

peptide to the HLA allotype of interest. (172)

The binding of HLA class II molecules to peptides is less specific when compared to HLA
class I molecules. Furthermore, HLA class II molecules have an open-ended
peptide-binding groove which permits the binding of peptides with certain core regions,
but different length variants (22-24). Thus, HLA class II-bound peptides can contain
different core sequences and are thereby sometimes not restricted to only one HLA allele
product but can bind to several ones (Figure 7). Because of this phenomenon, described
as promiscuity, promiscuous peptides can be predicted to bind to different HLA class 11

allotypes.

HLA class II binding prediction continues to be a challenge as the binding motifs are not
yet completely understood, and the binding sites are not as unambiguous as it is the case
for HLA class I molecules. (21, 182) HLA class II allele products pose a higher
complexity, due to the contribution of both the a- and B-chains to the binding groove. All
these permutations need to be considered for the prediction of peptide-binding to HLA
class II gene products. These circumstances have made it hard to assign peptide sequences
to HLA class II allotypes and vice versa. Although the phenomenon of promiscuous
epitopes is well characterized, no satisfying tool for promiscuous epitope prediction has

been published to this time point.
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Hence, we tried to establish a way of predicting promiscuous HLA class II epitopes with
a focus on identifying promiscuous peptides rather than identifying peptides with high

binding-probabilities for single HLA class II allotypes.

We first selected the top-2% of the predicted peptides of a protein for each of the HLA
class II molecules for which a prediction can be performed with SYFPEITHI:
HLA-DRB1*01:01, HLA-DRB1*03:01, HLA-DRB1*04:01, HLA-DRBI1*07:01,
HLA-DRB1*11:01, and HLA-DRB1*15:01. If multiple peptides had the same score as
the lowest-rated peptide of the top-2% rated peptides, all peptides with this score were
selected. In the second step, the selected peptides were sorted by their position in the
protein. As the peptides are to be 15 aa long and the HLA binding core is presumed to be
nine aa long (24, 183), there is a possibility of several HLA binding cores to be present
in a 15mer peptide. Under the assumption that the HLA binding core is flanked by three
aa on each side, predicted peptides that differ less than seven aa regarding their position
in the protein must contain both HLA binding cores in their sequence (Figure 7). We
aimed for peptides that contain most cores within the top-2%-selected peptides. This

workflow was applied to all 46 HAdV?2 proteins from the Swiss-Prot database. (171)

i e

MHC class IT MHC class 11 MHC class IT MHC class 11
o chain B chain a chain B chain

Figure 7: Promiscuous 15mer peptide containing HLA binding cores allowing binding to
different HLA class Il molecules (represented by different colors). The anchor positions of HLA
class Il molecules are at positions 1, 4, 6, and 9 of the binding core sequence (184). The aas of
the core sequence are colored in dark red, with the flanking residues in light red.

Finally, all potential promiscuous epitopes were sorted by the number of HLA binding
cores of the top-2%-selected peptides they were predicted to contain. Peptides containing

the same number of predicted HLA-binding cores were sorted by the %-max score, as the
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predictable maximum score is different for each HLA allotype (see Table 12). The %-max
score sets a relation between the scores a peptide obtained for all the predicted binding
cores it contains and the maximum score possible for the respective HLAs. The
percentage of the maximum possible score is calculated for all the cores present in the
peptide and not for the score this exact 15mer peptide gets for all the HLA allotypes it is
predicted to bind.

Table 12: Maximum attainable scores for predictable HLA-DRBI1 allotypes with
SYFPEITHI and maximum scores reached by HAdV2 peptides

Maximum The maximum
attainable | computed score for
score HLA class II
peptides

HLA-DRB1*01:01 43 36 (3x)
HLA-DRB1*03:01 40 37 (2x)
HLA-DRB1*04:01 28 28 (71x)
HLA-DRB1*07:01 34 34 (4x)
HLA-DRB1*11:01 38 32 (1x)
HLA-DRB1*15:01 34 34 (18x)

All the promiscuous peptides predicted by SYFPEITHI were also screened with the
prediction tool NetMHClIpan version 2.0, available in October 2016. NetMHClIIpan 2.0
predicts the binding affinity of the HLA-peptide complex, depending on the expected
concentration of a peptide in nM, needed to bind 50% of the HLA molecules. This
concentration is referred to as nM IC50 value. (185) The lower the nM IC50 value, the
higher the predicted affinity of the peptide to the HLA allotype. The peptide is then
categorized as a strong binder, weak binder or no binder to a certain HLA class II allotype,
if the nM IC50 is below 50 nM, in between 50 nM and 500 nM or above 500 nM,
respectively. The aa sequence of each 15mer peptide predicted to contain more than four
of the top-2% cores was screened for the binding affinity to the six HLA class II allotypes,
for which the promiscuous epitope prediction with SYFPEITHI was performed, by
NetMHClIIpan 2.0. (186)
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FASTA of reviewed protein

predict 15mer peptides for each HLA with SYFPEITHI

HLA-DRB1#01 HLA-DRB1*¥03 HLA-DRB1#04 HLA-DRB1*07 HLA-DRBI1*11 HLA-DRB1*15

select top-2%  select top-2%  select top-2%  select top-2%  select top-2%  select top-2%
ofpredicted of predicted of predicted of predicted of predicted of predicted
peptides peptides peptides peptides peptides peptides

sort selected peptides by position in the protein

look for peptides predicted to contain several core overlaps

list all peptides predicted to contain 4 or more top-2 % cores from all

proteins, first sorted by number of contained cores and then by %-max score

Figure 8: Flowchart for promiscuous epitope prediction shown for one protein. Adapted from (186).
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2.2.2 Peptide synthesis
The peptide synthesis was performed on-site by solid-phase Fmoc-synthesis with the

peptide synthesizing machines ABI433A, EPS221, and Liberty Blue. The identity of the
peptides was confirmed by mass spectrometry, and their purity analyzed via
high-performance liquid chromatography. Quality control was performed with the help
of Ulrich Wulle, Nicole Bauer, and Patricia Hrstic.

2.2.3 PBMC’s isolation from buffy coat
The PBMC isolation was performed by density gradient centrifugation. The buffy coats

were received from the Institute for Clinical and Experimental Transfusion Medicine at
the University Hospital of Tiibingen. Informed written consent was obtained in
accordance with the Declaration of Helsinki. The isolation and immune testing of PBMCs
was approved by the Ethik-Kommission an der Medizinischen Fakultdt der Eberhard-
Karls-Universitdt und am Universitidtsklinikum Tiibingen (Project No. 507/2017B01:
,Entnahme von Blut und Zellapheresen bei gesunden Probanden fiir Forschungszwecke.

a) Vollblut b) Thrombozytenkonzentrate ¢) Leukozytenkonzentrate®).

The buffy coat is first transferred into a culture flask, which is then filled to 120 ml with
PBS. Four 50 ml falcon tubes are prepared, containing 15 ml of Ficoll each. Then 30 ml
of the diluted buffy coat are slowly layered on top of the Ficoll. There should be two
separate phases at the end of the layering process. Subsequently, the four falcon tubes are
centrifuged for 20 min at 2000 rounds per minute (rpm) with the break turned off to
prevent the liquid layers from mixing. Ficoll has a density between the lighter

lymphocytes and the heavier erythrocytes and granulocytes.

The centrifugation leads to the sedimentation of the erythrocytes and granulocytes on the
bottom of the falcon tube, followed by the Ficoll layer, which is covered by the
Lymphocytes. PBS and the plasma contained in the buffy coat cover the lymphocyte layer.

Afterwards, the lymphocytes are isolated by removing the PBS-plasma and lymphocytes

layer and transferring the lymphocytes layer to a new falcon tube.
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Figure 9: PBMC isolation. Separation by gradient centrifugation

The lymphocytes are then washed twice with PBS and centrifuged at room temperature
with 1400 rpm for 6 minutes after the first and 1300 rpm for 8 minutes after the second
dilution in PBS. After the second washing step, the PBMCs are diluted in 40 ml PBS and
counted (see 2.2.4). The last centrifugation step is done at 4°C with 1300 rpm for 8
minutes. Finally, the PBMC’s are resuspended in 90% FCS with 10% DMSO to get a
final concentration of 5 x 10° PBMCs/ml and stored in aliquots of 1 ml at -80°C.

2.2.4 Cell counting
Cell counting was performed with an improved Neubauer chamber. The Neubauer

chamber is the most common method for cell counting with high accuracy. (187)

The cells that need to be counted are diluted in trypan blue. The ratio of trypan blue and
medium containing the cells depends on the estimated cells per milliliter. In our setting,
the dilution factor was 10. After the cells are diluted with trypan blue and well mixed, the
dilution is pipetted onto the Neubauer chamber. The counting is performed on two
opposed big squares. When using the formula below, the cell concentration can be

determined by inserting the averaged cell number per square.

average cell count per big square * dilution factor * 10
ul

cells/ul =
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The total cell count is computed by multiplying the cells per pl by the total volume [pl]
containing the cells.

2.2.5 12-day stimulation
The concentration of epitope-specific T cells in the PBMC cultures, especially for

HAdV-specific T cells, is usually low. (123) Therefore, it is helpful to cultivate T cells for

12 days in screening assays before performing an ICS or ELISpot.

During the 12-day stimulation, cell cultures were incubated at 37°C and 7.5% CO> with
peptides of interest (POIs) and stimulated with IL-2 on day 3, day 6 and day 8 of the
12-day-protocol.

On day one, an aliquot containing 1x10® cells was thawed and resuspended in 10 ml of
ATM at 4°C. After centrifugation at 1400 rpm for 7 minutes with the Megafuge 1.0 R, the
supernatant was poured off and the pellet resuspended in 10 ml of ATM at room
temperature to dilute the DMSO contained in the freezing medium. After the next
centrifugation step, the pellet was resuspended in 6 ml of TCM at 37°C. Two ml per well
of cell suspension of one donor was then plated onto three wells of a 6-well plate and

incubated at 37°C and 7.5% COx.

On day two, the peptides were added to the cells with a final concentration of 1 pg/ml per
peptide for HLA class I peptides and 5 pg/ml per peptide for HLA class II peptides. All
three wells were stimulated with a pool containing ten peptides: nine test peptides plus
one negative peptide. One well was additionally stimulated with a positive cocktail, which
was adapted during the experiments, in the single-epitope screening setting. The positive
cocktail was only added to one well to prevent the suppression of a reaction to the single

peptides.

On days three and six, 0.5 ml, and on day eight, 1 ml of TCM containing IL-2 was added
per well to obtain a final concentration of 20 U/ml of IL-2 in the culture. On day 10, the
cells were fed with fresh TCM. On the 12th day, the cells were prepared for ICS or
ELISpot assay.
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2.2.6 IFN-y-ELISpot assay
The IFN-y-ELISpot assay is an indirect method of detecting activated PBMCs with high

sensitivity. In this work, it was used to screen for immunogenic HAdV2 epitopes. The
ELISpot assay provides a quantitative estimation of the number of IFN-y producing cells
activated by a test peptide or peptide pool. As PBMCs consist of different cell types (CD8"
T cells, CD4" T cells, and NK cells) that can produce IFN-y (188), the ELISpot assay
does not provide information regarding the source of the IFN-y production. This question
was later answered by performing an ICS. Only cell responses to epitopes that can bind
to at least one of the PBMC donor’s HLA molecules and are recognized by a significant

number of TCRs can be detected.

In our setting the 96-well ELISpot plates were pre-coated with 100 pl of Human IFN-y
capture antibody (1-D1K) suspension in PBS at a concentration of 2 pg/ml at 4°C
overnight. On the next morning, the suspension was poured off, and the wells were
washed twice with 200 ul of IMDM. Afterwards, the wells were incubated with 50 ul of
TCM at 37°C with 7.5% CO; for 2 hours. In parallel, the PBMC cultures of a donor were
harvested and pooled. After centrifugation at 1400 rpm for 7 minutes, the pellet was
resuspended in 10 ml of TCM at 37°C. The cells were counted before the next
centrifugation step with the same parameters as before. The pellet was resuspended in
TCM to a final concentration of 107 cells/ml. After 2 hours of incubation, 50 ul of TCM
containing 500.000 cells, and 50 pl of test solution were added per well. The test solution
was either a single-peptide solution containing a test or negative peptide, a peptide
cocktail, or a PHA solution. The test peptides and negative peptides were added to a final
concentration of 1 pg/ml per well for HLA class I peptides and 2,5 pg/ml per well for
HLA class II peptides. The final concentration of PHA as an unspecific positive control
was 10 pg/ml. After the cell suspension, and the test solution were added, the 96-well
ELISpot plate was incubated at 37°C and 7.5% CO: for 20 to 22 hours. By adding the
POlIs, the cells bearing an epitope-specific TCR are activated and secrete IFN-y as a result.
IFN-y binds to the human IFN-y capture antibody (1-D1K) on the membrane. After 20 to
22 hours of incubation, the cells and peptides were washed off. The 96-well plate was
washed twice with 200 ul of PBS Tween per well, followed by two washing steps with
200 pl of ddH>O per well. Thereafter, each well was washed three times with 200 ul of
PBS Tween.
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Next, the 96-well plate was incubated for two hours at room temperature with 100 ul of
detection antibody per well. The detection antibody is a biotinylated anti-human IFN-y
antibody (7-B6-1), which binds to a different region of the 1-D1K-bound IFN-y. The
concentration of the detection antibody suspension was 0.3 pg/ml in PBS BSA. After 2
hours, the 96-well plates were washed six times with 200 ul PBS Tween.

Afterwards, the 96-well plates were incubated for 1 hour at room temperature with 100
pl per well of ExtrAvidin alkaline phosphatase solution with a concentration of 1 pl/ml
in PBS BSA. It binds to the biotin-coupled detection antibody. In parallel, a BCIP/NBT
tablet was dissolved in 10 ml of ddH»O in the dark. After the incubation, each well of the
96-well plate was washed three times with 200 pl of PBS Tween, followed by three
washing steps with 200 pl of PBS. The BCIP/NBT solution was filtered, and 50 pl of the
solution added per well. BCIP/NBT is a substrate of alkaline phosphatase. The reaction
leads to a change of color whereby the soluble BCIP/NBT is converted into a blue dye,
which settles down on the membrane. When the reaction is stopped after 7-12 minutes by
adding ddH>O to wash off the excess of the substrate, the dye remains bound to the
membrane indicating the presence of an epitope-specific T cell. The 96-well ELISpot
plates were read out with the ImmunoSpot® S6 Ultra-V-Analyzer and analyzed with the

integrated ImmunoSpot® software after at least 24 hours of drying at room temperature.

To estimate the number of memory T cells in the blood, an ex vivo ELISpot assay can be
performed. In this setting, the PBMCs are thawed, washed, and plated onto the membrane
after resting in TCM for a day. When an ELISpot assay is performed with fresh cells, one
can see how many antigen-specific cells in the peripheral blood recognize the epitope.

