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Zusammentassung

Zusammenfassung

Weltweit breiten sich infektiose Erkrankungen wie das Acquired Immune Deficiency Syn-
drome (AIDS) durch das Humane Immundefizienz-Virus (HIV), die Malaria und Tuberku-
lose noch immer kontinuierlich aus und stellen dabei eine Herausforderung an die Wis-
senschaft beziiglich Therapiemdglichkeiten und Heilung dar. Die Vakzinierung als ein
wirksames Mittel, um Krankheiten zu kontrollieren oder gar auszuldschen, stellt eine der
vielversprechendsten Moglichkeiten dar, diese Krankheiten entweder praventiv oder im
kurativen Ansatz zu therapieren. Einer der sichersten viralen Vektoren fiir den Einsatz
als Impfstoff im Menschen, mit der Fahigkeit eine starke und langanhaltende Immunant-
wort zu induzieren, ist das hoch attenuierte und in seiner Vermehrungsfihigkeit stark
eingeschriankte modifizierte Vaccinia Virus Ankara (MVA).

Gene, die fiir spezifische Antigene intrazelluldrer Pathogene oder auch fiir Tumor-assoziierte
Antigene (TAA) kodieren, konnen, mit Hilfe von Transferplasmiden, in den viralen Vek-
tor integriert und durch Impfung dem menschlichen Immunsystem zuginglich gemacht
werden. Dabei spielt insbesondere die Aktivierung zytotoxischer (CD8+) T-Zellen eine
entscheidende Rolle. Diese besitzen die Fahigkeit, infizierte Zellen oder Tumorzellen gezielt
anzugreifen und zu zerstoren. Die effiziente Aktivierung der T-Zellen erfordert die Prisen-
tation von antigenspezifischen Peptiden mit MHC (major histocompatibility complex)-
Klasse I-Molekiilen auf professionellen antigenprésentierenden Zellen, zum Beispiel auf
dendritischen Zellen (DCs).

Dabei kann zum einen die infizierte DC selbst das Antigen synthetisieren und présen-
tieren (direkte Présentation), zum anderen kann sie extrazelluldres Antigen, welches in an-
deren infizierten Zellen generiert wurde, aufnehmen und den T-Zellen présentieren (Kreuz-
Prasentation). Welche Art der Antigenprisentation wann stattfindet, ist nicht geklart,
jedoch scheint insbesondere die Stabilitét eines Antigens bei der Zugdnglichkeit eines
Antigens zu den verschiedenen Présentationswegen ein wichtiger Faktor zu sein. Man
nimmt an, dass stabiles Antigen mit einer langen Halbwertszeit gut kreuzprisentiert wird,
wahrend instabiles Antigen, welches schnell degradiert wird, dem endogenen Prisentations-
weg besser zugdnglich ist und damit eine effiziente direkte Présentation zur Folge hat.
Um eine starke T-zelluldre Immunantwort nach Vakzinierung mit MVA hervorzurufen, ist
es deshalb entscheidend, die Bedeutung der verschiedenen Antigenpésentationswege nach
Primér- und Sekunddrimmunisierung mit MVA zu evaluieren sowie die optimalen Eigen-
schaften eines pathogenen Antigens zu definieren.

In dieser Arbeit dient das Protein Ovalbumin als Modellantigen fiir ein intrazelluldres
Antigen. Das Ovalbumin soll hierbei der schnellen Prozessierung innerhalb des Ubiquitin-
abhéngigen Degradationsweges zuginglich gemacht werden. Ziel dieser Arbeit ist es, den
Einfluft des genetisch modifizierten Ovalbumins hinsichtlich seiner Stabilitdt, der Anti-
genprisentation und Immunogenitdt nach MVA Immunisierung zu untersuchen und die
optimalen Eigenschaften eines Antigens fiir die Primér- und Sekunddrimmunisierung mit
MVA besser zu verstehen.

Fiir die weitere Charakterisierung des Proteins Ovalbumin wurden Western Blot Analysen,
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Immunperoxidase-Féarbungen, radioaktive Pulse-Chase-Assays und durchflusszytometrische
Untersuchungen durchgefiihrt.

Ein ubiquitiniertes und der N-end-rule folgend degradierbares Ovalbumin (ubiOVA) zeigte,
im Vergleich zu nativem, stabilem Ovalbumin (ova), eine gering verbesserte Proteindegra-
dation in der Western blot Analyse sowie ebenso eine leicht effizientere Antigenpréisenta-
tion des ovalbuminspezifischen Peptids SIINFEKL auf B16-F1 Zellen in der FACS Analy-
se. Ein an die ubiquitinierte Signalsequenz der Tyrosinase (melanomspezifisches Antigen)
fusioniertes Ovalbumin (TO) sowie eines, welches zusétzlich C-terminal die Transmem-
brandoméne der Tyrosinase enthdlt (TOT), zeigten jedoch sowohl eine deutlich schnellere
Proteindegradation in den Immunperoxidase Férbungen als auch eine verbesserte Anti-
genprisentation des ovalbumin-spezifischen Peptids SIINFEKL. Somit wurde Ovalbumin
durch alle drei getesteten Modifizierungen insgesamt schneller degradiert und SIINFEKL,
insbesondere durch die TO- Modifizierung, deutlich effizienter auf der Zelloberfliche prasen-
tiert.

In 4n vivo Experimenten wurden CD8+ T-Zellantworten auf vektorspezifische Peptide
sowie das ovalbuminspezifische Peptid SIINFEKL untersucht. Dabei wurden C57BL/6
Mause mit den verschiedenen MVA-Konstrukten (MVA-ubiOVA, MVA-TO und MVA-
TOT) geimpft und die spezifischen CD8+ T-Zellantworten mit denen von Mé&usen ver-
glichen, in denen ein stabiles Ovalbumin (MVA-ova) nach MVA Immunisierung exprimiert
wird. Alle Konstrukte riefen nach Primarimpfung eine schwéchere ovalbuminspezifische
CD8+ T-Zellantwort hervor als MVA-ova.

Diese Ergebnisse zeigen, dass ein stabiles Antigen wéihrend der Primdrimmunisierung mit
MVA Vakzin vorteilhaft gegeniiber schnell degradiertem Protein ist. Primérimmunisierung
mit MVA-ova und Sekundérimmunisierung mit den modifizierten rekombinanten Vakzinen
riefen hohere CTL-Antworten hervor als eine Sekundérimmunisierung mit MVA-ova. Ins-
besondere das MVA-TO als sekundéres Vakzin war in der Lage, deutlich hohere ovalbu-
minspezifische CD8+ T-Zellantworten hervorzurufen als MVA-ova. Somit zeigt sich hierbei
ein Vorteil instabiler Antigene fiir die Sekunddrimmunisierung mit MVA Vakzinen.