This can help identify promising epitopes for clinical approaches. (156)

2.2.7 Intracellular Cytokine Staining
The ICS is employed to further characterize the cell type that is activated by a particular

epitope in the IFN-y-ELISpot assay. It is less sensitive than the IFN-y-ELISpot assay.
Therefore, further information is most likely to be obtained from PBMCs of donors with
a strong response to the POI in a previous ELISpot assay. Prior to the ICS, the cells were
stimulated for 12 days with the POI, the negative control peptide and IL-2 as described
under chapter 2.2.5. On the 13th day, the cells were plated into five wells of a
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round-bottomed 96-well-plate to a concentration of 0.5-1x10° cells in 50 pul TCM per
well. After resting for at least three hours, 50 ul of TCM containing the POI was added
to two wells, 50 ul of TCM containing the negative peptide to two other wells and 50 ul
of TCM containing PMA and Ionomycin to the last well, as a positive control. Finally, 50
ul of TCM containing Brefeldin A and Golgi stop solution were added to every well. The
final concentration of the POI and the negative peptide was 25 pg/ml. The final
concentration in the positive control was 5 ul per ml and 1 pl per ml for PMA and
Ionomycin, respectively. The final concentration for Brefeldin A and Golgi-Stop solution
was 10 pg per ml and 6.7 pg per ml in all wells, respectively. The cells were then

incubated for 12-14 hours at 37°C and 7.5% CO- before being stained.

During the staining process, all steps were performed at 4°C to prevent the cells from
internalizing their surface receptors. All incubations had a duration of 20 minutes at 4°C
in the dark. Each washing step was followed by centrifugation with Megafuge 1.0 R at
4°C and 1800 rpm for 2 minutes. First, the incubated cells were centrifuged, the
supernatant poured off, and the pellet resuspended in 150 pl of PBS-EDTA. This washing
step was repeated after another centrifugation. After the supernatant was poured off, the
pellet was resuspended in 50 pl of Aqua live/dead - PBS-EDTA solution (1:200). The
cells were then incubated. Subsequently, the cells were centrifuged, supernatant poured
off, and the cells resuspended in 150 ul of PBS-EDTA, before the next centrifugation.
Afterwards, the extracellular membrane-bound molecules CD4 and CDS8 had to be
stained. Therefore, the cell pellet was resuspended in 50 pl of FACS buffer containing the
antibodies CD8-PerCP and CD4-APC-Cy7, both in a concentration of 1:100, followed by
incubation. After the incubation, 150 pl of FACS buffer was added per well before
centrifugation. After centrifugation, the supernatant was poured off. In the next step, 100
pl of Cytofix/Cytoperm was applied per well, followed by another incubation. The
permeabilization of the cell membrane allows the staining of the intracellular molecules:
IFN-y and TNF. After incubation, the cells were washed with 150 pl of Permwash buffer
before adding 50 pl of Permwash buffer per well containing the antibodies INFy-PE and
TNFa-PacificBlue in a concentration of 1:200 and 1:120, respectively. The cells were
then incubated. Finally, the cells were washed twice with 150 pl of Permwash buffer

before being resuspended in 200 pl of FACS buffer. Flow cytometric analysis was
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performed using a FACS Canto II cytometer and the software FlowJo version 10. The

gating strategy is illustrated in Figure 10.
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Figure 10: FACS gating strategy for ICS in a negative control: SSC-A (sideward scatter)
against FSC-A (forward scatter) shows the size and the granularity of the cells. Lymphocytes are
then gated to single cells, followed by the gating of living cells. Afterwards, CD4" and CD8" cells
are gated. In this parallel analysis, one can compare the percentage of single, living T cells of the
CD4+ or CD8+ linage that produced TNF and IFN-y when stimulated with the POI, compared to
the respective negative control.
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3 Results

3.1 Comparison of two HLA class I-epitope cocktails
The immunogenicity of two HLA class I-epitope cocktails was compared in

IFN-y-ELISpot assays. They consisted of published (163, 170, 173-179) and in house
tested immunogenic HLA class I epitopes derived from HAdV?2 proteins. We wanted to
compare the frequency of an immune response in PBMC cultures of healthy donors
against two different HLA class I-epitope cocktails: one cocktail containing 24 another
containing only 15 epitopes.

3.1.1 Generation of the HLA class I-epitope cocktails

We generated a prioritized list of HLA class I-restricted epitopes from adenoviral
antigens, previously screened for immunogenicity in ELISpot assays in house. For some
HLA allotypes, more than one peptide was prioritized. We designed two peptide cocktails,
as seen in Table 13 and Table 14. The first cocktail, termed ‘“24-peptides-cocktail”,
contained 24 HLA class I epitopes (Table 13). The second cocktail only contained the
epitopes with the highest recognition rates for each HLA allotype covered by the 24

peptides. Some HLA allotypes were covered with only one epitope.

Table 13: Peptides of 24-peptides-cocktail

Table 14: Peptides of 15-peptides-cocktail

Sequence Source Protein HLA- Sequence Source Protein HLA-
{UniProt-ID) restriction (UniProt-ID) restriction

LTDLGQNLLY CAPSH_ADE(02 A*01 LTDLGQNLLY CAPSH ADEOQ2 A*01
STDVASLNY CAPSP_ADEQZ2 A*01 LLDQLIEEV EI1A_ADEQZ2 A*¥Q2
FLAPKLYAL DPOL_ADEQ2 A*¥Q2 YVLFEVFDVV CAPSH ADEQ2 A*02
RLLPGVFTV DPOIL_ADEQ2 A*02 VIYGPTGCGK PKG1 ADEQ2 A*03
LLDQLIEEV E1A_ADEO2 A*02 ALYLPDKLK CAPSH _ADEO2 A*03
YVLFEVFDVV CAPSH ADEQZ A*02 TYFSLNNKF CAPSH _ADEQZ2 A*24
RLMETRGKK DPOL_ADE0Q2 A*03 EPRSGGIGTL CAP8 ADE0D2 B*07
VIYGPTGCGK PKGI ADE0OZ A*03 VPATGRTLVL LEAD ADE0Z B*07
ALYLPDKLK CAPSH_ADE(OZ A*03 FRKDVNMVL CAPSH ADEQ2 B*08
TYFSLNNKF CAPSH ADE(Z A*24 IEEFVPSVY CAP8 ADEQ2 B*18
EPRSGGIGTL CAP8_ADE(2 B*07 FEPPTLHEL E1A_ADEQZ2 B*40
EPTLLYVLF CAPSH ADEQZ B*07 AEIEGELKCL DNB2_ADEQ2 B*40
RPKLVPAIL E1A ADEO2 B*07 NEIGYGNNF CAPSH ADEQZ2 B*44
VPATGRTLVL LEAD ADEQZ B*07 QESPATVVF E1B55 ADEQ2 B*44
FRKDVNMVL CAPSH ADEQZ B*08 NEPVSTREL SF33K_ADE0Z B*44
IEEFVPSVY CAP8 ADEQ2 B*18

CEDRASQML E1B55 ADEOZ B*40

FEPPTLHEL E1A ADEOZ B*40

PEIHPVVPL E1A ADEO2 B*40

AEIEGELKCL DNBZ _ADEQZ2 B¥40

NEIGVGNNF CAPSH_ADEOZ B*44

QESPATVVF E1B55 ADE0OZ B*44

NEPVSTREL SF33K_ ADEOZ2 B*44

NESHCGVLVEL SHUT ADE0O2 B*44
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In contrast, other HLA allotypes had to be covered with two or even three epitopes with
lower recognition rates, resulting in a cocktail containing 15 epitopes. We named it

“15-peptides-cocktail”. The recognition rates of the epitopes are listed in Table 3.

3.1.2 Testing of the HLA class I-epitope cocktails in IFN-y ELISpot assays
The 12-day stimulation protocol was performed prior to the ELISpot assays. Cells from

each donor were split into equal amounts to allow the stimulation of half of the cells with
the 24-peptides-cocktail and the other half with the 15-peptides-cocktail. Thus, the
competitive suppression of T-cell responses to epitopes of the 15-peptides-cocktail by
epitopes, with a higher affinity to the HLA molecules, contained only in the

24-peptides-cocktail was prevented.
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Figure 11: 96 well IFN-y-ELISpot plate after restimulation of PBMCs from 9 donors. Donor
2273 read from top to bottom. (15pc=15-peptides-cocktail, 24pc=24-peptides-cocktail,
DMSO=Dimethyl sulfoxide, PHA=Phytohaemagglutinin, Med=T-cell medium)

TCM with DMSO was used as a negative control in the same DMSO concentration as in

the wells, stimulated with the cocktails. Both cocktails were compared in three different
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ELISpot assays with PBMCs of nine donors each. No serologic knowledge regarding the
HAGJV status of the tested PBMCs was acquired. The donors were typed for HLA-A and
HLA-B.

PBMCs of 27 donors were tested this way. PBMCs of the donors 2526 and 2532 could
not be taken into consideration due to differing spot counts in doublets and an overreactive
response, respectively. The 24-peptides-cocktail elicited a positive IFN-y response in 22
out of 25 PBMC cultures surmounting to a positive reaction in 88% of the tested PBMC
cultures. The 15-peptides-cocktail led to a positive [IFN-y response in 20 out of 25 PBMC

cultures resulting in a recognition rate of 80%.

The 24-peptides-cocktail was always able to stimulate the PBMCs of donors, which
showed a response to the 15-peptides-cocktail. The PBMCs of the donors 2412 and 2512
did not show a reaction to the 15-peptides-cocktail, whereas the 24-peptides-cocktail was

able to induce an IFN-y secretion in both cultures.

The PBMCs from the donors 2226, 2255, and 2413 were unresponsive to both HLA class
I cocktails. The HLA class I alleles of donor 2255 consists of rare HLAs. Peptides of the
cocktails covered not even one HLA allotype. From the four typed HLA class I alleles of
donor 2226, only the HLA-A*03 allotype was covered by peptides contained in the
cocktails. The HLA typing of donor 2413 showed that both HLA-A allotypes were
covered with peptides of reasonable recognition rates. Still, no activation could be

observed.

The HLA class I allotypes of the donors 2412, 2422, 2512, and 2515 were not covered by
peptides contained in the cocktails. Nevertheless, the 24-peptides-cocktail was able to
elicit an immune response in the PBMCs of all four of them. The 15-peptides-cocktail

was able to stimulate the PBMCs of the donors 2422 and 2515.
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3.2 HLA class II epitopes
The second and main aim of this work was to generate an HLA class II epitope cocktail.

Therefore, it was necessary to determine an algorithm for the prediction of promiscuous
HLA class II epitopes. Presumably, one peptide could stimulate several individuals
expressing differing HLA class II allotypes. By creating a cocktail that consists of several
promiscuous epitopes covering frequent HLA class II-allotypes, almost every donor
should be able to present at least one epitope contained in the cocktail. The advantage of
HLA class II epitopes compared to HLA class | epitopes is that peptides can be longer as
the binding groove of HLA class II molecules is not limited by hydrogen bonds at both
ends (22-24) as it is the case for HLA class I molecules (11). Nevertheless, the core
sequence is also nine aa long. Thus, epitopes exceeding a length of nine aa can be
identified, which can contain several core sequences for different HLA class II allotypes.

(186)

3.2.1 Prediction of promiscuous HLA class II epitopes from adenoviral antigens
All 46 reviewed HAdV2 proteins from the Swiss-Prot database (171) were subjected to

promiscuous epitope prediction with SYFPEITHI (172) (as described in 2.2.1) against
the HLA class II allotypes: HLA-DRB1*01:01, HLA-DRB1*03:01, HLA-DRB1*04:01,
HLA-DRB1*07:01, HLA-DRB1*11:01, and HLA-DRB1*15:01. (186) These cover all
the alleles that are carried by at least 20% of the population in Germany, except for

HLA-DRB1%*13, see Table 15.

Table 15: Allele frequencies of the HLA-DRBL1 alleles in Germany, with a sample size of
11,407. (189)

DRB1*01 21.0 0.1111
DRB1*03 20.0 0.1055
DRB1*04 24.6 0.1316
DRB1*07 23.6 0.1259
DRB1*08 6.4 0.0325
DRB1*09 1.9 0.0095
DRB1*10 1.7 0.0085
DRB1*11 23.5 0.1253
DRB1*12 3.7 0.0186
DRB1*13 24.1 0.1287
DRB1*14 6.1 0.0309
DRB1*15 26.4 0.1421
DRB1*16 4.8 0.0243
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In total, 12,291 potential 15mer epitopes can arise from the 46 reviewed HAdV2 proteins
of the Swiss-Prot database. The synthesis and ELISpot testing of this high number of
epitopes is not practicable. Therefore, a prediction was performed to identify the most
promising epitope candidates prior to peptide synthesis and testing. (186) The results of

the prediction are shown in Table 16.

3.2.2 Screening of single HLA class II epitopes from HAdV2
Four groups of peptides were tested in single-peptide ELISpot-screening assays to detect

immunogenic HLA class II-peptides. The first group of tested peptides contained either
previously published epitopes (162, 163, 169) or epitopes derived from HAdV2 and
HAdVS5 from earlier non-promiscuous predictions performed in house. These 35 peptides
are listed in Table 4. The second group consisted of peptides after in silico prediction of
promiscuous epitopes from HAdV2, as described in 2.2.1. Peptides which contained six
and more core sequences of the top-2% prediction were synthesized and further
investigated. These 24 peptides are listed in Table 5. The peptide TLRFIPVDREDTAYS
appears in both the lists of predicted epitope candidates and already published epitopes.
All other peptide sequences are exclusive to one listing. The third group consisted of
HAdV?2 peptides with a core-overlap of four that were predicted as good binders by
NetMHCllIpan 2.0 for the same HLA allotypes as the ones for which the SYFPEITHI-
prediction was performed. KNRLLLLSSVRPAII was predicted as a strong binder to all
six HLA class II molecules for which the prediction was performed. The peptides
VSKFFHAFPSKLHDK and TLLYLKYKSRRSFID were categorized as strong binders
to all the HLA class II allotypes for which the prediction was completed except for HLA-
DRB1*03, for which they were predicted as weak binders. These three peptides are listed
in Table 6. The last group consisted of one HAdV2 epitope candidate with the sequence
TFYLNHTFKKVAITF. The aa sequence TFYLNHTFKK was predicted as an HLA class
I epitope but was shown to stimulate mainly CD4" T cells in ICS in previous work,
indicating an HLA class II restriction. The sequence of this 10mer peptide was identified
in the promiscuous prediction of the top-2% predicted peptides, before the selection step
for overlaps, and elongated to the 15mer peptide TFYLNHTFKKVAITF on its C-terminal
end. This epitope candidate is listed in Table 7.
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All peptides were tested in single-peptide ELISpot-screening assays after a 12-day
stimulation (see 2.2.5). (186)
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Figure 12: 96-well-plate after screening for immunogenic HLA class II epitopes via IFN-y
ELISpot assay. Immune responses are considered positive when the average spot count per well
exceeds ten spots, and when the average spot count is higher than 3x the average spot count of
the negative control. The spot count was set to 2,000 spots when too-numerous-to-count (TNTC).
The first adenovirus-derived class II cocktail was used as a positive control.