Da es das Ziel ist, die Vakzinierung mit MVA durch die Induktion einer starkeren Immun-
antwort auf das entsprechende Antigen weiter zu verbessern, erbringt diese Arbeit rich-
tungsweisende Ergebnisse hinsichtlich der optimalen Antigenform sowie deren effizienterer
Verwendung in der Primér- oder Sekundérimmunisierung in MVA Vakzinen. Die hierin
gewonnenen Ergebnisse tragen so dazu bei, neue Richtlinien fiir die Immunisierung mit
MVA Vakzinen zu etablieren. Die in dieser Arbeit aufgefiihrten Modifikationen eines Anti-
gens konnen mit weiteren Impfstrategien, z.B. DNA Immunisierung oder B8R-knock out
Viren, in vivo getestet werden und so vielleicht in Zukunft, nicht nur im Mausmodell,
sondern auch im Menschen, zu einer stérkeren antigenspezifischen Immunantwort nach
Immunisierung mit MVA beitragen.
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Summary

Infectious diseases like HIV, malaria and tuberculosis are continously spreading and still
pose a challenge for scientists regarding therapeutic intervention and healing. Vaccina-
tion as a proven tool for controlling and even eradicating diseases comprises a promising
approach to address disease control either in a therapeutical or preventive setting. The
highly attenuated and replication-deficient modified vaccinia virus Ankara (MVA) thereby
constitutes one of the most promising viral vectors featuring a well established clinical
safety profile and the ability to elicit a strong and long-lasting immune response.

Genes encoding for antigens of intracellular pathogens but also tumor-associated antigens
(TAAs) can be subcloned in the viral vector via transfer plasmids and then, by vacci-
nation, made accessible to the human immune system. In particular, the elicitation of
specific (CD8+) T-cells are of critical relevance as they have the ability to specifically
target and fight intracellular pathogens and tumor cells. The efficient activation of T-cells
thereby requires the presentation of antigenic peptides in a MHC class I-restricted manner
on professional antigen presenting cells, such as dendritic cells (DCs).

Dendritic cells can either present antigenic peptides derived from proteins synthesized
in the infected DC itself (direct presentation) or from exogenously acquired antigen syn-
thesized by other infected cells (cross-presentation). For the access of antigen to these
two different antigen-presentation pathways metabolic stability of an antigen seems to
be of critical relevance. Stable antigen is thought to be the optimal antigen formulation
for cross-presentation whereas rapidly degraded antigen should be superior in endogenous
presentation and, thereby, in direct priming. For the elicitation of a strong, long-lasting
T-cellular immune response in immunization with MVA it is essential to enlighten the re-
levance of each antigen presentation pathway in primary and secondary immunization and
to define antigenic features for the optimal immunization strategy.

In this study, ovalbumin was used as a model antigen. The ovalbumin protein shall be
targeted for rapid intracellular processing by distinct modifications known to be associ-
ated with protein degradation. The aim of this study was to investigate the impact of
ovalbumin modifications on ovalbumin stability, antigen presentation and immunogenici-
ty in MVA immunization. Ovalbumin expression and stability was assessed by means of
Western blot analysis, immunoperoxidase staining, radioactive pulse chase assays and flow
cytometry.

An ubiquitinated ovalbumin (ubiOVA) targeted for rapid proteasomal processing as an N-
end-rule substrate could slightly reduce the stability of ovalbumin as seen in Western blot
analysis and caused an increase in presentation of ovalbumin-specific peptide SIINFEKL
after infection of B16-F1 cells when compared to native ovalbumin (ova). When ovalbu-
min was fused to the ubiquitinated signal sequence of tyrosinase (a melanoma-associated
antigen) (TO) and, in a second construct, was C-terminally linked to its transmembrane
domain (TOT), a significantly enhanced degradation of ovalbumin was seen in immunoper-
oxidase staining. Especially the TO- modification of ovalbumin, however, was able to in-
crease peptide presentation in DC2.4 cells as detected by FACS analysis. Hence, all three
tested modifications of ovalbumin led to an increased instability of the protein with an
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improved presentation of antigenic peptides.

In in vivo experiments, vector-specific as well as ovalbumin-specific CD8+ T-cell re-

sponses were assessed. C57BL /6 mice were immunized with different ovalbumin expression
constructs (MVA-ubiOVA, MVA-TO and MVA-TOT) and specific CD8+ T-cell responses
were compared with those of MVA-ova immunized mice (stable ovalbumin was expressed).
Ubiquitinated ovalbumin expression constructs were able to elicit ovalbumin-specific CD8+
T-cell responses after priming which were lower compared to MVA-ova immunization.
These results support the hypothesis that stable antigen is advantageous to rapidly degrad-
able antigen during primary immunization with MVA. After primary immunization with
MVA-ova and secondary immunization with ubiquitinated ovalbumin expression constructs
stronger CTL responses were detected compared to a homologous prime/boost immuniza-
tion with MVA-ova. This clearly demonstrates the advantage of rapidly degradable antigen
in secondary immunization with MVA.
As it is of critical relevance to further identify strategies to enhance antigen-specific im-
mune response in MVA immunization, this work contributes to define the optimal form
of antigen and its need for application during prime or boost in MVA vaccines. Hence,
information gathered from this study account for the establishment of new guidelines in
MVA immunization strategies. Modifications of the target antigens used in this study
might further be evaluated with other immunization strategies and could even be con-
ducive to induce a strong, long-lasting and antigen-specific immune response after MVA
immunization in humans.

10



1 Introduction

1.1 MVA as a potent and safe new generation vaccine

First attempts to develop immunization strategies against infectious diseases like smallpox
started in the 10th or 11th century in Central Asia. Intranasaly applied variola scabs were
used to immunize against smallpox, perhaps based on observations that prior smallpox
protected against subsequent exposure [42, 109]. The term ‘vaccination‘, however, was
introduced in europe 1796 by Edward Jenner who discovered that cowpox, a mild illness
in humans, induced protection against smallpox. Since then, immunization strategies and
vaccine development have made incredible progress. Finally, even eradication of small-
pox could be announced in the twentieth century [42]. The World Health Organization‘s
(WHO) Expanded Programme on Immunization, starting in 1974, led to the availability
of vaccines against measles, polio, diphtheria, tetanus, pertussis and tuberculosis in almost
all developing and industrial countries. However, there are still many diseases reaching
pandemic proportions representing a global developmental and public health threat. The
rising numbers of HIV infection (since the start of the epidemic 60 million people around
the world, more than 14,000 new infections every day [159]) as well as progredient spreading
of malaria infection underline the indispensable and urgent need for new effective vaccines
against infectious diseases. Apart from infectious diseases, cancer can be adressed by vac-
cination, too. Hence, as a major cause of death in industrialized and developing countries
cancer together with infectious diseases are in the spotlight of vaccine research.

Inducing cellular immune response is essential to target infectious diseases

Worldwide an estimated 10.9 million people die as a result of infectious and parasitic
diseases per year. Among them human immunodeficiency virus (HIV) (2,6 mio. new infec-
tions 2009 [160]), tuberculosis (2,6 mio./2008 [160]) and malaria (225 mio. cases in 2009
[157]) head the tables of morbidity and mortality [161]. Since the 1980‘s, more than twenty
new pathogens with outstanding importance have been identified (e.g. Helicobacter pylori,
HIV, Clamydia pneumoniae, Hepatitis C Virus)|79].

Some diseases like Acquired Immune Deficiency Syndrome (AIDS), malaria, tuberculosis
and chronic hepatitis confront researchers in vaccine development with new challenges.
Historically most vaccines against intracellular pathogens were whole live attenuated or
inactivated microorganisms working by the elicitation of long-living plasma cells that pro-
duce antibodies to neutralize the toxin or to block the spread of the infectious agent.
Cellular immunity and the induction of a long-lasting memory immune response are of
key importance for protection against most intracellular pathogens such as viruses, some
bacteria and many parasites [117, 43]. In a vaccine setting, the induction of potent and

11
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specific cytotoxic T-lymphocytes (CTL) which have the ability to recognize and eliminate
infected cells before new virions are produced might lead to rapid clearance and prevention
of clinical manifestations. Therefore, new vehicles, immunization adjuvants and protocols
to increase CTL responses to distinct pathogens either in a therapeutic setting or as pro-
phylactic application are under investigation.

Inducing cellular immunity is essential to target human cancer

In industrialized nations cancer is one of the three leading causes of death and is likely to
become the most common fatal disease in future [69]. Approaches for tumor vaccination
date back to the 1890‘s when the surgeon William B. Coley successfully treated patients
with sarcoma using bacterial toxins. In 1909, Paul Ehrlich immunized animals with tumor
cells on the premise that tumors occur at a high frequency in humans but are kept under
control by the immune system [30].

Therapeutic vaccination against human cancer requires the destruction of all malignant

cells without inflicting serious damage on the patient. The discovery that CTLs are a crit-
ical mediator of tumor immunity constitute the basis of current experimental approaches
to cancer immunotherapy. Tumor associated antigens (TAAs) which are selectively or
preferentially expressed by transformed cells can be recognized by CTLs, making vaccines
based on TAAs the ideal approach to T-cell mediated immunotherapy [69]. Several inves-
tigations aim to combine the TAA with the appropriate route for delivering the antigen to
the immune system.
The TAA can, for instance, be derived from antigens which are strictly tumor-specific and
the result of point mutations or gene rearrangements (e.g. caspase 8 expressed by squa-
mous cell carcinoma or cyclin-dependent kinase 4 expressed by melanoma). They can be
expressed in particular types of tissue (e.g tyrosinase expressed by melanoma), or they can
be derived from proteins encoded by viral oncogenes like human papilloma virus type 16
proteins E6 and E7 which are expressed in cervical carcinoma.

Challenging requirements for a vector vaccine

There are, of course, many requirements for a vector vaccine developed for human use:

i)  the ideal vehicle should be safe and cause no severe side effects upon application

ii) it should enable the efficient synthesis of antigen and presentation of peptides

iii) it should ideally activate both, the cellular and the humoral immune response

iv) the application should lead to an effective protection against the illness resulting
from the exposure to live pathogen

(v) as a practical consideration it should meet criteria that enable its fabrication.

Many vaccines have a good potential to elicit strong CTL responses. Attenuated virus and
bacteria (live attenuated vaccines), replication-competent and replication-defective recom-
binant virus or bacteria (live vectored vaccines) and deoxyribonucleic acid (DNA) vaccines

12



1 Introduction

(see below). Each of them has different features (dose requirements, boosting strategies,
adjuvant needs) as well as different safety issues and a different potential for being ham-
pered by pre-existing immunity [116].

Strategies for vaccination against intracellular pathogens

Multiple vaccine concepts and vaccination strategies were developed for immunization
against cancer and intracellular microbial pathogens associated with infectious diseases.
Those of main interest include vaccination with DNA plasmids, peptide-based vaccines,
vaccines based on dendritic cells and vaccination with recombinant viruses.

The relatively recent observation on DNA as a delivery moiety for foreign gene products
has revealed to be successful in murine models. The DNA is tailored to encode for an
antigen of interest and subsequently injected in the muscle to confer systemic immunity.
It was demonstrated to be able to elicit both arms of immunity, the cellular as well as the
humural, in rodents and non-human primates. Once injected, cells transfected with DNA
present the antigen to T-cells through MHC class I pathways.

Notably, the administration within human systems achieved little success and strategies to
improve its poor immunogenicity like the use of adjuvants or different vaccination regimens
(prime/boost modalities) are under investigation. [82]

Peptide-based vaccines used for the elicitation of specific T-cell responses have shown con-
flicting results so far. Only in some selected examples single epitopes administered with
a variety of adjuvants have shown to be effective in animal models [126]. In most cases,
however, vaccination with peptides showed limited therapeutic efficacy and under cer-
tain circumstances vaccination with peptides has even induced epitope-specific tolerization
rather than activation. The reasons for the limited success in clinical studies which were
mainly performed with melanoma-specific peptides MART-1, gp100, MAGE-3.A1 or ty-
rosinase in metastatic melanoma patients are not yet well understood. Weak immunogenic
peptides, vaccination schedule, lack of CD4+ T-cell activation, the host’s immune cell dys-
function or escape mechanisms of the tumor might all be possible explanations. [106]
Since dendritic cells (DCs) play a central role in the induction of antigen-specific T-cell
responses, their use for active immunotherapy is of considerable interest. The DC can be
pulsed with tumor antigens exr vivo and subsequently be injected subcutaneously or even
directly in the lymph nodes. A number of important developmental issues like the ideal
source and type of DC, the form of antigen and method of charging the DC, additional
maturation signals and the route and timing of immunization are topical questions. For
instance, several strategies have been performed to load the DC with tumor antigens includ-
ing peptides, proteins, tumor cell lysates or tumor-derived RNA. Other strategies include
DCs that were transfected with viral vectors expressing TAAs or the fusion of DCs with
whole tumor cells. A number of studies in animal models have shown that DCs exposed
to TAAs in vitro and administered to the animal can induce protection against tumor
growth and confer CTL responses [87, 22|. Clinical responses such as stability of disease

and tumor regression have been reported in some patients, particularly with melanoma,
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myeloma and prostate cancer but have always been low.

Cancer vaccination strategies also include tumor cell based vaccines. The patient’s au-
tologous tumor cells are genetically modified to express cytokine genes or co-stimulatory
molecules in order to enhance immunogenicity to the tumor. One important cytokine is
the granulocyte macrophage colony-stimulating factor (GM-CSF) which is known to con-
tribute to maturation of DCs and thus to enhance antigen presentation ¢n vivo. This rather
labour-intensive, slow and logistically difficult vaccination strategy has already shown some
success in phase I/II clinical trials in humans for vaccination against melanoma, renal car-
cinoma and prostate cancer. [30]

However, some of the most important recent tools to induce cellular immunity against
infectious diseases or cancer are recombinant viruses. Strategies have been designed to use
viruses as immunization vehicles to elicit antigen-specific immune responses. In these ap-
proaches genes encoding for a target antigen are inserted into a viral vector. These target
genes depending on the desired immunity can either be TA As or antigens characteristically
expressed by intracellular pathogens, e.g. Gag, Env, Pol and the accessory protein Nef in
HIV [48].

The two currently most popular replication-defective recombinant viral vectors are modi-
fied vaccinia virus Ankara (MVA) and the adenovirus 5 vector (Ad5). Adenoviral vectors
are limited to relatively short vaccine inserts (<5 kb), nevertheless first studies in the
1980°s using recombinant adenoviruses that were performed against measles or HIV [2, 25|
and later against malaria [119] and herpes simplex virus (HSV) [90] showed that they are
efficient in expressing recombinant products and revealed them as powerful tools for in-
ducing cellular immunity.