Peptides eliciting positive responses in the PBMCs of healthy donors were tested in

further assays. Peptides with recognition rates below 25% did not undergo further testing.
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(X33

Table 16: ELISpot results of predicted promiscuous peptides: Peptides were sorted by the number of predicted binding, then by %-max score. “x” in
response rate column indicates peptides that could not be synthesized. Red colour intensity rises with response rate. (186)
Number of best 2% cores Sequence Source protein Position | HLA-DRBL coverage |%-max Score| Response rate | Positive/tested

9 IHPVVPLCPIKPVAV E1A ADEQ02 243 1,4,7,11,15 66% 13% 1/8
8 TLRFIPVDREDTAYS CAPSH_ADEQ2 65 3,4,7,11,15 79% 62% 13/21
8 YIMTPDMTEELSVVL E4ARF1_ADEQ02 79 3,4,7,15 75% 0% 0/8
7 ISPFIKLTSTHSANK Y172_ADEQ2 31 1,4,7,11,15 80% 0% 0/8
7 LLDLINILQSIVVQE PKG3 ADEQ2 242 1,4,7,15 78% 13% 2/15
7 CVGWLGVAYSAVVDYV | EARF4 ADEQ02 18 1,4,7,15 74% X
7 ILGLLALAAVCSAAK E3GL_ADEO02 5 1,4,11,15 71% 23% 3/13
7 KDLLTDFKAFAARES UXP_ADEO02 48 1,3,4,11,15 71% 38% 6/16
7 LPLLIPLIAAAIGAV COR10_ADEQ? 53 1,4,7,15 70% 71% 17/24
7 QKLVLMVGEKPITVT E3145 ADEQ2 77 1,4,7,11,15 66% 15% 2/13
7 LDQLIEEVLADNLPP E1A ADEQ02 20 1,347 66% 15% 2/13
7 RGIFCVVKQAKLTYE E3145 ADEQ2 46 1,3,4,11,15 65% 75% 18/24
7 CAVVDALDRAKGEPV Y137 _ADEQ2 48 1,344,711 62% 0% 0/8
6 MRVIISVGSFVMVPG E4ARF2_ADEQO2 67 1,4,7,15 81% 19% 3/16
6 LNRFVNTYTKGLPLA PKG1 ADEQ2 353 1,4,7,11,15 78% 46% 11/24
6 LVSYLGILHENRLGQ SHUT ADEQ2 386 1,3,4,7,11,15 74% 0% 0/8
6 RQVMDRIMSLTARNP CAP3_ADEQ2 28 1,4,7,11,15 73% 67% 16/24
6 IGAVPGIASVALQAQ COR10_ADEQ2 64 3,4,7,15 73% 54% 13/24
6 VWLVVFYFGCLSLTV | LEAD ADEQ2 76 4,711,15 2% X
6 TLVLAFVKTCAVLAA | LEAD ADEQ2 32 1,4,7,11,15 2% 71% 17/24
6 LATVPSIATTSAPQA PKG2_ADEQ2 70 1,4,7,11,15 71% 13% 2/15
6 LATVPSIATTSAPQA SF33K_ADEQ2 70 1,4,7,11,15 71% 13% 2/15
6 VTAFRCIIQGHPRGP Y215 ADEQ2 149 1,4,11,15 70% 0% 0/15
6 IFVLLIFCALPVLCS E3RDB_ADEQ2 6 1,3,11,15 67% unusable
6 TPKLILSNSLSGSSS Y215 ADEQ2 75 1,4,7,15 66% 43% 10/23
6 YLKVMVRDTFALTHT | DPOL ADEQ2 491 3,7,11,15 65% 25% 4/16
6 ASWFRMVVDGAMENQ | E434 ADEO2 142 1,3,7,11,15 65% 0% 0/8
6 VRRVLRPGTTVVETP | CORE5 ADEQ2 72 3,4,7,11 64% 13% 1/8
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From the 28 predicted peptides described in Table 16, the peptides
VWLVVEFYFGCLSLTV and CVGWLGVAYSAVVDV could not be synthesized. The
peptide IFVLLIFCALPVLCS was unusable due to an unsatisfying purity. The sequence
LATVPSIATTSAPQA appears in the PKG2 and SF33K protein sequence. This left 24
different peptides predicted as promiscuous epitopes to be tested in single-peptide
ELISpot-screening assays. Six (25.0%) of the predicted peptides could not elicit an
immune response in any PBMC culture. Eighteen peptides (75.0%) were immunogenic
as they lead to a stimulation of at least one PBMC culture. Six out of 24 peptides (25.0%)
could be recognized by T cells in more than 50% of the tested PBMCs and are therefore

termed immunodominant epitopes. (186)

H non-immunogenic = subdominant immunodominant

Figure 13: Immune response to predicted promiscuous peptides. From the 24 predicted
peptides which could be synthesized, 25% did not elicit an immune response in any tested PBMC
culture. 75% of the synthesized peptides triggered an immune response in at least one PBMC
culture and are therefore termed immunogenic epitopes. 50% of the synthesized peptides had
recognition rates between 0% and 50% and are termed subdominant epitopes. 25% of the
synthesized peptides had recognition rates higher than 50% and therefore categorized as
immunodominant epitopes. Adapted from (186).
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Table 17: ELISpot results of already published HLA class II epitopes and epitopes from
earlier non-promiscuous in house predictions derived from HAdV2 and HAdV5. (186) Red
colour intensity rises with Recognition rate.

Sequence Source protein Position HILA-restriction Recognition rate | positive/tested
VDCYINLGARWSLDY CAPSH ADE02 |  530-544 DRI 17% 1/6
TETLTKVKPKTGQEN CAPSH_ADE0S |  423-437 DRI 13% 1/8
GTAYNALAPKGAPNP CAPSH_ADE05 |  118-132 DRI 36% 5/14

EWNFRKDVNMVLQSS CAPSH_ADE02 | 598-612 DR3/DR4 19% 4121
ATFFPMAHNTASTLE CAPSH_ADE02 | 633-647 DR4/DR7 14% 2114
THDVTTDRSQRLTLR CAPSH_ADE02 53-67 DR3 0% 0/6
SQWYETEINHAAGRV CAPSH_ADE0S |  209-223 DR4 21% 3/14

FKKVAITFDSSVSWP-NH2 | CAPSH_ADE02 |  734-748 DRT 17% 1/6
DEPTLLYVLFEVFDV CAPSH_ADE02 |  927-941 DR 54% 13/24
RPSFTPRQAILTLQT CAP8_ADE02 159-173 Class IT 0% 0/6

TGNMGVLAGQASQLN CAPSH_ADE02 |  334-368 DR 40% 25
GASIKFDSICLYATF CAPSH_ADE02 |  621-635 DR3 23% 313
PGSYTYEWNFRKDVN CAPSH_ADE02 |  592-606 DR4 45% 5/11
ENGWEKDATEFSDKN CAPSH_ADE05 |  436-450 DR4 0% 0/
GNNFAMEINLNANLW CAPSH ADE02 |  471-485 DR4 17% 1/6
GWAFTRLKTKETPSL CAPSH_ADE02 |  693-707 DR4 10% 1/10
TLRFIPVDREDTAYS CAPSH_ADE02 65-79 DR4 T T
DFYFHHINSHSSNWW DPOL_ADE(2 247-261 DR 0% 0/6
NIALYLPDKLKYNPT CAPSH_ADE02 |  492-306 DR 48% 1021
LFEVFDVVRVHQPHR CAPSH_ADE02 |  935-949 DR 33% 721
VNQFYMLGSYRSEAD DPOL_ADE(2 528-542 DR 13% 18
LKSVYGDTDSLFVTE DPOL_ADE02 | 1006-1020 DR 14% 2114
RAFVSEWSEFLYEED DPOL_ADE(2 982-996 DR 13% 18
YPTYLGILREPLYVY DPOL_ADE(2 670-684 DR 0% 0/8
CGMYASALTHPMPWG DPOL_ADE(2 687-701 DR 0% 0/8
FPEWRCVAREYVQLN DPOL_ADE(2 803-817 DR 13% 18
WRFLWGSSQAKLVCR E1BS_ADE02 28-42 DR 38% 6/16

MHLWRAVVRHKNRLL E1BS_ADE02 120-134 DR 15/22

RCSMINMWPGVLGMD E1B55_ADE(2 217-231 DR 38% 5/13
CGCFMLVKSVAVIKH E1B55_ADE(2 329-343 DR 0% 0/6

AELFPELRRILTINE E1B55_ADE(2 80-94 DR 0% 0/6
GDDFEEAIRVYAKVA E1B55_ADE(2 164-178 DR 0% 0/6
SVMLAVQEGIDLLTF E1A_ADE02 69-83 DR 0% 0/6
PKLVPAILRRPTSPV E1A-ADE02 207-221 DR 0% 0/6
PQKFFAIKNLLLLPG CAPSH_ADE02 |  579-593 DR .

Out of the 35 already published HLA class II peptides and peptides, derived from HAdV?2
and HAdVS5 proteins, from previous non-promiscuous HLA class II epitope predictions,
eleven did not generate an immune response in any tested PBMC culture. Twenty of the
tested peptides led to an IFN-y secretion in at least one PBMC culture, but in less than
50% of the tested PBMC cultures. Only four out of 35 peptides led to a significant IFN-y
secretion in over 50% of the tested PBMC cultures. The peptides DEPTLLY VLFEVFDV
(163, 169), TLRFIPVDREDTAYS (162), and PQKFFAIKNLLLLPG (162) are already
published epitopes. The epitope MHLWRAVVRHKNRLL was discovered in house in a
previous HLA The
TLRFIPVDREDTA is a predicted epitope candidate that is already published and

non-promiscuous class 1II epitope prediction. epitope

therefore appears in both statistics. (186)
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B non-immunogenic = subdominant immunodominant

Figure 14: Immune response to already published HLA class Il epitopes and epitopes
derived from HAdV2 and HAdV5 from previous non-promiscuous HLA class 1l epitope
predictions. From the 35 tested peptides, 31% did not lead to an immune response in any tested
PBMC culture. 69% of the peptides triggered an immune response in at least one PBMC culture
and are therefore categorized as immunogenic epitopes. 57% of the tested peptides had
recognition rates in between 0% and 50% and are termed subdominant epitopes. 12% of the tested
peptides had recognition rates higher than 50% and are therefore categorized as immunodominant
epitopes.

The peptides listed in Table 18 and Table 19 were synthesized and screened for
immunogenicity. They were discovered after the first cocktail, only containing HLA class
IT adenoviral epitopes, was designed. All three peptides were categorized as strong
binders to at least five of the six HLA class II allotypes for which the prediction was
performed by NetMHClIIpan 2.0. The response rates in tested PBMC cultures range from
65% to 80% (see Table 18). (186)

Table 18: ELISpot results of three peptides, which contained only four binding cores from
the top 2% prediction results but were categorized as strong binders to at least five of the

six screened HLA class II allotypes by NetMHCIIpan 2.0 (186) Red colour intensity rises with
Recognition rate.

Sequence Source protein Position HILA-restriction | Recognition rate | positive/tested
VSKFFHAFPSKLHDK PKG1_ADE02 292-306 DR 16/20
KNRLLLLSSVRPAIL E1BS_ADE02 130-144 DR 14/20
TLLYLKYKSRRSFID E3GL_ADE02 140-154 DR 13/20
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The elongated 10mer peptide TFYLNHTFKK resulted in the 15mer peptide
TFYLNHTFKKVAITF (Table 19).

Table 19: ELISpot assay results of TFYLNHTFKKVAITF (186)

Sequence Position

TEYLNHTEKKVAITE

HLA-restriction | Recognition rate | positive/tested
727-741 DR 17/20

Source protein
CAPSH ADE(2

It led to an IFN-y secretion in 85% of the tested PBMC cultures in ELISpot screening
assays. (186)

3.2.3 Evolution of the HLA class II epitope cocktails
In total, four different HLA class II peptide cocktails were tested in ELISpot-screening

assays. The first cocktail contained four peptides: two EBV-derived HLA class 11
epitopes, one already published HLA class Il HAdV epitope (162), and the 10mer epitope
TFYLNHTFKK (168, 174) derived from HAdV2 (Table 8). Due to the unsatisfactory low
recognition rate of 70.4% (19/27) after being tested in 27 PBMC cultures, we added the
EBV HLA class II epitope IAEGLRALLARSHVERTTDE (Table 8) to the first HLA
class II cocktail. We examined the resulting cocktail in two further ELISpot assays and

saw positive results in 15 out of 16 tested PBMC cultures of healthy donors (93.75%).

Subsequently, we created an epitope cocktail only containing HAdV2-derived HLA class
IT epitopes (Table 20) as we observed positive response rates in single-peptide ELISpot

screenings of randomly selected PBMCs.

Table 20: Positive peptide cocktail with 15mer HAdV peptides

eguence 0 e prote PO 0 A

Prot-1D e 0

EWNFRKDVNMVLQSS CAPSH ADEO02 598-612 DR3/DR4
DEPTLLYVLFEVFDV CAPSH ADEQ2 927-941 DR
TLRFIPVDREDTAYS CAPSH ADEOQ2 65-79 DR4
LNRFVNTYTKGLPLA PKG1 ADEOQ2 353-367 DR
NIALYLPDKLKYNPT CAPSH ADEOQ2 492-506 DR
MHLWRAVVRHKNRLL E1BS ADEQ2 120-134 DR
PQKFFAIKNLLLLPG CAPSH ADEOQ2 579-593 DR
LPLLIPLIAAAIGAV COR10 ADEQ2 53-67 DR
RGIFCVVKQAKLTYE E3145 ADEQO2 46-60 DR
RQVMDRIMSLTARNP-NH2 CAP3 ADE02 28-42 DR
IGAVPGIASVALQAQ COR10 ADEOQ2 64-78 DR
TLVLAFVKTCAVLAA LEAD ADEQ2 32-46 DR

-69 -




3 Results

We included epitopes already tested in ELISpot screening assays, with recognition rates
> 50%. The resulting epitope cocktail was employed as a positive control for ELISpot
assays to come. Peptides of this cocktail that were not yet tested in single peptide ELISpot

assays in 20 PBMC cultures of healthy donors were further confirmed in parallel.

3.2.4 Intracellular cytokine staining shows CD4" T cell response elicited by HAdV
epitopes
This work aimed to design a peptide cocktail only containing HLA class II epitopes that

stimulate CD4" T cells to produce IFN-y.

ICS was performed to further characterize the T-cell population, which produced IFN-y
in the ELISpot-screening assays. An ICS is less sensitive than an IFN-y ELISpot assay
but more specific as it can provide information about the cell lineage that is producing
IFN-y. We selected PBMCs of two different donors per peptide that showed strong
responses to the POI in the single-peptide ELISpot-screening assays. PBMCs of the
selected donors were thawed and incubated with the POI and a negative peptide. After a
12-day stimulation protocol, we performed an ICS. A peptide was considered as HLA
class | or class 11 epitope, when the average of the IFN-y and TNF double positive cells
was >0.1% in the CD8* or CD4"* T cell population, respectively. Secondly, the percentage
of IFN-y and TNF double-positive population resulting from the POI had to be at least
three times the average of IFN-y and TNF double positive population resulting from the
negative peptide.

3.2.4.1 ICS results of the 12 peptides from the first adenoviral HLA class Il cocktail

By performing an ICS, we saw that 10 of the 12 peptides from the first cocktail activated
CD4+ T cells primarily. The peptide LPLLIPLIAAAIGAYV was the only one that activated
mainly CD8" T cells. In the PBMC cultures of the donors 1764 and 2492, neither a
specific CD4" nor a specific CD8" T-cell activation could be detected when incubated
with EWNFRKDVNMVLQSS. The peptide EWNFRKDVNMVLQSS was published as
an HLA class II epitope, but we were not able to confirm this. (162) A positive response
to IGAVPGIASVALQAQ could be detected in the CD4" as well as in the CD8" T-cell
population of the PBMCs of donor 2163, with a stronger CD4" response.
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Table 21: ICS results of single peptides of the first adenoviral HLA class 11 epitope cocktail
tested in PBMCs of two different donors that showed positive responses in ELISpot screening
assays, each. Percentages of INF-y and TNF double positive cells of the CD8" and CD4" T-cell
fraction are calculated by subtracting the average percentage of the double positive cells of the
negative stimulation from the average percentage of double positive cells after stimulation with
the POI. ELISpot count is calculated by subtracting the average spot count of the PBMCs
incubated with the negative control from the average spot count of the PBMCs incubated with the
POI. Color coding: light green when CD4" stimulation, light orange when CD8" stimulation.