Viral vectors developed with the aim to be used in humans must have an extreme safety
profile. This becomes even more important when they are supposed to be used in patients
with impaired immune defense as a consequence of their disease or immunosuppressive
treatment, e.g. cancer or HIV patients. The most promising candidates are highly attenu-
ated or non-replicative viruses obtained either by serial passages in cell culture or genetic
manipulation.

Modified vaccinia virus Ankara (MVA)

Live replication-competent vaccinia virus (VV) which had been successfully used for the
eradication of smallpox has become a comprehensively investigated object of vaccine re-
search. VV is a member of the Orthopozvirus genus of the Pozviridae and possesses a
large double-stranded DNA genome of approximately 200 kb. Many genes that contribute
to virus replication are encoded by the central region of the genome, among them 90 genes
are conserved in all sequenced poxviruses. These genes, which are not essential for virus
replication but affect virus virulence and host range, are located towards each end. [98]

Under selective pressure viruses have developed mechanisms of evading or impeding host
immune responses. Immune evasion genes, for example, can directly target host re-
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sponses based on cytokine and chemokine function. Their products include homologues of
interleukin-13 and «a//f-interferon receptors, complement control proteins and serine pro-
tease inhibitors. The B8R gene, for example, encodes for a secreted protein with sequence
similarity to the extracellular domain of the interferon-v receptor. Host interferon-+ binds
to the viral receptor homologue instead of the cell surface receptors and leads to neutral-
ization of antiviral activities of interferon in the host‘s immune response. Nevertheless,
the use of VV as recombinant vaccine against infectious diseases or cancer has been highly
attractive and has already been evaluated in multiple clinical trials [74, 85, 9, 105, 12].

Albeit, its imperfect safety profile is a concern for general application. Severe side effects
occuring during immunization with vaccinia viral vectors prompted the search for other,
more attenuated and replication deficient viral vectors. This issue was addressed by Mayr
et al. who developed the attenuated modified vaccinia virus Ankara (MVA) [89]. MVA
is an artificial laboratory virus first generated in 1958. The Dermovaccinia virus strain
chorioallantois vaccinia virus Ankara (CVA) was passaged over 570 times in primary cell
culture until it suffered six major deletions of DNA including at least two host range genes
[140]. The resulting MVA strain lost its broad cellular host range and thus the ability
to productively grow in many cells of mammalian origin (including primary human cells).
Only on primary chicken embryo fibroblasts (CEF) and baby hamster kidney cells (BHK)
cells the virus strain is able to efficiently grow and replicate [34].

MVA which is used in this study is one of the most promising live viral vectors. It
meets several criteria for an ideal vector system to target protein synthesis and vaccine
development

(i) it has a large packing capacity for recombinant DNA

(ii) viral gene expression, early as well as late, are unimpaired and highly efficient
[140]

(iii) there is no genomic integration or persistence in the host, reflecting its high safety
profile

(iv) it shows high immunogenicity as vaccine, inducing cellular as well as humoral
immune response

(v) the generation of the vector and vaccine is easy to perform. [36]

MVA has already been evaluated in many studies. It has been found to be immunogenic
and protective when used as a candidate recombinant vaccine in animal models for vi-
ral or parasite infection [141, 62, 38, 125| or in a mouse-tumor cell challenge model [20].
Furthermore, in recent years there have been ongoing trials investigating its potential
immunogenicity and safety as antigen delivery system in humans for vaccination against

cancer [57, 118, 94, 3| or infectious disease |28, 37, 108, 51, 15].

Pre-existing immunity to MVA or VV, however, might affect immunogenicity of the
target antigen delivered by an MVA vector vaccine within the scope of antivector immunity
[36]. To address this issue several methods have been established. The application of DNA
for priming before MVA boost immunization efficiently circumvents anti-vector immunity
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and has already been evaluated in clinical studies, e.g. with a pre-erythrocytic malaria
antigen (TRAP) [162, 91]. In addition, the combination of different viral vectors, e. g.
influenza [46], avipox [63, 5|, Semliki Forest [55] or vesicular stomatitis virus [114]| but also
of non-viral vectors such as salmonella-based vaccines [40] or protein vaccines [39] in the
combination with MVA expressing the same antigen are further approaches to enhance

antigen-specific immune response.

1.2 Cellular immune response as a critical mediator to target intracellular
pathogens

As a part of the adaptive immune response T-cells play a crucial role in defense and
destruction of intracellular pathogens like parasites, bacterial pathogens and all viruses
which replicate inside cells where they can not be detected by antibodies.

T-cells that have not yet encountered their antigen are known as naive T-cells. These naive
T-cells recirculate between the bloodstreem and peripheral lymphoid tissue until they are
activated into armed effector T-cells by direct interaction with cells presenting their specific
antigen. The most important antigen-presenting cell is the highly specialized DC whose
main function is to ingest and present antigen. DCs, macrophages and B-cells are known
as professional antigen-presenting cells (pAPCs).

Once the DCs have encountered their antigen they migrate from the site of infection to the
draining lymph nodes where they present the ingested and processed antigen to T-cells.

The activation of CD8+ T-cells

Pathogens once invaded in the host can be recognized through specialized surface receptors
on cells of the innate immune system like macrophages and DCs. These surface receptors,
also known as pattern-recognition receptors, are activated by a distinct set of molecular
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patterns characteristic for pathogenic microorganisms. Their activation can either stimu-
late phagocytosis directly, by opsonization or it might induce the release of inflammatory
mediators such as interferon(IFN)-«/3, tumor necrosis factor(TNF) and interleukin(IL)-2
by resident cells leading to further activation of innate immune responses and initiation of
adaptive immunity.

Upon activation, APCs gain an increased capacity to migrate to lymphoid organs where
they potentially activate naive T-cells. The activation of naive T-cells requires two signals.
One signal functions through the antigen-specific T-cell receptor complex and the other
signal is provided by the APC by means of costimulation. Costimulation describes the
interaction between specialized molecules expressed on the surface of the T-cell and their
counterparts on the APC. A very well defined costimulatory pathway is the interaction
between cluster of differentiation(CD)28 expressed on the T-cell and B7-1 or B7-2 on the
APC. Their interaction leads to enhanced IL-2 production. Costimulation can result in
enhanced survival and increased proliferation but might also affect the quality of resulting
T-cell response.