2163 2176

IGAVPGIASVALQAQ | CD4" | CD8" | ELISpot| CD4* | CD8* | ELISpot
3.76% | 0.92% | 741 | 1.60% |0.00% | 659
2488 2494
RGIFCVVKQAKLTYE | CD4" | CD8" | ELISpot| CD4" | CD8* | ELISpot
4.23% | 0.00% | 686 | 6.83% | 0.00% | 1976
2490 2494
PQKFFAIKNLLLLPG | CD4" | CD8' | ELISpot| CD4" | CD8" | ELISpot
46.57% | 0.00% | 1961 |21.58% | 0.00% | 1976
1336 2494
MHLWRAVVRHKNRLL | CD4" | CD8" | ELISpot| CD4" | CD8" | ELISpot
14.75% | 0.10% | 1890 | 0.67% |0.01% | 320
2275 2509
LPLLIPLIAAAIGAV | CD4" | CD8" | ELISpot| CD4* | CD8" | ELISpot
0.28% |1.38% | 1986 | 0.05% |3.99% | 811
2509 2510
CD4* | cD8" | ELISpot | CD4* | cD8" | ELISpot
0.57% | 0.00% | 176 | 0.23% | 0.00% | 821
2481 2484
DEPTLLYVLFEVFDV | CD4" | CD8" | ELISpot| CD4* | CD8* | ELISpot
2.62% | 0.16% | 571 | 0.16% |0.00% | 455
2494 2540
TLRFIPVDREDTAYS | CD4° | CD8" | ELISpot | CD4* | CD8" | ELISpot
2.72% | 0.04% | 279 | 5.01% |0.15% | 873
2573 2574
NIALYLPDKLKYNPT | CD4" | CD8" | ELISpot| CD4* | CD8* | ELISpot
0.25% |0.00% | 139 | 0.18% |0.00% | 212
1764 2492
EWNFRKDVNMVLQSS | CD4" | CD8* | ELISpot | CD4" | CD8" | ELISpot
0.00% |0.00% | 667 | 0.12% |0.14% | 576
2507 2510
LNRFVNTYTKGLPLA | CD4* | cD8" | ELISpot| CD4* | CcD8" | ELISpot
4.36% |0.00% | 645 | 4.40% |0.01% | 426
2100 2503
TLVLAFVKTCAVLAA | CD4" | CD8" | ELISpot| CD4* | CD8* | ELISpot
0.33% |0.00% | 97 |16.12%|0.00% | 742

RQVMDRIMSLTARNP-
NH2
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DEPTLLYVLFEVFDYV did not elicit a positive response in the CD4" T-cell population
of the PBMCs of donor 2484. Nevertheless, a difference between the CD4" and CD8"
T-cell populations of the PBMCs of donor 2484 can be observed when incubated with
DEPTLLYVLFEVFDYV, indicating an HLA class II molecule restriction. The PBMCs of
donor 2481 showed strong activation of CD4" T cells when incubated with

DEPTLLYVLFEVFDV.
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Figure 15: Last gate of the ICS gating strategy shown in Figure 10 for the peptide
TLVLAFVKTCAVLAA in donor 2503. The upper row shows the gate of CD4" T cells, the
lower row CD8" T cells. The first column is the positive control with PMA/lonomycin. The
second and third columns are the negative controls. The two right columns show the response to
the POL.

Ten of the 12 tested peptides from the first adenoviral HLA class II cocktail showed a
similar response to the one shown in Figure 15. There is a large population of CD4" T
cells that produce TNF and IFN-y, when stimulated with TLVLAFVKTCAVLAA,
compared to the incubation with the negative control peptide (17.0% vs. 0.9%). There is
no significant difference in the CD8" T-cell population between the incubation with the
negative  control  peptide and TLVLAFVKTCAVLAA, indicating that
TLVLAFVKTCAVLAA binds to HLA class II molecules. The HLA class II-peptide
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complex can interact with the TCR and the CD4 co-receptors and thereby induce TNF
and IFN-y production in CD4" T cells.
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Figure 16: Last gate of the ICS gating strategy shown in Figure 10 for the peptide
LPLLIPLIAAAIGAY in the donor 2509. The upper row shows the gate of CD4" T cells, the
lower row CD8" T cells. The first column is the positive control with PMA/Ionomycin. The
second and third columns are the negative controls. The two right columns show the response to
the POL.

Figure 16 shows that the peptide LPLLIPLIAAAIGAV activates CD8" T cells. When
looking at the CD8" T-cell population, an increase of INF-y and TNF production in
response to LPLLIPLIAAAIGAV is visible compared to the negative control. The
PBMCs stimulated with LPLLIPLIAAAIGAV do not differ from the CD4" T-cell
population when compared to the PBMCs incubated with the negative peptide.

3.2.4.2 ICS results of the four later synthesized peptides, not yet present in the first HAdV

HLA class II epitope cocktail
The four peptides TFYLNHTFKKVAITF, VSKFFHAFPSKLHDK,

KNRLLLLSSVRPAII, and TLLYLKYKSRRSFID were tested subsequently in single
peptide ELISpot screening assays with the first HAdV HLA class II cocktail as positive
control and showed recognition rates of above 50%. To see if they could be added to the
HLA class II epitope cocktail, an ICS was performed to prove their HLA class II

restriction.
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Table 22: ICS results of later discovered HLA class Il epitopes tested in PBMCs of two
different donors, which showed positive responses in ELISpot screening assays, each.
Percentages of INF-y and TNF double positive cells of the CD8" and CD4" T-cell fraction are
calculated by subtracting the average percentage of the double positive cells of the negative
stimulation from the average percentage of double positive cells after stimulation with the POI.
ELISpot count is calculated by subtracting the average spot count of the PBMCs incubated with
the negative control from the average spot count of the PBMCs incubated with the POI. Color
coding: light green when positive for CD4 " stimulation.

2536 2601

TFYLNHTFKKVAITF | CD4" | CD8" | ELISpot | CD4" | CD8" | ELISpot
2.72% | 0.00% | 870 | 18.63% | 0.26% | 1988
2540 2601
VSKFFHAFPSKLHDK | CD4" | CD8" | ELISpot | CD4" | CD8" | ELISpot
0.51% | 0.00% | 670 5.08% | 0.43% | 1988
2537 2603
KNRLLLLSSVRPAIl | CD4" | CD8" | ELISpot | CD4" | CD8" | ELISpot
2.86% | 0.00% | 716 0.06% | 0.00% | 1905
2536 2606
TLLYLKYKSRRSFID | CD4" | CD8" | ELISpot | CD4" | CD8" | ELISpot
0.42% | 0.06% | 808 0.22% | 0.02% | 1938

All four peptides were shown to activate CD4" T cells in the ICS assay. The peptides
TFYLNHTFKKVAITF, VSKFFHAFPSKLHDK, and TLLYLKYKSRRSFID activated
CD4" T cells in both tested donors. The CD4" T-cell population of the PBMCs of donor
2537 showed a strong response to KNRLLLLSSVRPAII. In contrast, no stimulation of
the CD4" T-cell population of the PBMCs of donor 2603 was detectable when incubated
with KNRLLLLSSVRPAIIL The average of double positive cells of the CD4" T-cell
population of donor 2603 was 0.85% when incubated with KNRLLLLSSVRPAII
compared to 0.01% of the CD8" T cell-population. It was categorized as an HLA class II
epitope because of the strong response of the CD4" T-cell population in the PBMC culture
of donor 2537 to KNRLLLLSSVRPAII.

3.2.5 ELISpot results of 15mer peptide LPLLIPLIAAAIGAY in single peptide
screening
The peptide LPLLIPLIAAAIGAYV was shown to activate CD8" T cells via ICS assay. The

TCR of CD8" T cells usually interacts with HLA class I molecules. A typing for HLA-A
and HLA-B alleles was performed in advance by the blood bank of the University of
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Tiibingen for all donors whose PBMCs were used for the ELISpot testing of

LPLLIPLIAAAIGAV.

Table 23: HLA-A and HLA-B typing and ELISpot results after 12-day stimulation protocol
for donors tested with LPLLIPLIAAAIGAV

DoNO A-A = pot re
2274 A*02 A*02 B*44 B*44

2275 A*02 A*02 B*44 B*56 +
2276 A*03 A*11 B*38 B*62

2281 A*02 A*66 B*27 B*41 +
2284 A*02 A*33 B*14 B*14

2285 A*02 A*31 B*18 B*55 +
2292 A*02 A*25 B*18 B*35 +
2297 A*02 A*29 B*44 B*58 +
2497 A*02 A*02 B*49 B*57 +
2500 A*26 A*26 B*58 B*60 +
2501 A*03 A*03 B*35 B*55 +
2503 A*24 A*28 B*35 B*44

2506 A*02 A*29 B*07 B*38 +
2507 A*02 A*02 B*18 B*47 +
2509 A*02 A*03 B*18 B*55 +
2510 A*02 A*29 B*44 B*57 +
2561 A*24 A*25 B*61 B*62

2563 A*01 A*26 B*08 B*45 | +
2564 A*24 A*28 B*35 B*62

2567 A*01 A*26 B*62 B*64 +
2570 A*02 A*25 B*44 B*62 +
2573 A*01 A*11 B*08 B*14 +
2574 A*01 A*28 B*08 B*60 +
2575 A*02 A*29 B*08 27 [

3.2.6 Generation of the final HLA class II epitope cocktail from adenoviral

antigens

The selection criteria for the peptides in the final HAdV HLA class II-peptide cocktail

(FC) was arecognition rate above 50% after being tested in PBMCs of at least 20 different

donors. Some PBMCs were overreactive and could not be considered. All the epitopes of

the FC were proven to be HLA class II-restricted via ICS. (186)

LPLLIPLIAAAIGAV was removed from the cocktail as it activated CD8" T cells. The
LNRFVNTYTKGLPLA, and

peptides

EWNFRKDVNMVLQSS,
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NIALYLPDKLKYNPT were removed from the first HAdV HLA class II cocktail as well

since their recognition rates dropped below 50%.
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Figure 17: ICS results of epitopes removed from the first HAdV HLA class Il cocktail.
Comparison of the percentage of single, viable CD4" T cells that are double positive for IFN-y
and TNF secretion and the rate of single, viable CD8" T cells that are double positive for IFN-y
and TNF after stimulation with POI. The average percentage of double positive cells of the
negative controls was subtracted from the rate of double positive cells of each well incubated with
the POI. Each peptide was tested in two PBMC cultures.

These four peptides were replaced by the four subsequently characterized epitopes
TFYLNHTFKKVAITF, = VSKFFHAFPSKLHDK,  KNRLLLLSSVRPAII, and
TLLYLKYKSRRSFID. They all showed high recognition rates in single peptide ELISpot
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screening assays (see tables 18 and 19) and were all proven to be HLA class II-restricted

via ICS (see table 22).

PBMCs of 44 healthy donors tested in ELISpot assays with the first HAdV HLA class II
epitope cocktail could all be stimulated to secrete IFN-y. The peptide cocktail has a
recognition rate of 100% so far. The PBMCs of the donor 2413, which could not be
stimulated by either of the HAdV HLA class I epitope cocktails were stimulated by the
first HAdV HLA class II cocktail.
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Figure 18: ICS results of epitopes from the final cocktail. Comparison of the percentage of
single, viable CD4" T cells, double positive for IFN-y and TNF secretion with the percentage of
single, viable CD8" T cells, double positive for IFN-y and TNF after stimulation with the POI.
The average percentage of the double positive cells of the negative controls was subtracted from
the percentage of double positive cells of each well incubated with the POI. Each peptide was
tested in two PBMC cultures. (186)
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The final adenoviral HLA class II cocktail consisted of 12 peptides, all showing
recognition rates of at least 50% in single peptide ELISpot screening assays. Moreover,
they were all proven to stimulate CD4" T cells and could thereby be categorized as HLA
class II epitopes. (186)

Table 24: Epitopes contained in the final cocktail. Color coding: In dark grey, the four
epitopes that were added and replaced LPLLIPLIAAAIGAV, EWNFRKDVNMVLQSS,
LNRFVNTYTKGLPLA, and NIALYLPDKLKYNPT (replaced epitopes are not shown). In
light grey and white are peptides that were already contained in the first HAdV HLA class 11
cocktail.

Sequence Source protein Position HLA-
(UniProt-1D) restriction

DEPTLLYVLFEVFDV CAPSH ADE02 927-941 DR
TLRFIPVDREDTAYS CAPSH ADEOQ2 65-79 DR
MHLWRAVVRHKNRLL E1BS ADEO2 120-134 DR
PQKFFAIKNLLLLPG CAPSH ADEOQ2 579-593 DR
RGIFCVVKQAKLTYE E3145 ADEQ2 46-60 DR
RQVMDRIMSLTARNP-NH2 CAP3 ADEQ2 28-42 DR
IGAVPGIASVALQAQ COR10 ADEO2 64-78 DR
TLVLAFVKTCAVLAA LEAD ADEO2 32-46 DR

3.2.7 Testing of the final HAdV HLA class II cocktail in ELISpot assay, after
12-day stimulation
The final HAdV HLA class II cocktail was tested in an ELISpot screening assay in PBMC

cultures of healthy donors. Twenty-nine of the 32 tested PBMC cultures were selected
randomly. The PBMCs of the donors 2226, 2255, and 2413 were chosen because they did
not respond to any of the HAdV HLA class I epitope cocktails.
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Figure 19: ELISpot assays testing the final HAdV HLA class II peptide cocktail (FC). DMSO
was used as a negative control in the same concentration as it was present in the wells incubated
with the POI. PHA was used as positive control alternately with TCM as a negative control. A
black box separates donor samples. The spot count was set to 2,000 spots when
too-numerous-to-count (TNTC). PBMCs of sixteen donors could be tested on one 96-well
ELISpot plate. In total, 32 donors were tested. The EliSpot result of donor 2657 is shown as a
representative ELISpot in (186).
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Unfortunately, the PBMCs of donor 2226 in ELISpot #18 were overreactive and could

not be considered (see Figure 19).

The FC could stimulate 31 out of 31 PBMC cultures from healthy donors. (186) The
PBMCs of donors that did not respond to the HLA class I cocktails were responsive to
the final HAdV HLA class II cocktail.

Final mix in 32 donors = final mix
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Figure 20: Comparison of spot counts of final cocktail in PBMC cultures of 32 different
donors after a 12-day stimulation protocol. Black bars depict spot counts after stimulation with
the final cocktail. Grey bars represent spot counts of negative control.

3.2.8 Ex-vivo ELISpot assay with ten epitopes with highest recognition rates from
the final cocktail
The POIs are added to the cells before several IL-2 stimulations during the 12-days

stimulation, to ensure that the T cells recognizing the POI proliferate. Therefore, the
ELISpot-screening assay only indicates if the healthy donors have any T-cell clones

recognizing the POI.