Under certain conditions, depending on the amount and type of pathogen, APCs do also
require signals from CD4+ T-cells to ’help’ activating CD8+ T-cell response. This help
is provided by CD40L expressed on CD4-+ T-cells interacting with CD40 on the APC
which stimulates the latter to enhance expression of costimulatory ligands and secretion
of cytokines as [L-12. In particular, both the CD4+ T-cell and the CD8+ T-cell need to
recognize antigen on the same APC. Nevertheless, CD4+ T-cells may also directly acti-
vate CTLs by membrane bound ligands or cytokines. Once activated, the T-cell response
undergoes three different and characteristic phases. After priming T-cells proliferate and
differentiate into effector cells with cytotoxic activity expressing high levels of IFN-~. The
second phase comprises the contraction phase wherat antigen-specific T-cells decrease to
5-10% of the initial peak response. During the last phase the remaining T-cell population
forms the memory T-cell pool which stays present for a longer period of time and can
mediate long-term protection. [123]

The main antigen-presenting pathways

Intracellular pathogens like viruses can take over the cell’s biosynthetic mechanisms to
produce their own proteins. These virus encoded proteins are synthesized in the cytosol
where they can be degraded into peptide-fragments by the major proteolytic machinery,
the proteasome (see section 1.3). Released peptides are transported to the endoplasmic
reticulum (ER) via the transporters associated with antigen processing -1 and -2 (TAP)
where they are loaded onto major histocompatibility complex (MHC) class I molecules.
The exact length of bound peptides is determined by the configuration of the antigen bind-
ing groove in the particular class I molecules. Kb molecules, for instance, bind peptides
of eight residues whereas Db binds nine aminoacids [52]. These peptides that bind with
high affinity can stabilize the MHC complex which then leaves the ER and trafficks to the
cell surface to display the associated peptide to T-lymphocytes. CD8+ T-cells recognize
peptides that are presented in the context of MHC class I molecules which are present
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on virtually all nucleated cells. Upon activation these cells aim to destroy infected cells
including the residing pathogens by induction of apoptosis through ligand-induced death
receptor triggering or via the release of perforins and granzymes.

Abortive infection
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Figure 1.2: Schematic map of ubiquitin-dependent antigen degradation and peptide presentation after
infection with rMVA.

Extracellular pathogens, however, like bacteria and their toxic products are internalized
by phagocytosis, endocytosis or macropinocytosis into intracellular vesicles of cells. Pro-
teins of these pathogens are degraded into peptides by proteases like Cathepsin S or L
which are activated at low acidic pH. Having entered the endosomal pathway these pep-
tides finally bind to a different class of MHC molecules, the MHC class II molecules, which
are only expressed on pAPCs. The MHC-peptide complex is transported to the cell surface
where the peptide can now be recognized by T helper cells (CD4+).

CD4+ T-cells are specialized in providing supporting signals to other cells like macrophages,
B-cells or CD8+ T-cells via cytokine secretion or through direct cell-cell interaction.
[123, 69]

Some pathogens like mycobacteria, the triggering agent of tuberculosis, or the protozoan
parasite Leishmania, however, can invade antigen-presenting cells and flourish inside vesic-
ular compartments where their proteins are not available for proteasomal degradation.
Their pathogenic antigens are also presented through the endosomal pathway as described
above.
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Cross-presentation as an additional pathway to present MHC class | bound peptides

Bone marrow derived pAPCs possess a remarkable capacity to aquire and present antigen.
They can internalize antigens from their extracellular environment and present them as
MHC class I bound peptides to CTLs. This process has been termed ’cross-presentation’
with the respective in vivo activation of T-cells referred to as ’cross-priming’. Since the
discovery through Bevan et al. in the late 1970‘s [16] many studies have focussed on
how the ability of pAPCs to present through both, the endogenous and the exogenous
pathway, affects activation of CD8-+ T-cells. That cross-presentation is actually efficient
and important for priming CTLs has been shown for a subset of antigens [26], however, its
in vivo relevance is still a point for controversial discussion [169].
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Figure 1.3: Schematic map of direct (A) and cross-presentation (B) pathways. [61]

The principal cells which were found to be capable for cross-presenting antigens in vitro
were DCs and macrophages, although, under some circumstances, various other cells like
B-cells |59, 145], neutrophils [111, 149] or endothelial cells [11] also have this capacity. In-
creasing evidence exists that DCs are the key cells needed to cross-prime CD8-+ T-cells in
vivo [132]. T-cells require their antigen from tissue derived DCs which transport the anti-
gen to the draining lymph nodes and then transfer it to CD8a+ DCs for cross-presentation.
Many forms of antigen, whole protein, heat shock protein (HSP)-peptide complexes and
peptides can be cross-presented in vitro or when injected in vivo [132]. However, the form
that is actually cross-presented under in vivo conditions is unknown. Albeit, many recent
studies support the theory of whole proteins being the main source for cross-presentation
[131]. In particular, long-lived forms of protein are supposed to be cross-presented much
better than short-lived forms [155, 44].

The pathways by which cross-presentation takes place have been of considerable interest as
they might help to determine the cross-presented form of antigen. One major mechanism is
termed the 'phagosome-to-cytosol pathway’ in which the antigen is internalized into phago-
somes and transported to the cytosol where it is released into the classical endogenous pre-
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sentation pathway. Another pathway constitutes the 'vacuolar pathway’. Here, peptides
are generated within the classical MHC class II presentation pathway, proteasome- and
TAP- independent but are instead loaded onto MHC class [ molecules. A third pathway
that might contribute to cross-presentation is the ’gap-junction pathway’ by which APCs
acquire peptide fragments generated by other cells through gap-junctions which are then
transported via TAP to the ER. Some soluble proteins were found to be internalized by
endosomes and then transported back to the cytosol for degradation by the ‘ER-associated
degradation’ (ERAD) system. This pathway has been termed the ’endosome-to-ER path-
way’ but its importance is not yet clearly elucidated. [132]

Cross-presentation also represents a mechanism that could contribute to evolutionary fit-
ness. By virtue, (i) some viruses may have evolved to avoid infecting APCs in order to
evade immune surveillance, (ii) cross-presentation would enable the surveillance of tumors
and (iil) is important for generating immunity to viruses that have restricted tissue-tropism
[134] and (iv) it would serve as a mechanism for tolerizing CTLs to self antigens not syn-
thesized by pAPCs (cross-tolerance). [26]

1.3 Increasing epitope expression contributes to improved vaccine efficacy

Cellular or viral proteins are sythesized in cellular ribosomes located in the cytosol. From
this newly synthesized protein fraction about 40% are destroyed shortly after synthesis
providing a pool of peptides that can potentially be presented to CTLs in a MHC class 1
restricted manner. Presumably, newly synthesized proteins are not the only source for anti-
genic peptides. An additional source for antigenic peptides might be ‘defective ribosomal
products‘(DRiPs) which mainly consist of premature termination products and misfolded
full-length forms that are directed to degradation by cytosolic proteases and are produced
as a byproduct of normal protein synthesis [164].

In eucaryotic cells an energy dependent protease, the proteasome, is the principal mech-
anism that accounts for degradation of the majority of cellular short-lived proteins. The
proteasome plays an essential role in generation of peptides from intracellular antigens
which are presented to T-cells. Its major function is the selective and ATP-dependent
degradation of cytosolic, nuclear and membrane bound proteins as well as the regulation
of protein destruction in the cell. |77]

Its proteolytically active sites are located in a cylindrical enzymatic chamber, the 20S core,
which has a 19S regulator complex at either end. This complex of one 20S and two 195
units forms the 26S proteasome.

The two 19S regulatory particles have two multi-subunit components, the ’base’ and the
'lid’. The base, which binds to the 20S core, mainly consists of ATPases which contribute
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to the recognition of potential degradation sig-
nals like polyubiquitin chains and help to unfold
substrates and channel them into the core. The
lid, however, contains 10-12 distinct proteins each
present in equal numbers whose roles are less well
understood |65]. The 20S core is composed of four
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Figure 1.4: The proteasome [29] peptide hydrolyzing activity’” or ’caspase-like’), ba-

sic (trypsin-like’) or hydrophobic (’chymotrypsin-like’) residues. [76]

In particular, the proteasome generates peptides that range from two amino acids to at
most 30 residues of which only about 30% are eight to nine residues or longer and thus
can potentially serve as precursors for antigenic peptides [75]. Goldberg et al. stated, the
proteasome must mainly be responsible for the removal of the C-terminal flanking residues
of a peptide so that many generated peptides are still N-terminally extended and need to
be trimmed by aminopeptidases in the cytosol or ER [52].

The degraded protein fragments then enter the MHC class I presentation pathway. Pep-

tides are transported to the ER via the Tapl/Tap2 heterodimer where they associate with

MHC class I molecules. The resulting complexes are transported to the cell surface where

they can be recognized by CD8+ T-cells.

The quantity of MHC class I/peptide complexes presented to CD8+ T-cells is suggested
to be one of the most critical factors regulating the strength of CTL response. APCs ex-
pressing more MHC class I molecules associated with the appropriate peptide potentially
yield a more effective and vigorous CTL response to the relevant antigen [144, 54, 96].
Several lines of evidence have suggested that by targeting vaccine antigens for rapid in-
tracellular degradation within the MHC class I presentation pathway, the more efficient
degradation in the cytosol will yield increased amounts of peptide substrates available for
presentation to cytotoxic T-cells [144, 4].

However, as explained above, the metabolic stability has been defined as one of the most
critical factors for the availability and access of antigen in either of the two antigen-
presenting pathways, direct and cross-presentation. Thus, for efficient priming of CTLs
following immunization with MVA, target antigens require distinct features to be presented
optimally by a particular pathway. But still very little is known about the contribution
of the different antigen presentation pathways in immunization with MVA. Understand-
ing which antigen-presenting pathways govern the induction of CTLs during priming and
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boosting with MVA would enable the selection of efficient antigen formulations and thus
would provide access to improved rational vaccine design [44].

As with MVA it is generally possible to stimulate CTLs through direct as well as through
cross-priming. It has been shown that MVA is capable of infecting human and mouse
dendritic cells leading to an efficient expression of viral and recombinant antigens |72, 44].
Late antigens, however, can not be synthesized in DCs and direct presentation to CTLs
is abrogated due to an early block in viral life cycle |72, 24]. Nevertheless, MVA can
induce CTLs recognizing late viral antigens indicating that these antigens might be cross-
presented [32, 35|. Furthermore, mice immunized with TAP-deficient RMA-S-HHD cells
infected with rMVA, yielded T-cell responses comparable to those induced be live vaccines
with regard to size and immunodominance hierarchy of CTLs specific for viral and recom-
binant determinants, indicating that cross-presentation alone is sufficient to elicit strong
CTL responses to MVA vaccines [44]. Consequently, cross-presentation is assumed to play
a key role in the process of priming with MVA.

For secondary immunization, however, direct presentation is suggested to be of critical
relevance. It was shown that the expansion of virus-specific CTLs in boosting is regulated
by T-cell cross-competition favoring T-cells that are able to rapidly detect infected cells.
Hence, the outcome of T-cell competition was heavily influenced by the timing of antigen
presentation with peptides rapidly presented during viral life cycle advantageous to late
peptide presentation [73].

In the present study, rMVA expressing differently modified ovalbumin gene products

were constructed (Fig. 1.6 B II, C II, C III). These modifications shall target the model
protein ovalbumin for rapid intracellular processing by the proteasome making use of dif-
ferent strategies to enhance the protein‘s turn-over rate (section 1.4).
Based on findings by Drexler et al. (unpublished) that an ovalbumin protein stably linked
to ubiquitin (Fig. 1.6 B I) showed rather disappointing results regarding protein degrada-
tion and antigen presentation, an N-end rule targeted ubiquitin-ovalbumin fusion protein
was constructed in this study (Fig. 1.6 B II). Within this construct, ovalbumin was em-
ployed as a vaccine antigen and a recombinant MVA vector was constructed that expressed
an ubiquitinated ovalbumin protein under the control of the VACV natural early/late pro-
motor P7.5 (MVA-P7 5-ubG76 /ovaR1). The antigen shall be targeted for rapid proteasomal
processing by modification of the N-terminal amino acid methionine (M) in ovalbumin to
arginine (R) (ovalbumin R1) and N-terminal fusion to the C-terminal amino acid glycine
of ubiquitin (ubiquitinG76) according to the N-end-rule (Fig. 1.5) [10, 151].
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Figure 1.5: Schematic map of synthesis and degradation of ovalbumin following the N-end rule after in-
fection of the cell with MVA-ubiOVA. After synthesis, the ubiquitin-ovalbumin fusion protein
is split between the C-terminal amino acid glycine (G) of ubiquitin and the N-terminal amino
acid arginine (R) of ovalbumin by cytosolic proteases. The primary destabilizing amino acid
arginine at the N-terminal end of ovalbumin triggers polyubiquitination of lysine (K) residues
in ovalbumin. These multi-ubiquitin chains target ovalbumin to the proteasome where it is
degraded into peptide fragments which are then transported to the ER via the Tapl/Tap2
heterodimer. Loaded on MHC class I molecules peptides are finally presented to CTLs on
the cell‘s surface.

The second part of in this study is based on findings that deubiquitination of an ubiqui-
tin moiety is completely inhibited if the C-terminal glycine 76 of ubiquitin is mutated into
alanine or valine in Saccharomyces cerevisiae [18] and remarkably, when fused to £-Gal
such as UbY7-V_figal, the protein is rapidly degraded within the ubiquitin fusion degra-
dation (UFD)-pathway [70].

In our laboratory, the instability of a melanoma-specific antigen, tyrosinase, could markedly
be increased by stable C-terminal fusion of ubiquitin (ubiquitinA76) to tyrosinase (tyrosi-
naseM1) resulting in a ubiquitinA76-tyrosinase fusion protein (Fig. 1.6 C I) |44]. The
N-terminal region of this construct including the nonremovable ubiquitin moiety fused to
the signal sequence of tyrosinase was suggested to constitute a general degradation signal
applicable to other proteins such as ovalbumin. Hence, a recombinant MVA was con-
structed expressing the ubiquitinA76-tyrosinase (only signal sequence)-ovalbumin fusion
construct (Fig. 1.6 C II).

A third construct generated in this study and expressed by MVA was designed analogous to
the latter but additionally had the transmembrane domain of tyrosinase at its C-terminal
end given the hypothesis that expanded targeting to cellular compartments like the ER
might further enhance MHC class I restricted peptide presentation to CTLs (Fig. 1.6 C
III).
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Figure 1.6: Schematic diagram of gene products expressed by rMVAs with regard to this work. The
N-terminal amino acid components as well as the in frame transitions from ubiquitin to
ovalbumin, tyrosinase or the tyrosinase signal peptide domain (Tyr_Sig) are indicated.

1.4 Diverse strategies to increase protein destruction

Cellular proteins in the cell are turned over at markedly different rates. The amount of
intracellular protein degradation is a function of the cell’s physiological state, continuously
regulating the elimination of abnormal proteins, the maintenance of amino acid pools as
well as the status of hormones, antigens and other effectors. Thus, metabolic stability or
instability of proteins plays a central role in cellular mechanisms and life. The degradation
is controlled differentially for individual proteins. Many pathways as well as enzymes
contribute to the degradation of proteins. Among them, the ubiquitin-proteasome pathway
has an indispensable role in protein degradation. The characteristics and signs, which
might be specific sequences within a protein substrate, that influence the protein’s rate of
destruction and lead to its degradation are being elucidated, however, are not yet clearly
defined.