In an ex vivo ELISpot assay, the cells are thawed and analyzed after one day of resting.
As a result, an ex vivo ELISpot is less sensitive but indicates the number of T cells

recognizing the POI instantly.
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In our ELISpot assay setting, there are always approximately 500,000 cells per well. From
the difference of spot counts between the PBMCs stimulated with the negative control
peptide and the PBMCs stimulated with the POI, one can derive how many T cells
recognize a particular peptide. Another conclusion that can be drawn from the results of
an ex vivo ELISpot assay is how well memory T cells are amplified during the 12-day
stimulation protocol. One prerequisite is that the same number of cells is seeded into each
well for all ELISpot assays. In this case, the amplification factor (AF) of specific memory
T cells is calculated as the ratio of the difference between the average spot count obtained
from the negative control peptide (NP) and the average spot count obtained with the POI
in an ELISpot screening assay after the 12-day stimulation protocol and the same

difference obtained from the ex vivo ELISpot results.

POl;, 1+ POl;,2 NPy, 1+ NPj,?2
_ 2 B 2
AF = p

Oloy 1+ POl 2 NP, 1+ NPy 2
2 2

The ex vivo ELISpot assay was performed with the ten peptides from the final HAdV
HLA class II cocktail with the highest recognition rates. The PBMC cultures were
selected so that each peptide was incubated with the PBMCs of at least one donor that
showed reasonable response rates after the 12-day stimulation protocol. Therefore, not all
peptides had already been tested in all donors they were incubated with, in the ex vivo
setting. The AF can only be calculated if the PBMCs of the donor were tested positive

following a 12-day stimulation.
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Figure 21: Results of the ex vivo ELISpot assay. In row 1-10 are the ten epitopes with the
highest recognition rates of the 12 peptides from the final HAdV HLA class II cocktail. Row 11
was stimulated with the negative control peptide. Row 12 is incubated alternately with PHA as
unspecific positive control and TCM as a negative control.

-82-



3 Results

When no significant stimulation of the PBMCs of a donor by a peptide could be observed

in the ex vivo ELISpot assay, the spot count was set to ten to compute the AF.

Five different constellations are possible when comparing the ELISpot results after the
12-day stimulation protocol with the results of the ex vivo ELISpot assay. First, epitopes
have already been screened in both 12-day stimulation ELISpot assay and ex vivo ELISpot
in the same donor. When the peptides could stimulate the PBMCs of a donor after the
12-day stimulation protocol, the result of the ex vivo ELISpot assay can be positive or
negative. These are the two cases in which an AF can be calculated. When there was no
detectable stimulation by a peptide after a 12-day stimulation protocol, the ex vivo
ELISpot assay is likely negative as well. However, most of PBMCs were not tested in
both the ex vivo and the 12-day simulation ELISpot assay settings. Nonetheless, a positive
response can be observed in an ex vivo ELISpot assay without knowing the result of the
12-day stimulation. No AF can be calculated when the peptides have not been screened
for recognition by the PBMCs of a donor in the ex vivo setting and the 12-day stimulation

protocol.

Donor Pep“de TLRFIPVDREDTAYS MHLWRAVVRHKNRLL PQKFFAIKNLLLLPG RGIFCVVKQAKLTYE RQVMDRIMSLTARNP-NH2
2100
2488
2494
2503
2536
2552
2606
2610 | | [

Donor Peptide TFYLNHTFKKVAITF VSKFFHAFPSKLHDK KNRLLLLSSVRPAII TLLYLKYKSRRSFID TLVLAFVKTCAVLAA
2100
2488

2494
2503

IFN-p secretion of PBMCs can be observed after 12-day stimulation, as well as in ex vivo setting
IFN-p secretion of PBMCs can be observed after 12-day stimulation, but not in ex vivo setting

IFN-u secretion of PBMCs can neither be observed after 12-day stimulation, nor in ex vivo setting
IFN-p secretion of PBMCs can be observed in ex vivo setting, but PBMCs not tested for activation after 12-day stimulation
IFN-u secretion of PBMCs can not be observed in ex vivo setting, PBMCs not tested after 12-day stimulation with POI

Figure 22: Different peptide-PBMC constellations in ex vivo ELISpot assay. AF is computed
when comparable to the same peptide-PBMC constellation in the 12-day stimulation result.

Thirty-five peptide-PBMC constellations were tested in both the 12-day stimulation and
in ex vivo setting. All six peptide-PBMC constellations, which were negative after the

12-day stimulation protocol, were also negative in the ex vivo setting (orange in Figure
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22). Of the twenty-nine peptide-PBMC constellations that showed a positive response
after the 12-day stimulation protocol, only five (17.2%) of the constellations showed a
positive reaction in the ex vivo setting (red in Figure 22). In return, this means that in 29
tested peptide-PBMC constellations in which activation of the PBMCs was detected in
the 12-day stimulation setting, no stimulation was observed in 24 out of 29 (82.8%) of

the constellations in the ex vivo setting (blue in Figure 22).

From the 45 PBMC-peptide constellations that were not tested in the ELISpot-screening
setting, seven (15.6%) of the PBMC cultures could be driven to a detectable [FN-y
secretion in the ex vivo setting (yellow in Figure 22). In contrast, no stimulation could be

detected in 38 (84.4%) of the constellations (grey in Figure 22).

Overall, we observed an average AF of 87. However, we see a high variation, with AF

ranging from four to 200.

3.2.9 Homology between different adenovirus strains

3.2.9.1 Uniprot-BLAST for identical sequence
Epitope sequences included in the FC share homologies with reviewed protein sequences

of at least two different HAdV serotypes and some even across genera. (186)
Table 25: Uniprot blast of the 12 peptides of the final cocktail. The 12 peptides from the FC

were queried for exact sequence overlap in proteins from the UniProt database. The blast was
performed with uniprot.org (171). Only reviewed sources were considered.

equence Appearance erotype
DEPTLLYVLFEVFDV ADEO02; ADEQ5; ADE12; ADE40; ADE41
TLRFIPVDREDTAYS ADEOQ2; ADEQ5
MHLWRAVVRHKNRLL ADEO02; ADEO5
POKFFAIKNLLLLPG ADEOQ2; ADEO5; ADE08; ADE09; ADE31; ADE40; ADE41
RGIFCVVKQAKLTYE ADEO02; ADEO6
ROQVMDRIMSLTARNP-NH; ADEO02; ADEQ5S
IGAVPGIASVALQAQ ADEO02; ADEO5
TLVLAFVKTCAVLAA ADEQ2; ADEQ5
TFYLNHTFKKVAITF ADEO02; ADEO5
VSKFFHAFPSKLHDK ADEOQ2; ADEO5; ADEO7; ADE12; ADE40
KNRLLLLSSVRPAII ADEO02; ADEO5
TLLYLKYKSRRSFID ADEQ2; ADEO6
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The blast for the epitopes of the FC shows that there are conserved regions - highly
recognized in healthy donors. The epitope PQKFFAIKNLLLLPG is present in seven out
of the 14 reviewed sequences of the UniProt database (171). (186)

Some epitopes only appear in the protein aa sequence of two different serotypes. In some
cases, the reviewed protein sequence is only available for a low number of serotypes.
3.2.9.2 Alignment of epitopes from the final HLA class 11 cocktail with reviewed proteins

from different HAdV serotypes
We performed an alignment of reviewed HAdV proteins with epitopes from the FC to see

if this could explain the high cross-reactivity of adenovirus-specific T cells. In rare cases,
the alignment does not give more information than the peptide blast, because some
proteins have only been sequenced from two serotypes with similar peptide sequences. In
other alignments, it is possible to detect protein sequences from different serotypes that
share peptide sequences with epitopes of the FC. The aligned proteins are CAPSH, PKG1,
E1BS, E3GL, E3145, CAP3, COR10, and LEAD. We aligned 14 reviewed CAPSH
protein sequences from different HAdV serotypes. The reviewed sequence of five
different HAdV serotypes was available for the PKG1 protein. For the E1BS protein, the
reviewed sequences for seven different HAdV serotypes were available. For the proteins
E3GL, E3145, CAP3, COR10, LEAD the available reviewed protein sequences for seven,
five, three, two, and two different HAdV serotypes were present in the UniProt database
(171), respectively. (186)

3p| PRESTE|E3GL_ADEOZ
3p|P&E9TH|E3GL LDEOE
3p|P04494 | E3GL RDEQS
splP11323|E3GL _ADEO3
aplP35771|E3GL_ADELR
ap|PGESE1|E3GL_ADE3S
3p|P&E920|E3GL LDELF

Ly Ly Lot

Figure 23: Alignment of the reviewed protein sequences from the protein E3GL of the
HAdV serotypes 1A, 1P, 02, 03, 05, 06, and 35. The aa sequence of the epitope
TLLYLKYKSRRSFID in position 140-154 of the aa sequence of E3GL of HAdV2 is highlighted
in blue. Color coding indicates the chemical property of the aa. “*” indicates perfect alignment.
“:” indicates high similarity. “.”” indicates weak similarity.

It is visible that some positions of the HAdV2-derived epitope barely differ from the
peptide sequence of other HAdV serotypes. The alignments of the epitope regions of the

other source proteins of the FC epitopes were also performed (see appendix).
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4 Discussion

4.1 Two HLA class | epitope cocktails in comparison
When we compared the stimulation of PBMC cultures by two HLA class I cocktail — one

containing 24 HLA class I epitopes, the other containing 15 HLA class I epitopes — we
could detect an IFN-y secretion in 22 out of 25 PBMC cultures when incubated with the
24-peptides-cocktail and in 20 out of 25 PBMC cultures when incubated with the
15-peptides-cocktail.

We show that the 24-peptides-cocktail was able to stimulate all PBMC cultures, which
the 15-peptides-cocktail was able to stimulate. No suppression or competitive effects

between peptides could be observed.

As the cells were cultivated and counted separately, it cannot be concluded that one
cocktail was able to activate more PBMCs of the donor because of a higher number of

spot counts.

The fact that the PBMCs from 22 out of 25 tested donors reacted to the
24-peptides-cocktail shows that these donors bear HAdV-specific CD8" memory T cells,
indicating a previous HAdV encounter. The HLA class I epitopes were all derived from
HAdV2. Due to the high homogeneity between different HAdV serotypes, it is impossible
to conclude against which adenovirus serotype the immune response was mounted from
the experiments performed in this work. We can envision that the donors could have had
contact with HAdV?2 or an entirely different serotype with shared epitopes. Nevertheless,
it is very unprobeable that all 22 donors from whom the tested PBMCs were isolated
already had had contact with HAdV?2. This indicates a high adenoviral cross-reactivity of
CTLs, as demonstrated previously by Smith et al. (159) and Hutnick et al. (161).

No HAdV serology was performed for the donors from whom the PBMCs were obtained.
The lack of a previous encounter of adenoviral antigens would explain why the PBMCs
of three donors could not be stimulated by either one of the HLA class I peptide cocktails.
This would suggest that there are no memory T cells with adenovirus-antigen specificity
present in the peripheral blood of those donors. Another explanation could be that the
immune system of the donor encountered and cleared an adenoviral infection, but that the

memory T cells recognize different epitopes than those present in the cocktails.
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The existence of HLA supertypes can explain the positive immunogenic response of the
PBMCs of donors with HLA gene products that are not predicted to be covered by
peptides in the cocktail. To this time point, there are nine defined HLA-I supertypes,
including 80% of the over 900 recorded HLA-A and HLA-B alleles. Those HLA
supertypes are characterized by similar binding restrictions. (190) This could explain why
epitopes that were not restricted to the HLA class I allotypes of a donor could activate
some of the PBMCs by supertype cross-reactivity. Another explanation could be that
some epitopes present in the cocktails can interact with HLA-C molecules, for which the

donors were not typed, and thereby elicit an immune response.
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4.2 HLA class II epitopes
The ex vivo adoptive T-cell transfer with predominantly Tu1 phenotype was shown to be

highly effective in clearing viremia and markedly reduced mortality in patients with
therapy-refractory HAdV infection following HSCT. (157) This indicates the importance
of the identification of HAdV-derived HLA class II epitopes for the selection of CD4" T

cells as a treatment option.

The high coverage of the predicted HLA class II peptides shows that they play a crucial
role in the clearance of adenovirus infections. All tested PBMCs showed a response to
the epitope cocktail, irrespective if it was the first HAdV-derived HLA class II cocktail,
which also contained one 15mer HLA class I epitope, or the FC, only containing 15mer
class II epitopes. These were 44 out of 44 PBMC cultures for the first HAdV HLA class
IT cocktail, and 31 out of 31 tested PBMC cultures for the final HAdV HLA class II
cocktail. Except for the PBMCs of donor 2413, no other PBMC isolates were tested with
both cocktails. There are two requirements for a positive result in an ELISpot assay: first
the ability of the peptide to bind to an MHC molecule expressed by the donor’s cells and
secondly, the presence of memory T cells, which were generated during a previous
encounter of the antigen from which the peptide is derived, that recognize the
HLA-peptide complex. This means that all 74 donors expressed at least one MHC class
IT molecule capable of binding to one or more epitopes of the cocktails and that they all
previously had had contact with adenoviral antigens, which led to the evolution of
memory T cells. These were able to recognize at least one of the cocktail epitopes
presented on an HLA molecule expressed by the donor’s cells. These results also depict

the high HAdV infestation.

4.2.1 Promiscuity of HLA class II epitopes and effectiveness of in silico prediction
Every HLA class II epitope present in the FC has a recognition rate of at least 50%. A

prerequisite for a detectable response in the ELISpot assay is the ability of the peptide to
bind to an HLA molecule expressed by the donor’s cells. The tested healthy donors were
not typed for their HLA class II alleles. As shown in Table 15, the HLA-DRB1*15:01 has
the highest allele frequency of 0.1421 in Germany, with 26.4% of the individuals carrying

it. This enforces the suggestion that peptides with recognition rates of above 50% are very

-88 -



4 Discussion

probable to be promiscuous epitopes by being able to bind to at least two different HLA
class II gene products. As the characterized promiscuous epitopes have recognition rates
to up to 85.7%, they are likely to be able to bind to more than two different HLA class 11
molecules. (186)

Due to the length of peptides bound by HLA class II molecules and their ability to extend
out of the binding groove at both the N- and C-terminal ends (22-24), peptide-binding
motifs cannot be determined as easily when compared to HLA class [ molecules. Hence,
HLA class II epitope prediction is still challenging. Although promiscuous binding of
HLA class II epitopes is known, there is no satisfying prediction tool for promiscuous
HLA class II epitopes. (182) The identification of promiscuous epitopes brings the
advantage of non-single-HLA-restricted binding. The identified promiscuous epitopes
can thereby lead to T cell activation in individuals carrying different HLA alleles. This
leads to higher coverage of peptide recognition in a defined population when compared

to single-HLA-restricted epitopes.