By genetic manipulation, for instance replacement or addition of amino acid sequences
representing 'degradation signals’, it is possible to tag proteins to different degradation
pathways and thereby enhance the rate of protein destruction.

Targeting proteins for rapid intracellular processing by the ubiquitin-proteasome
pathway

The selective degradation of many short-lived or misfolded cellular proteins is carried
out by the ubiquitin-proteasome pathway. Within this pathway, proteins destined for
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degradation are covalently conjugated to a 76-amino acid residue protein termed ubiquitin.
Ubiquitin-mediated protein degradation plays an important role in numerous basic biologi-
cal processes including the selective and programmed degradation of cell-cycle regulatory
proteins, tumor suppressors, protooncogenes and components of the signal transduction
system. Furthermore, it is involved in transcriptional regulation, receptor down-regulation,
endocytosis as well as in development and apoptosis.

The conjugation of an ubiquitin moiety to a protein substrate requires the sequential action
of three different enzymes: E1, E2 and E3. In the first step, ubiquitin is activated in an
ATP dependent process by binding to a cysteine residue of the activating enzyme K1,
forming an ubiquitin adenylate. The activated ubiquitin is then transferred to an active
site cysteine residue of a ubiquitin-carrier protein, E2. Finally, the ubiquitin protein ligase
E3 catalizes the conjugation of the C-terminus of ubiquitin to an e-amino group of the
protein’s lysine residues leading to an amide isopeptide linkage (Fig. 1.7).

Figure 1.7: The process of ubiquitination [95].

This ubiquitination leads to the formation of a polyubiquitin chain in which the C-
terminus of each ubiquitin is linked to a lysine residue (most commonly Lys48) of the
previous ubiquitin moiety. Consisting of more than four ubiquitin molecules, the polyubi-
quitin chain is bound with high affinity from subunits of the 19S regulatory complex of
the 26S proteasome. This association tags the protein ligated to the polyubiquitin chain
into the core of the proteasome where it becomes degraded into peptide fragments in an
ATP-dependent process. [60, 150]

Among signals inherent in primary protein structure which are responsible for protein
ubiquitination and thus targeting for degradation, the best characterized is the N-end-rule
system.
The N-end rule describes the relation between the half-life of a protein and its N-terminal
residue.
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N-terminal residue | In vivo half-ife of Bachmair et al. found strikingly different half-lives of fs-
of f-gal BgalinS cerevisie  Galactosidase proteins in vivo depending on the nature of
frg 2min the amino acid at the N-terminus (Fig. 1.8) [10]. Hence,
Phe amn some amino acids confer increased half-life times to pro-
E}? o teins when expressed at their N-terminus. Ferber and
e FA Chiechanover (1987) showed that for ubiquitin-dependent
oS o degradation of certain N-end rule substrates, the conju-
g?n" ?gmn‘:n gation of arginine to their N-terminus is required, repre-
1200 mi . . e . . .
e >1200 min senting a primary destabilizing residue [151]. Specific ly-
=1200 mi . . . . . . .
= 21200 min sine residues within the protein serve as the site for multi-
Gl =>1200 mi . .. . . . .
va 1200 min ubiquitin chain attachment which is the required compo-
Pro ?
et 1200 min nent for tagging the protein into the proteasomal core.

Figure 1.8: Influence of the N- The destabilizing N-terminal amino acid and a specific in-
terminal residue of -gal on the pro- ternal lysine residue represent the N-degron which are the

tein's half-life in S. cerevisiae, mod- two critical components of the N-end rule [151].
ified from [151].

Alternative proteasome-dependent strategies in targeting proteins for rapid
intracellular processing

Realini et al. proposed that specific stretches of alternating lysine (K) and glutamine (E)
amino acids within a protein might promote expression of nearby sequences on MHC class
I molecules [115]. These stretches were termed 'KEKE motifs’ and were defined as greater
than 12 amino acids in length, devoid of W, Y, F or P, more than 60% K and E/D and
lacking five positive or negatively charged residues in a row.

Realini et al. based their hypothesis on the observation that the peptide SFFPEITHI,
which originates from JAK 1 kinase and is found just four residues downstream from a
strong 'KEKE motif’, is presented 100 times more efficiently (10.000 copies per cell) than
most other peptides presented on MHC class I molecules (10 to 100 copies per cell) |56].
"KEKE motifs’ are suggested to target proteins to the proteasome through their ability
to promote the association of proteins. Several proteins within the MHC class I presen-
tation pathway contain 'KEKE motifs’. The proteasomal subunit C9, five subunits of the
regulatory complex of the 26S proteasome as well as chaperonins hsp90 and hsp70, all
those offering an optimal point of attack for KEKE mediated protein association [53]. In
particular, integrating '"KEKE motifs’ into proteins determined for efficient antigen pre-
sentation might provide an important possibility to target proteins for rapid proteasomal
degradation.

Most of the proteins targeted for proteasomal degradation are marked by polyubiqui-
tinylation. Some exceptions, however, are represented by a select group of labile pro-
teins including ornithine decarboxylase (ODC), p21/Cipl, TCRe, IkBa, c-Jun, calmod-
ulin and thymidylate synthase [65]. Among them, ODC offers the best understood case
of ubiquitin-independent proteasomal degradation. ODC catalyzes the first step in the
polyamine biosynthetic pathway providing the need for very high regulation as polyamines
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are essential and ubiquitous in living cells but become toxic if present at excessive levels.
In case of their accumulation, the production of a protein termed antizyme will be en-
hanced. Antizyme associates with ODC monomers and thereby prevents the association
of two ODC molecules which are only enzymatically active as homodimers. Furthermore,
it enhances the interaction of ODC with the proteasome leading to its processing and in-
activation. Upon antizyme binding, ODC alters its conformation, exposing a C-terminal
segment encompassing amino acids 423-461, which together with antizyme provides the
26S proteasome recognition signal |71, 80]. The attachment of these residues to other sta-
ble proteins as well as the attachment of whole ODC, however, can cause their instability
[81, 86].

Proteasome independent protein degradation

Even though it is now broadly accepted that the proteasome is responsible for the genera-
tion of the majority of MHC class I ligands, there are many determinants whose generation
from endogenous proteins is resistant to the effect of proteasome inhibition |7, 23, 84, 152].
In one case proteasome inhibitors do even enhance the generation of antigenic peptides [7].
Despite the fact that proteasome inhibitors induce stress proteins which might influence
antigen presentation, and that a subset of proteasomes or activities present in proteasomes
might be resistent to proteasome inhibitors, these results may indicate the presence of
other cellular components that can compensate for the loss of proteasomal activity and
may contribute to the pool of antigenic peptides. Furthermore, it was reported that pro-
teasome inhibitors could completely abrogate the degradation of a protein (Ub-Arg-NP)
by the proteasome without affecting protein-specific peptide generation |7].