The 24 top-ranked epitope candidates from the promiscuous epitopes prediction were
synthesized and tested in ELISpot assays. Eighteen (75.0%) were shown to be
immunogenic. Six epitopes (25.0%) were identified as immunodominant epitopes.
Twelve (50.0%) epitopes were categorized as subdominant epitopes. Six peptides (25%)
did not lead to a detectable immune response. This means that 25.0% of the predicted
promiscuous epitopes could bind to present HLA class II molecules and stimulate T cells
in more than half of the PBMC cultures of healthy donors for which neither an HLA class
IT typing nor a HAdV-serology was performed. All three epitopes that were selected due
to the combined SYFPEITHI/NetMHCIIpan 2.0 criterias were shown to be
immunodominant epitopes. As these three epitopes were the only epitope candidates in
the prediction to fit the criteria it seems to be efficient, but too strict. Too many
promiscuous epitopes would have stayed undetected by only applying the combined
criteria. A negative ELISpot result does not allow the conclusion that the predicted peptide
could not bind to HLA class II molecules of cells present in a culture. There is a possibility
that the peptide could be presented by HLA class II molecules but not be recognized by a
TCR. Some of the already published peptides that showed high recognition rates in
single-peptide ELISpot assays did not appear in our prediction. (186)
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LPLLIPLIAAAIGAV was later shown to stimulate CD8" T cells. This indicates that it
somehow binds to HLA class I molecules. Still, this approach seems to be very effective

in the prediction of promiscuous HLA class II epitopes with high coverage rates.

The fact that the prediction was performed for HLA-DR molecules also brings the
advantage that one MHC gene locus can encode more than one B-chain. Some B-chains
are pseudogenes that are characterized by different defects. The HLA-DRB4 gene may
be functional and is sometimes translated into a gene product that can pair with the
conserved oa-chain. (18, 20) Accordingly, some people can express four different
HLA-DR molecules, which further increases the probability of a promiscuous epitope to

be presented by one of the expressed HLA-DR molecules.

4.2.2 Homology leads to high cross-reactivity
The peptides in both HLA class II cocktails are derived from proteins from HAdV?2. It is

improbable that every donor already had had contact with HAdV2. The fact that the
peptides, only derived from HAdV2, were able to stimulate the PBMCs of all 74 donors
can be explained by T-cell cross-reactivity. The HAdV2-derived epitopes are conserved
among multiple HAdV serotypes with an identical (see table 25) or very similar aa
sequence (see alignment). Especially HAdV2 and HAdV5 share a lot of epitopes, which
implies that the infection of a donor with another HAdV serotype could lead to a positive
recall response when stimulated with an epitope derived from another serotype, as already

demonstrated by Flomenberg et al. (107). (186)

The anchor positions of HLA class Il molecules are only occupied by a few aas at specific
locations of the peptide sequence. (184) Table 25 shows the peptide sequences that were
blasted against the peptide sequence of other HAdV serotypes. Peptides with changes in
one or more aas were not listed. Even leucine replaced by isoleucine or the other way
around were not considered. As T-cell cross-reactivity against peptides with some aa
changes can be observed, the high homogeneity between HAdV serotypes is probable to
lead to cross-reactivity between different serotypes. Cross-reactivity seems to be rather
limited by the interaction of the TCR to the HLA-peptide complex than by the peptide
binding to the HLA molecule. (191) The HLA molecules, as well as the TCR CDR3 loop,

were shown to undergo conformational changes when binding a peptide. The
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modification of the peptide-MHC-complex interface to the TCR enables the recognition
of different epitopes by one TCR. (192) Kohm et al. described the mechanism of
molecular mimicry, which assumes that peptides sharing fundamental structural and
chemical features can explain T-cell cross-reactivity. (193) This would implicate that two
peptides from different HAdV serotypes differing in one aa with similar biochemical and
physical characteristics could both lead to activation of the same TCR when assuming
their ability to bind to the same HLA molecule. An exchange of an aa in other than the
anchor position is even less likely to prevent HLA binding and T-cell activation. Contrary
to the molecular mimicry theory, other workgroups state that T cells can cross-react to
peptides with low similarity. Wooldridge et al. showed that a single autoimmune T-cell
receptor could recognize a peptide differing from the sequence of the index peptide at
seven of ten positions. They also computed the ability of more than 1x10° different
decameric peptides to activate the T cell via its TCR in the context of one HLA molecule.
(194) As they investigated an autoimmune-reactive TCR, the results cannot be transferred
on normal-functioning TCRs one-to-one. Cross-reactivity, to such an extent, is probable

to trigger autoimmune-reactions.

The flanking aas were shown to influence peptide binding to HLA molecules and TCR
interaction with the peptide-HLA complex (195-197). Both of these processes have direct
effects on T-cell activation. The extent of the impairment of the flanking aa residues on
T-cell activation is not yet understood. Therefore, it is hard to guess about the influence
of aa polymorphisms between different HAdV serotypes, located in the flanking residues

of epitopes, on T-cell cross-reactivity.

The alignments of the epitopes from the FC with other serotypes show single aa
polymorphisms and make adenovirus-specific T-cell cross-reactivity very probable,

consistent with previous work (107, 159-162). (186)

4.2.3 Immunodominant HLA class II epitopes could be identified in other proteins
than the hexon via promiscuous in silico prediction
Most immunogenic adenoviral epitopes that have been characterized until now are

derived from the hexon protein (163, 167-170). Not much effort has been invested in

discovering epitopes derived from other adenoviral source proteins. In 2016 the penton
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protein was characterized as a “‘second immunodominant target in human adenovirus
infection’” by Tischer et al. (176). Lately, Gunther et al. were able to identify an
immunodominant HLA class I-restricted peptide epitope derived from the adenoviral
13.6 K protein (174). In our promiscuous epitope prediction, all HAdV2 proteins were
treated equally. This led to the identification of immunodominant epitopes from other
source proteins than the hexon and penton proteins. Of the seven newly discovered
epitopes from the promiscuous prediction, which made it into the FC, without accounting
the 10mer peptide TFYLNHTFKK elongated to the 15mer TFYLNHTFKKVAITF and
the already published epitope TLRFIPVDREDTAYS, none is derived from neither the
hexon nor the penton protein. All the HAdV hexon protein-derived peptides were already
discovered earlier by performing non-promiscuous HLA class II epitope-predictions.
Nevertheless, the peptides identified via non-promiscuous HLA class II epitope-
predictions are very probable to be promiscuous HLA class II epitopes due to the high
recognition rates in single-peptide ELISpot screening assays. The 10mer peptide
TFYLNHTFKK, contained in TFYLNHTFKKVAITF, was characterized when screening
for HLA class I epitopes. Other proteins that were already screened for immunogenic
epitopes in house are the E1B-19kDa protein, the E1B-55kDa protein, the Early ETA
protein, and the adenoviral DNA polymerase (see Table 17). The seven immunodominant
epitopes which were discovered via promiscuous epitope prediction are derived from
seven different adenoviral proteins from six different gene regions. The peptide
KNRLLLLSSVRPAII is derived from the E1B gene product E1B-19k, which is an
antiapoptotic mediator (58). The epitope sequences TLLYLKYKSRRSFID and
RGIFCVVKQAKLTYE are derived from E3 gene products: the E3-19kDa protein and
the E3-14.7kDa protein, respectively. Both proteins reduce CTL-mediated cytolysis in
different ways. (16, 64) VSKFFHAFPSKLHDK is derived from the packaging protein I,
which is encoded in the 1VVa2 gene. This protein is essential for the transcription of
packaging proteins as well as the translocation of the viral DNA into preformed capsids.
Its absence leads to the production of empty capsids. (198) The source protein of the
epitope TLVLAFVKTCAVLAA is the I-leader protein, which is transcribed from the
I-leader gene (see Figure 6). The remaining epitopes are both derived from late gene
products. The peptide RQVMDRIMSLTARNP-NH2 is derived from the pre-protein or

protein Illa, which is encoded in the L1 gene locus. It is one of the cement proteins that
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help to stabilize the capsid (see Figure 5). (45) The aa sequence of the epitope
IGAVPGIASVALQAQ is present in pre-core protein X, also known as pMu. It is a core
protein encoded in the L2 gene locus and associated with the viral DNA (199).

These findings indicate that immunodominant epitopes are derived from many different
adenoviral proteins, which are transcribed from early, intermediate, and late genes. By
performing a promiscuous epitope prediction, a wider range of proteins can be screened
for immunogenicity. (186)

4.2.4 LPLLIPLIAAAIGAY activates CD8" CD4 T cells
We saw that the peptide LPLLIPLIAAAIGAV mainly stimulates CD8" CD4™ T cells by

performing an ICS assay. Usually, 8mer to 10mer peptides occupy the binding groove of
HLA class I molecules (12-14). Due to the length of LPLLIPLIAAAIGAYV, we did not
expect binding to HLA class I and activation of CD8" T cells. Nevertheless, long peptides
have been reported to bind to HLA class I molecules (200-202). Some workgroups
analyzed the structure of longer peptides bound to HLA class I molecules. They observed
longer peptides ‘bulging’ out of the binding groove. (201, 202) This may allow
LPLLIPLIAAAIGAV binding to HLA class I molecules. The HLA class I-peptide

complex could then activate CD8" T cells.

The recognition rate of LPLLIPLIAAAIGAV was 70.8%, with a positive response in
PBMC cultures of 17 out of 24 donors. If LPLLIPLIAAAIGAYV can be presented on HLA
class I molecules, it is improbable that it is restricted to one HLA class I allotype. The
feature of promiscuity was primarily attributed to HLA class II epitopes. Frahm et al.
demonstrated the promiscuity of HLA class I epitopes (203). The donors tested with
LPLLIPLIAAAIGAV were typed for their HLA-A and HLA-B alleles. A typing for
HLA-C was not performed. As can be seen in Table 23, there is no specific HLA-A or
HLA-B restriction limited to one HLA allotype that can be concluded from the results of
the 24 tested PBMC isolates. All PBMC isolates recognizing LPLLIPLIAAAIGAV were
typed for one of the following HLA class I alleles: HLA-A*01, HLA-A*02, HLA-A*03,
or HLA-A*26. If the peptide can bind to HLA-A molecules, it has to have the ability to
bind to different ones as the PBMCs of donors 2275, 2497 and 2507, typed for two
HLA-A*02 alleles, the PBMCs of donor 2500, typed for two HLA-A*26 alleles and the
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PBMC:s of donor 2501, typed for two HLA-A*03 alleles could all be stimulated to IFN-y
secretion by LPLLIPLIAAAIGAV. If the PBMCs of a donor who is typed homozygous
for an allele did not show a response to the peptide, such as donor 2274, who is typed for
two HLA-A*02 alleles, it could not be excluded that the peptide can bind to the HLA
allotype. There is still the possibility that the HLA molecule can present the peptide but
that the individual, or more specifically the PBMC isolate, lacks a T cell with the
epitope-specific a:3 TCR.

Another explanation could be that LPLLIPLIAAAIGAV is restricted to HLA-C allele

products. Nevertheless, this cannot explain the recognition rate of over 70%.

Furthermore, LPLLIPLIAAAIGAYV could have the ability to bind to HLA class I and HLA
class Il molecules. Shao et al. identified a uveitis-associated epitope that was able to bind
to HLA class I and HLA class II molecules and stimulate CD8" and CD4" T cells (204).
May et al. found a mutated Wilms’ tumor 1 oncoprotein, which was shown to activate
CD4" and CD8" T cells (205). These works are consistent with our ICS results of the
PBMCs of donor 2163 incubated with the epitope IGAVPGIASVALQAQ, which
indicates stimulation of the CD4" as well as the CD8" T-cell population. As ICS by
LPLLIPLIAAAIGAV was only tested in the PBMCs of two different donors, we were
able to confirm its ability to activate CD8" T cells by binding to HLA class I molecules
of these donors. In the ELISpot assays performed with PBMC isolates from other donors,
it can also have led to an IFN-y secretion by the activation of CD4" T cells via binding to

HLA class II molecules.

4.2.5 Results of ex vivo ELISpot assay
The relevance of the 12-day stimulation protocol in the screening setting can be seen

when comparing the results of the ELISpot screening setting with those of the ex vivo
ELISpot setting. Only 17.2% of the positive PBMC responses after the 12-day stimulation
protocol could be detected in the ex vivo setting when retesting the same PBMC-peptide
constellation. Godkin et al. found a decreasing number of [FN-y secreting cells over time
when performing an ex vivo ELISpot with hepatitis C-derived HLA class II epitopes on
the PBMCs of donors who had cleared hepatitis C. Interestingly, the number of IFN-y

secreting cells increased over time when performing an ELISpot assay after a previous
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stimulation protocol. They stated that the ex vivo ELISpot and the ELISpot after the
stimulation protocol detected different populations of CD4" memory T cells. (206) This
could explain the strong responses to single HAdV epitopes in ELISpot assays after the
stimulation protocol compared to the poor ex vivo responses. This phenomenon was also
observed by Sukdolak et al. when studying the frequencies of HAdV-specific T cells in
PBMCs of 204 healthy donors. Concordant to our results, the frequencies of especially
HAdV-specific T cells in the PBMCs of seropositive donors were low or undetectable in
the ex vivo setting when compared to the results obtained for EBV and CMV.
Furthermore, the flow cytometric determined frequencies of HAdV-specific T cells were
low. After performing a stimulation protocol, an increased number of HAdV-specific T

cells were identified in tested PBMCs. (123)

The number of T cells that are specific for a particular epitope can be meager in the
peripheral blood of healthy donors. The frequencies of HAdV-specific memory T cells
were shown to be exceptionally low when compared to other viruses (123). There are
frequently non-specifically activated, INF-y secreting cells when performing an ELISpot
assay. They can be detected as background in the negative control. The T cells detected
in an ELISpot assay are memory T cells. Due to the high diversity of the TCRs the
organism has only a low amount of epitope-specific T cells when not infected with the
pathogen. In case of an infection with a pathogen that carries the antigen recognized by
the TCR, these cells are amplified and reduced after infection. Otherwise, the number of
leukocytes in the peripheral blood would be too high. The cut off for a positive result in
the ELISpot assay was set to a spot count of at least ten and threefold the spot count of
the negative control. Therefore, the presence of epitope-specific T cells can stay
undetected in the PBMC cultures of healthy donors in the ex vivo ELISpot setting when
there are less than ten test-epitope-specific T cells per 500.000 PBMCs. When performing
a 12-day stimulation, epitope-specific T cells are amplified and can be detected in an
ELISpot assay. The ELISpot assay after the 12-day stimulation protocol takes much
longer to prepare than the ex vivo ELISpot assay. The advantage is that even a meager
amount of epitope-specific T cells can be detected. Without performing the time-intense
12-day stimulation protocol during the screening for recognition of single epitopes,

epitope-specific T cells in 82.8% of the PBMC cultures shown to contain epitope-specific
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T cells after the 12-day protocol screening would have stayed undetected if only

performing ex vivo ELISpot assays.

During the 12-day stimulation protocol, the epitope-specific cells are amplified. This
explains why none of the PBMC cultures in which a response to an epitope was detectable
after the amplification protocol, could be stimulated to an IFN-y secretion when incubated

with the same epitope ex vivo.

The PBMC cultures consist of different subpopulations of immune cells. In the ex vivo
setting, the proportions of the different cells are comparable to the situation in the
peripheral blood of healthy individuals. PBMC cultures contain lymphocytes, monocytes,
and DCs. In healthy individuals, the majority of the PBMCs are lymphocytes. They
represent 70-90% of the PBMCs, followed by monocytes (10-20%). DC only represent
1-2% of the PBMCs. The lymphocytes can be categorized into CD3" T cells, B cells, and
NK cells, with frequencies of 70-85%, 5-10%, and 5-20%, respectively. The CD3" T
cells can further be divided into CD4" and CD8" T cells. Usually, the CD4": CD8" ratio
is around 2:1. (207) Peptides that were tested in the ex vivo setting were mainly activating
CD4" T cells. As there were about 500.000 PBMCs in each well and the percentage of
CD3" CD4" T cells is approximately between 30% and 50%, the number of cells that
could possibly recognize the epitope was in between 250.000 and 150.000 per well. This
indicates that the percentage of epitope-specific T cells must be at least 0.004% of the
CD3" CD4" T cell population to be detected in an ex vivo setting. When the PBMCs of
donor 2494 were incubated with the epitope RGIFCVVKQAKLTYE ex vivo, the
activated cells represented approximately 140 out of 500.000 after subtracting the
unspecific activation. This would mean that 0.06% to 0.09% of the CD3" CD4" cells of
the PBMCs could recognize the epitope. Another observation is that the PBMCs of this
donor showed strong responses to seven out of nine single epitopes in the ELISpot
screening assay after a 12-day stimulation protocol. A symptomatic infection would have
excluded the donor from a blood donation. As the ex vivo response was observed to
diminish over time (206), a recently cleared adenoviral infection before blood donation
could explain the high frequency of adenovirus-specific CD3" CD4" cells in the PBMC
culture of donor 2494 when compared to the results obtained from the ex vivo incubation

of the PBMC:s of other donors with adenoviral epitopes. In search of epitopes for clinical
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approaches, the ex vivo ELISpot result is an important selection criterion, besides a high
recognition rate in ELISpot screening assays. PQKFFAIKNLLLLPG led to a detectable
INF-y secretion in three out of eight PBMC cultures ex vivo. The epitopes
TFYLNHTFKKVAITF, RGIFCVVKQAKLTYE, and TLRFIPVDREDTAYS detectibly
activated two out of eight PBMC cultures. These findings render those epitopes most
interesting for single epitope clinical approaches. Nevertheless, some findings state that
the efficacy of adoptive T-cell transfer is independent of the transfused virus-specific
T-cell dose, indicating that the HAdV specific T cells can proliferate in vivo, after
transfusion. (158) This implicates that a positive result after a screening ELISpot assays

would be enough to render an epitope a potential candidate for therapeutic approaches.
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Adenoviral infections still are a serious threat, not to healthy, but immunocompromised
individuals. (141, 142, 144) Until now, there is no evidence-based therapy or vaccine

against this pathogen.

Adoptive T-cell transfer seems to be a promising approach to this problem (170, 208), as
the presence of virus-specific T cells is known to be essential for survival and viral
clearance (155). The risk of graft-versus-host disease is reduced when only transferring
virus-specific T cells instead of unselected donor lymphocytes (158). As some SCT
donors are seronegative for HAdV, no HAdV-specific memory T cells can be isolated
from the donor’s peripheral blood. Before stem cell isolation from the peripheral blood,
the donors receive G-CSF for stem cell mobilization, which was shown to have long-term
negative effects on T-cell functionality. (209) The isolation of PBMCs before G-CSF
application may circumvent this second problem. Nevertheless, in both cases, third-party

donors can be considered. (210)

For the selection of virus-specific T cells, the knowledge of immunodominant peptides is
required. By detecting more and more peptides for different HLA class I allotypes via
reverse immunology approaches, an increasing but not yet satisfying number of epitopes
are now identified. The identification of HLA class II epitopes via reverse immunology
approaches is even less satisfying, as the identification of peptide-binding motifs for
epitope prediction algorithms is impeded by the length of peptides interacting with the
open-ended binding groove of HLA class II molecules. (182)

With our approach of predicting promiscuous HLA class II epitopes derived from
HAdV2, we were able to identify six immunodominant and twelve subdominant epitopes.
The designed HLA class II cocktail led to a detectable stimulation in all tested PBMC
cultures. The single-peptides, as well as the peptide cocktail, can be used for the isolation

of adenovirus-specific T cells in clinical approaches for adoptive T-cell transfer.

To facilitate the promiscuous epitope prediction, the performed peptide-selection
algorithm can be integrated into a prediction tool to reduce the time-consuming manual
identification and men-made errors of the promiscuous epitope prediction procedure. By

using SYFPEITHI, the prediction process had to be performed separately for each protein.
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This is feasible for pathogens with a limited number of proteins and, consequently,
possible epitopes, such as HAdV, but very time-consuming for pathogens with larger
genomes. SYFPEITHI 2.0 is currently being developed. It allows the parallel prediction
of epitopes for several proteins. This can already reduce the time invested into

promiscuous prediction to a large extent.

We could not observe a dependence of the recognition rate of the predicted epitopes,
neither on the %-max score nor on the number of containing cores they were predicted
for (data not shown). Only peptides that were predicted to contain at least six cores were
synthesized and tested. The epitope MHLWRAVVRHKNRLL that was discovered
earlier in house and proven to be an immunodominant epitope was predicted to contain 5
top-2% cores and would also have been identified in further testing. Peptides that were
predicted to contain four or less core sequences but were classified as good binders by
NetMHClIIpan 2.0 showed high recognition rates as well. This means that there are
certainly more immunodominant promiscuous epitopes further down the list, which were
not yet synthesized and tested. Therefore, further testing of predicted peptides can be

useful to identify new immunogenic epitopes for clinical approaches.

Furthermore, the understanding of HLA class II epitope-binding to HLA molecules
should be investigated in more detail. As the PBMC donors had not been typed for their
HLA class II alleles, the ICS results allow the conclusion that the epitopes were able to
bind to HLA class II molecules, but not to which ones. Whether the epitopes identified in
this work are promiscuous and to which HLA allotypes they are restricted can only be

proven by the testing of HLA class II-typed donors.

Further on, the approach of promiscuous epitope prediction should be validated by the
prediction of promiscuous epitopes for other viruses where reverse immunology may be

a promising approach, as for EBV or CMV.
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In immunocompromised patients, an adenoviral infection can turn into a fulminant

progression of the disease, which often leads to death. Adoptive T-cell transfer was
identified as a promising treatment approach. For the selection of virus-specific T cells,
the knowledge of immunodominant epitopes is required. Within the scope of this project,
HAdV-derived epitopes were identified and further investigated. We aimed to design one
HLA class I and one HLA class II epitope cocktail that should lead to an immune response
in ELISpot assays with randomly selected PBMC cultures. We compared the immune
response to two HLA class I cocktails: one contained 24 HLA class | epitopes and the
other contained the 15 epitopes with the highest recognition rates. The 24-peptides-
cocktail elicited a IFN-y response in 22 out of 25 PBMC cultures (88%). The
15-peptides-cocktail led to a detectable IFN-y response in 20 out of 25 PBMC cultures
(80%). The 24-peptides-cocktail was always able to stimulate the PBMCs of donors,
which were responsive to the 15-peptides-cocktail.

To date, there is no satisfying tool for promiscuous HLA class II epitope prediction. We
performed a promiscuous epitope prediction on all 46 reviewed HAdV2 proteins from the
Swiss-Prot database with SYFPEITHI and NetMHClIpan 2.0. The top-ranked peptides
and already published epitopes were synthesized and screened for immunogenicity in
ELISpot assays. We designed an HLA class II peptide cocktail containing the 12 most
immunogenic epitopes, proven to stimulate CD4" T cells via ICS. Four epitopes are
already published, seven of the epitopes were first identified by our prediction, and one
epitope is an elongated HLA class I 10mer showing CD4" T-cell stimulation in ICS. The
designed HLA class II cocktail could stimulate 31 out of 31 tested PBMC cultures (100%)
in ELISpot assays. The assumption that the hexon protein is the main target of the immune
response can be questioned as seven immunodominant HLA class II epitopes newly-
discovered by the promiscuous prediction are derived from other proteins than the hexon.
We identified an effective method for the prediction of promiscuous HLA class II
epitopes. The combined SYFPEITHI/ NetMHClIpan 2.0 prediction resulted in the
synthesis of 27 peptides, from which nine (33.3%) were identified as immunodominant
and twelve (44.4%) were categorized as subdominant epitopes. One of the dominant
epitopes is already published. Six peptides (22.2%) were non-immunogenic. One

immunodominant epitope was revealed as an HLA class I epitope in ICS.
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7 Zusammenfassung
Bei immungeschwiéchten Patienten verlduft eine Infektion mit dem Adenovirus oft

todlich. Der adoptive T-Zell-Transfer wurde als vielversprechender Behandlungsansatz
ausgemacht. Fiir die Selektion virusspezifischer T-Zellen ist die Kenntnis immun-
dominanter Epitope erforderlich. Im Rahmen dieses Projekts wurden HAdV-Epitope
identifiziert und weiter untersucht, mit dem Ziel einen HLA-Klasse-I- und einen HLA-
Klasse-II-Epitop-Cocktail zu entwerfen, die in ELISpot-Assays in moglichst vielen
zufillig ausgewihlten PBMC-Kulturen zu einer Immunantwort fithren. Wir verglichen
die Immunantworten auf zwei HLA-Klasse-1-Cocktails: Einer enthielt 24 HLA-Klasse-1-
Epitope, der andere die 15 Epitope mit den hochsten Erkennungsraten. Der 24-Peptid-
Cocktail fiihrte in 22 von 25 (88 %) und der 15-Peptid-Cocktail in 20 von 25 PBMC-
Kulturen (80 %) zu einer Immunantwort. Der 24-Peptid-Cocktail war immer in der Lage
die PBMCs von Spendern zu stimulieren, die auf den 15-Peptid-Cocktail ansprachen.

Bis heute gibt es kein zufriedenstellendes Werkzeug fiir die Vorhersage promiskuitiver
HLA-Klasse-II-Epitope. Wir fiihrten mithilfe von SYFPEITHI und NetMHCpan 2.0 eine
promiskuitive Epitopvorhersage fiir alle 46 HAdV2-Proteine der Swiss-Prot-Datenbank
durch. Die bestbewerteten Peptide und bereits publizierten Epitope wurden synthetisiert
und in ELISpot-Assays untersucht. Wir entwarfen einen HLA-Klasse-II-Peptidcocktail,
mit den 12 immunogensten Epitopen, die im ICS nachweislich CD4+ T-Zellen
stimulieren. Vier Epitope sind bereits publiziert, sieben der Epitope wurden erstmals
durch unsere Vorhersage identifiziert. Bei einem Epitop handelt es sich um ein
verlangertes 10mer-Peptid, welches eine CD4+ T-Zellstimulation im ICS zeigte. Der
HLA-Klasse-II-Cocktail fiihrte in allen 31 getesteten PBMC-Kulturen (100 %) zu einer
Immunantwort. Die Annahme, dass das Hexon-Protein das Hauptziel der Immunantwort
ist, kann in Frage gestellt werden, da alle sieben immundominanten HLA-Klasse-II-
Epitope, die durch die promiskuitive Vorhersage entdeckt wurden, von anderen Proteinen
als dem Hexon abgeleitet sind. Wir konnten eine effektive Methode zur Vorhersage von
promiskuitiven HLA-Klasse-II-Epitopen etablieren. Die kombinierte SYFPEITHI/
NetMHClIpan 2.0-Vorhersage fiihrte zur Synthese von 27 Peptiden, von denen neun
(33,3 %) als dominant (eines bereits publiziert) und 12 (44,4 %) als subdominante Epitope
ausgemacht wurden. Sechs Peptide (22,2 %) waren nicht immunogen. Eines der

immundominanten Epitope erwies sich im ICS als HLA-Klasse-I-Epitop.
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10 Appendix
10.1 Alignment

sp|P36852 | CAPSH_ADEOS
sp|P3685S |CAPSH_ADE31
sp|P3685S3|CAPSH_ADEQS
sp|P36849|CAPSH_ADEO3
sp|P36851 |CAPSH_ADEQ?7
sp|P36854 |CAPSH_ADELE
sp|P36850 | CAPSH_ADEO4
sp|Q04966 | CAPSH_ADEOE
sp|P19900|CAPSH_ADE12
sp|P11820|CAPSH_ADE4L
sp|P11819|CAPSH_ADE4O
sp|Q04965 |CAPSH_ADEOL
sp|P03277 ICAPSH_ADEO2
sp|PO4133|CAPSH_ADEQS

10 Appendix

e ————— - = = = = e FDIRGVLDRGPSFKPYSGTIA
e = = = e e e o FDIRGVLD-GPSFKPYSGSA
SQRLILRFVEVDREDITYSYXARFTLAVGDNRVLDMASTYFDIRGVLDRGPSFKPYSGTIA
SQRLMLRFVPVDREDNTYSYKVRYTLAVGDNRVLDMASTFFDIRGVLDRGPSFKPYSGTA
RORLMLRFVPVDREDHTYSYKVRYTLAVGDNRVLDMASTFFDIRGVLDRGPSFKPYSGTA
SQRLMLREVPVDREDNTYSYKVRYTLAVGDNRVLDMASTFFDIRGVLDRGPSFKPYSGTA
N FDIRGVLDRG-SFKPYSGTA

e ——— A
SQRLM KARFTLAVGDNRVLDMASSYFDIRGVLDRGPSFKPYSGTA
SQRLILREVPVDREDIAYSYKVRFTLAVGDNRVLDMASTYFDIRGVLDRGPSFKPYSGTA
smrmwwmrsrmmvcwmm FDIRGVLDRGPSFKPYSGIA

smnmmmvcmmmm FDIRGVLDRGPTFKPYSGIA
SQRLILRFIPVDREDIAYSYHARFTLAVGDNRVLDMASTYFDIRGVLDRGPTFKPYSGTA

20
19
120
120
120
120
19
1
120
120
120
1
120
120

Alignment of the hexon protein sequence from HAV scrotypes 01, 02, 03, 04, 05, 06, 07, 08, 09, 12, 16, 31, 40 and 41 with the

aa sequence of TLRFIPYDREDTAYS from position 65 to 79 of the amino acid protein sequence of the HAV2 hexon protein

sp|P36852 | CAPSH_ADEOS
sp|P3685S|CAPSH_ADE31
sp|P36853 | CAPSH_ADEOS
sp|P36849|CAPSH_ADEO3
sp|P36851|CAPSH_ADEQ7
sp|P36854 |ICAPSH_ADELE
sp|P36850 | CAPSH_ADEO4
spIQ04966 | CAPSH_ADEOE
sp|P19900|CAPSH_ADE12
sp|P11820|CAPSH_ADE41
sp|P11819|CAPSH_ADE40O
spiQ04965 | CAPSH_ADEO1
sp|P03277|CAPSH_ADEO2
sp|PO4133|CAPSH_ADEOS

POKFFAIKNLLLLPGSYT YERNFRKDVNMILQSSLGNDLRVDGASVRFDSVNLYATFFPMA
POKFFAVENLLLLPGS YT YERNFRKDVNMVLQSSLGNDLRTDGATISFTSINLYATFFPMA
PRKFFAVENLLLL PGS YT YENNFRKDVNMVLQSSLGNDLRTDGASISFISINLYATFFPMA
PRKFFAVENLLLLPGSYTYVRNFRKDVNMVLQSSLGNDLRVDGATISFISINLYATFFPMA

PRKFFAIRNLLLLPGSYTYEWNFRKDVNMILQSTLGNDLRVDGASVRFDNIALYANFFPMA
POKFFAIKNLLLLPGS YT YEWNFRKDVNMILQSSLGNDLRVDGASVRFDSINLYANFFPMA
?WWSYTMLQSSLGNDLRVDGASVRFDSINLNHM

PWWWWSWWIWIQYAIHM
?mmmursmmm@vmosmmz KFDSICLYATFFPMA

465
590
596
594
467
639
623

Alignmenlofthehexonprowhwquenceﬁ'omHMV serotypes 01, 02, 03, 04, 05, 06, 07, 08, 09, 12, 16, 31, 40 and 41 with the
aa sequence of PQKFFAIKNLLLLPG from position 579 to 593 of the amino acid protein sequence of the HAdV2 hexon protein.

Adapted from (186).

sp|P36852|CAPSH_ADEOS
sp|P36855 | CAPSH_ADE31
sp|P36853 | CAPSH_ADEOS
sp|P36849|CAPSH_ADEO3
sp|P36851 |CAPSH_ADEQ7
sp|P36854 |CAPSH_ADElé
sp|P3685S0|CAPSH_ADEO4
spIQ04966 | CAPSH_ADEQE
sp|P19900 | CAPSH_ADE12
sp|P11820 | CAPSH_ADE4L
spIP11819|CAPSH_ADE4O
spIQ0496S |CAPSH_ADEOL
sp|P03277 |CAPSH_ADEO2
sp|P04133 | CAPSH_ADEOQS

ALDMTFEVDPMDEPTLLYLLFEVFDVVRVHQPHRGVIEAVYLRTPFSAGNATT
ALDMIFEVDPMDEPTLLYLLFEVFDVVRVEQPHRGVIEAVYLRTPFSAGNATT
ALDMTFEVDPMDEPTLLYLLFEVFDVVRVHQPHRGVIEAVYLRTPFSAGNATT
ALDMT mmmmvmmvmopanm EAVYLRTPFSAGNATT

ALDMIFEVDPMDEPTLLYVLFEVEDVVRIHEQPHRGVIEAVYLRTPFSAGNATT
ALDMTFEVDPMDEPTLLYVLFEVFDVVRIEQPHRGVIEAVYLRTPFSAGNATT
ALDMTFEVDPMDEPTLLYVLFEVFDVVRIHQPHRGVIEAVYLRTPFSAGNATT

ALDMIFEVDPMDEPTLLYVLFEVFDVVRVHQPHRGVIETVYLRTPFSAGNATT
ALDMTFEVDPMDEPTLLYVLFEVEDVVRVERPHRGVIETVYLRTPFSAGNATT

517
468
943
944
937
940
447
465
919
925
923
467
968
952

Alignment of the hexon protein sequence from HAAV serotypes 01, 02, 03, 04, 05, 06, 07, 08, 09, 12, 16, 31, 40 and 41 with the
aa sequence of DEPTLLYVLFEVFDV from position 927 to 941 of the amino acid protein sequence of the HAdV2 hexon protein
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sp|P14269|COR10_ADEO2
spIQ2KS10|COR10_ADEOS

AAATGAVPGIASVALQAQRH 8C

AAATGAVPGIASVALQAQRH 90

AR AR R R R R R R R R RN

Alignment of the sequence of the protein X from HAdV serotypes 02 and 05 with the aa sequence of IGAVPGIASVALQAQ
from position 64 to 78 of the amino acid protein sequence of protein X from HAdV2.

MRADREELDLPPPIGGVAIDVVEVEVPATGRTLVLAFVETCAVLAAVHGLYILHEVDLTT 60
MRADREELDLPPPVGGVAVDVVEVEVPATGRTLVLAFVETCAVLAAVHGLYILHEVDLTT 60

sp1Q2KS19| LEAD_ADEOS
sp|P03263 | LEAD_ADE02

L e

Alignment of the sequence of the I-leader protein from HAdV serotypes 02 and 05 with the aa sequence of
TLVLAFVKTCAVLAA from position 32 to 46 of the amino acid protein sequence of the HAdV2 I-leader protein.

sp|P12537 | CAP3_ADEOS
sp|P03279 | CAP3_ADE02
sp|P36712|CAP3_ADE12

'''''''' MMODATDPAVRAALQSQPSGLNSTDDWROQVMDRIMSLTARNPDAFRQQOPOAN
MMODATDPAVRAALQSQPSGLNSTDDWROVMDRIMSLTARNPDAFRQOPQOAN
MORPAIIAERAPNLDPAVLAAMQOSQPSGVTASDDWTAAMDRIMALTARSPDAFRQOPOAN
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Alignment of the sequence of protein plll from HAdV serotypes 02, 05 and 12 w1th the aa sequence of
RQVMDRIMSLTARNP from position 28 to 42 of the amino acid protein sequence of protein pIIT from HAdV2.

sp|P11315|E3145_ADEO3 MTDPIATSSTAAKELLDMDGRASEQRLIQLR - IRQQQERAVRKELRDAIGIHQCKRGIFCL 59
sp|P15135|E3145_ADEQ? ~MTEILTTSNSAEDLLDMDGRVSEQRLAQLR - IRQOQERVTKELRDVIQIHQCKEGIFCL 58
sp|PEE9TEIE3145_ADEO2 ~--=e--e- MTESLDLELDGINTEQRLLERRKAASERERLEQEVEDMVNLEQCKRGIFCY 51
spIP68977|E3145_ADEOE - ------ MTESLDLELDGINTEQRLLERRKAASERERLKQEVEDMVNLEQCKRGIFCY 51
sp|P044931E3145_ADEOS ~  —-------- MTDTLDLEMDGI I TEQRLLERRRAAAEQQRMNQELQDMVNLHQCKRGIECL 51
e rww sREmEw . - - n't.'..".l
spIP113151E3145_ADEO3 VEQSKISYEITATDHRLSYELGPQRORFTCMVGINPIVITQQSGDTRGCIQCSCDSTECT 119
sp|P15135123145_ADEO? VRQARISYEITATDHRLSYELGPQRORFTCMVGINPIVITQQSGDTRGCIHCSCDSIECT 118
sp|P689761E3145_ADEO2 VRQARLIYEXTTTGNRLSYKLPTQRQRLVLMVGERPITVIQHSAETEGCLEFPYQGPEDL 111
sp|P6E9771E3145_ADEOS VEQARLTYEXTTTGNRLSYRLPTQRQKLVLMVGERPITVIQHSAETEGCLEFPYQGPEDL 111
sp|P044931E3145_ADEOS VEQAKVIYDSNTTGHRLSYKLPTKRQKLVVMVGERPITITQHSVETEGCIHSPCQGPEDL 111
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Alignment of the sequence of protein E3-14,7k from HAdV serotypes 02, 05 and 12 with the aa sequence of
RGIFCVVKQAKLTYE from position 46 to 60 of the amino acid protein sequence of protein E3-14,7k from HAdV2.

Adapted from (186).

splP12540|PKG1_ADE12 TLCPRFVKLSYDDLTLDENYDVSDPENIFAQAAARGPIAI IMDECMENLGSHEGVSKFFH 299
sp|P48752| PRKG1_ADE40 TLLPRFIRMAYDELTLEQNYDVSHPDNIFAKAASQGPIAI IMDECMENLGGHKGVSKFFH 296
sp|P03273 | PKG1_ADEQ7 TLRPRFIRMAYDDLTQEHNYDVSDPRNVFARAARHGPIAI IMDECMENLGGHRGVSKFFR 297
sp|P03272| PRG1_ADE(O2 TLRPRFVEMAYDDLILEHNYDVSDPRNIFAQAAARGPIAIIMDECMENLGGHKGVSKFFR 297
sp|P03271| PRG1_ADEOS TLRPRFVEMAYDDLILEHNYDVSDPRNI FAQAAARGPIAI IMDECMENLGGHKGVSKEFH 297
R Rk R R FAREEAEE R R R R AR R R R R R R R R R R R R R SRR R
sp|P12540|1PRG1_ADE1L2 AFPSKLHDEFPRCTGYTVEVVLENMNPRRDLAGNIANLEIQSKLHIMSPRMHPTQLNRE 359
sp|P487521PRG1_ADE40 AFPSELHDEFPRCTGYTVLVVLHNMNPRRDLGGNIANLEIQARKMHLISPRMHPSQLNREV 356
sp|P032731PRG1_ADEQ7 AFPSELHDKFPRCT ILVVLHNMNPRRDLGGNIANLKIQSKMHIISPRMHPSQLNRFV 357
sp|P032721PRG1_ADE(2 AFPSELHDEFPRCTGYTVLVVLHNMNPRRDMAGNIANLKIQSKMHLISPRMHPSQLNRFV 357
sp|P032711PRG1_ADEOQS AFPSKLHDEFPRCTGYTVLVVLHNMNPRRDMAGNIANLEKIQSEMHLISPRMHPSQLNREFV 357

LA e e e L e e e L L R L e L

Alignment of the sequence of the Packaging protein I from HAdV serotypes 02, 05, 07, 12 and 40 with the aa sequence of
VSKFFHAFPSKLHDK from position 292 to 306 of the amino acid protein sequence of Packaging protein I from HAdV2.
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sp|P36852|CAPSH_ADEOS
sp|P3685S|CAPSH_ADE31
sp|P3685S3|CAPSH_ADEOY
sp|P362849|CAPSH_ADEO3
sp|P36851 | CAPSH_ADEO7
sp|P368S4|CAPSH_ADELE
sp|P3685S0|CAPSH_ADEO4
sp|Q0496€6 | CAPSH_ADEOE
sp|P19900 | CAPSH_ADE12
sp|P11820|CAPSH_ADE41
splP11819|CAPSH_ADE4O
sp Q04965 | CAPSH_ADEOL
sp|P03277 | CAPSH_ADEO2
sp|P04133|CAPSH_ADEOS

10 Appendix

KTKETPSLGSGFDPYFVYSGSI PYLDGIFYLNHTFKKVSIMFDSSVSWPGNDRLLTPNEF
KTKETPSLGSGFDPYFVYSGSIPYLDGI FYLNHTFKKVAIMFDS SVSWPGNDRLLSPNEF
KTHKETPSLGSGFDPYFVYSGSI PYLDGT FYLNHTFKKVSIMFDSSVSWPGNDRLLSPNEF
KTHETPSLGSGEDPYEVYSGSI PYLDGI FYLNHT FRKVSIMFDSSVSWPGNDRLLSPNEF

KTKETPSLGSGFDPYFVYSGTIPYLDGI FYLNHTFKKVSIMFDSSVSWPGNDRLLTPNEF
KTHKETPSLGSGFDPYFIYSGSVPYLDGI FYLNHTFRKVSIMFDSSVSWPGNDRLLTPNEF
KTKETPSLGSGEDPYFTYSGSVPYLDGI FYLNHTFRKVSVMEDSSVSWPGNDRLLTENEF

KIKETPSLGSGYDPYYTYSGSI PYLDGIFYLNHI FKKVAITFDSSVSWPGNDRLLTPNEF
KIKETPSLGSGYDPYYTYSGSI PYLDGIFYLNHIFKKVAITFDSSVSWPGNDRLLTPNEF

Alignment of the sequence of the hexon protein from HAdV serotypes 01, 02, 03, 04, 05, 06, 07, 08, 09, 12, 16, 31, 40 and 41
with the aa sequence of TFYLNHTFKKVAITF from position 727 to 741 of the amino acid protein sequence of the hexon

protein from HAdV2.

sp|P032471E1BS_ADEO2
sp|P0324€6|E1BS_ADEQS
sp|P03248|E1BS_ADEQ7
sp|P10406|E1BS_ADEO4
sp|P04492|E1BS_ADE12
sp|P10S43|E1BS_ADE4O
sp|P10S44|E1BS_ADE41

175
176
178
142
163
167
170

Alignment of the sequence of the E1BK-19k protein from HAdV serotypes 02, 04, 05,07, 12,40 and 41 with the aa
sequence of MHLWRAVVRHKNRLL and KNRLLLLSSVRPAII from position 120 to 134 and 130 to 144 of the amino
acid protein sequence of the E1B-19k protein from HAdV2.

-117 -



Erklirung zum Eigenanteil der Dissertationsschrift

Die Arbeit wurde in der Abteilung fiir Immunologie am Interfakultiren Institut fiir
Zellbiologie (IFIZ) in Tibingen unter Betreuung von Prof. Dr. Stefan Stevanovi¢

realisiert. Teile der Dissertationsschrift wurden verdffentlicht.
Samtliche Versuche wurden nach Einarbeitung durch Dr. Maren Liibke von mir
eigenstdndig durchgefiihrt. Die Produktion sowie die Qualititskontrolle der Peptide

wurden von Ulrich Wulle, Nicole Bauer und Patricia Hrsti¢ ausgefiihrt.

Der Versuchsautbau wurde in Riicksprache mit Prof. Dr. Stefan Stevanovi¢ und Dr. Maren

Liibke konzipiert.
Ich versichere, das Manuskript selbstdndig verfasst zu haben und keine weiteren als die

von mir angegebenen Quellen verwendet zu haben.

Lowenstein, den 10.07.2021

Léo Mirz



Danksagung

Als aller erstes mochte ich mich bei Prof. Dr. Stefan Stevanovi¢ fir seine
Immunologie-Vorlesung in meinem 5. Semester bedanken, welche Uberhaupt erst mein
Interesse an der Immunologie geweckt hat. Aulierdem méchte ich mich fir die Aufnahme
in seine Arbeitsgruppe, die hervorragende Betreuung und die vielen guten Denkanstol3e
und Diskussionen bedanken.

Des Weiteren mdchte ich mich bei Hans-Georg Rammensee fir die Bereitstellung eines
Arbeitsplatzes, die vielen konstruktiven Beitrdge und die ansteckende Begeisterung fur
die Forschung im Bereich der Immunologie bedanken.

Mein néchster Dank gilt Dr. Maren Llbke fir die engagierte Betreuung, ihre
fortwahrende Geduld, Antworten auf die anfangs gehduft auftretenden banalen Fragen
und die Durchsicht der Arbeit.

Ein weiterer Dank gilt Ana Marcu, Paul Gratz und Dr. Michael Ghosh fiir viele
wissenschaftliche sowie nicht-wissenschaftliche - hilfreiche, als auch weniger-hilfreiche,
aber dennoch immer witzige - Unterhaltungen. Auch mdchte ich hier die Durchsicht der

Arbeit von Dr. Michael Ghosh und Ana Marcu erwéhnen.

Ulrich Wulle, Nicole Bauer und Patricia Hrsti¢ mochte ich einen Dank fir die

fortwahrende Produktion, sowie die Qualitdtskontrolle der Peptide aussprechen.

Auch mochte ich Alexander Hoéttler danken, mit dem der Austausch tber unterschiedliche
Methoden und der Vergleich der Ergebnisse der HAdV Epitope mit den CMV Epitopen

stets sehr lehrreich und produktiv war.

Allen anderen Elchen, mit denen mir die Zusammenarbeit, sowie die Feiern immer
unglaublich viel SpaRl gemacht und die alle ihren Teil zu der unheimlich angenehmen

Arbeitsatmosphare beigetragen haben, mdchte ich ebenfalls danken.

Aulerdem mdchte ich hier noch das SFB685 fiir die finanzielle Unterstlitzung, sowie die

vielen interessanten VVortrage erwéhnen.

Der letzte Dank gilt meiner Familie, die mich jederzeit unterstutzt.