One alternative protease for the generation of antigenic peptides might be provided by the
tripeptidyl peptidase II. It was found that cells which adapted to growth in the presence
of proteasome inhibitor NLVS (4-hxdroxy-5-iodo-3-nitrophenylacetyl-leu-leu-leucinal-vinyl
sulfone) lacked functional proteasomes, but instead showed an increased amount of TPP
IT [49] and were sensitive to the TPP II inhibitor AAF-CMK [153].

1.5 Hen egg white ovalbumin- a model target protein

Ovalbumin is a glycoprotein with a molecular mass of 45 kDa composed of 386 amino acids.
Physiologically it is found as the major protein in the ’white’ of avian eggs representing
up to 60-65% of the proteins (besides ovomucoid (protease inhibitor), ovotransferrin (iron-
binding, bacteriostatic) and lysozyme (bactericide)) |67]. Since ovalbumin belongs to the
serpin superfamily it has sequence similarities with many other proteins [67]. The serpin
family consists of more than 300 homologous proteins with diverse functions, including the
major serine protease inhibitors of human plasma which control enzymes of the coagulation,
fibrinolytic, complement and kinin cascades as well as some proteins without any known
inhibitory properties like ovalbumin [68]. One plausible factor which might contribute to
the lack of inhibitory activity of ovalbumin is that usually serpins undergo a dramatic
conformational change on interaction with an attacking protease that ovalbumin is not
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able to go through [68]. Nevertheless, a putative reactive center can be determined in
ovalbumin at residues 353-354 (Ala-Ser). With these residues inhibitory serpins tend to
react with proteases as they mimic a good substrate and lead to cleavage with a subsequent
conformational change (loop insertion) [68].

The amino-acid sequence of ovalbumin was deduced
from 1979 to 1981 [92, 100, 156] and revealed six
cysteines with a single disulfide bond between Cys74
and Cys121. Although it is a secretory protein, its
aminoterminus is acetylated and does not have a N-
terminal leader sequence. Between residues 21 and
47 there was found an internal hydrophobic signal se-
quence which might be involved in transmembrane lo-
cation [142]. For posttranslational modifications, it has

two potential glycosylation sites at Asn293 and Asn317
Figure 1.9: Molecular structure of recognized by glycosyltransferases and two phophory-
ovalbumin. lation sites at serines 69 and 345.

Ovalbumin has been under scientific investigation since the late 19th century and was
one of the first proteins to be isolated in purity. Its ready availability in large quantities
has led to its wide-spread use as a standard preparation in studies of the structure and
properties of proteins. Furthermore, it is under current investigation as an experimental
model of allergy. However, still very little is known about its physiological function apart
from its posssible role in transport and storage of metal ions [143]| or the discovery that
it might act as an amino-acid store for the growing embryo in egg-yolk [122]. There are
certainly speculations that its serpin framework may have regulatory functions yet to be
discovered.

Since its first isolation in the late 19th century, ovalbumin has been characterized in many
studies. Soluble ovalbumin protein can be degraded into peptide fragments by the 20S pro-
teasome [31] as well as the 26S proteasome [21] in the cytosol. In degrading ovalbumin the
26S proteasome makes 51 cuts [75] delivering one peptide, ovalbumings7_9¢4, termed SIIN-
FEKL, which is presented on H-2K® molecules on human and mouse cell lines [41]. However,
only about 6% of degraded ovalbumin yield either a SIINFEKL or a SIINFEKL-containing
peptide. Many of the peptides generated are N-terminally extended versions, accounting
within the total yield of peptides for two or three fold more than SIINFEKL itself [52].
Those N-extended precursor-SIINFEKL peptides are finally trimmed by aminopeptidases
in the cytosol or ER. One of such enzymes was identified as LAP (leucine aminopeptidase)
[14] , a metalloprotease with broad substrate specifity and wide tissue distribution [52].
The generated peptide SIINFEKL is presented to CD8+ T-cells via the class I antigen-
presenting pathway [121]. This particular peptide-MHC class I complex can directly be
detected by a highly specific antibody, 25-D1.16 [110], which allows quantitation of TCR
ligands on individual cells. Furthermore, polyclonal as well as monoclonal antibodies di-
rected against specific domains of the protein exist.

As for deduction, ovalbumin constitutes a stable protein that can be degraded within the
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ubiquitin-proteasome pathway and is a potent and immunogenic intracellular antigen for
the stimulation of cytotoxic T-cells.
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1.6 Aim of thesis

MVA constitutes one of the most promising viral vectors which is currently evaluated in
multiple clinical trials. However, still very little is known about antigenic features required
to elicit a strong, long-lasting T-cellular immune response. Within this study, ovalbumin
will be used as a model antigen for an intracellular antigen. Different recombinant MVA
vectors expressing genetic modifications of ovalbumin shall be constructed and charac-
terized 4n vitro and in vivo. The protein shall be targeted for rapid proteasomal processing
by distinct modifications known to be associated with protein degradation and the cor-
relation of antigen stability with increased presentation of the ovalbumin-specific peptide
SIINFEKL (OVAgs7) on MHC class I molecules shall be investigated.

As metabolic stability is suggested to be of key importance for the access of antigen to
either direct or cross-priming, in vivo experiments analyzing CTL response following im-
munization with MVA vectors expressing native versus rapidly degraded ovalbumin shall
be performed to better understand the relevance of each antigen presentation pathway in
primary and secondary immunization with MVA and to determine the optimal antigen
formulation to be used in priming and boosting.

The first part of this study aimed to determine the optimal antigen-modification to in-
crease the protein‘s instability and thus enhance ovalbumin-specific peptide presentation.
For that purpose recombinant modified vaccinia virus Ankara (MVA) shall be constructed
expressing modified ovalbumin gene products. MVA-ubiOVA thereby expresses an N-end-
rule-targeted ovalbumin which shall be degradad within the ubiquitin-proteasome pathway.
Two other rMVA (MVA-TO and MVA-TOT) shall be constructed using the stably ubiqui-
tinated signal sequence of tyrosinase as a degradation signal fused to the N-terminal end of
ovalbumin. One of these constructs (MVA-TOT) shall additionally contain the transmem-
brane domain of tyrosinase at its C-terminal end. These ovalbumin expression constructs
shall be compared to MVA-ova expressing native ovalbumin.

i) After generation of rMVA it should primarily be elucidated whether the gene encod-
ing for ovalbumin is integrated in the viral vector and if the system is able to efficiently
express the recombinant antigen. For that purpose cells were infected or transfected with
rMVA or plasmids, respectively, and Western blotting and immunoperoxidase staining will
be performed using a rabbit polyclonal antibody to specifically detect ovalbumin protein.

ii) The effects of antigen modification on protein stability shall be evaluated using ra-
dioimmunoprecipitation assay. Degradation of the radioactively labeled and immunopre-
cipitated ovalbumin shall thereby be assessed by reduced radioactivity at later time points.
Furthermore, in Western blotting and immunoperoxidase assays, protein stability and the
contribution of proteasomal degradation in target protein processing shall be verified using
chemical compounds like lactacystine and MG132 to block proteasomal activity.
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iii) To assess the influence of antigen stability on peptide presentation, cells presenting
SIINFEKL shall be quantified using flow cytometry. Furthermore, SIINFEKL concen-
tration on a single cell level shall be determined by calculation of the mean fluorescence
intensity (MFT).

A second part of this study aimed to determine the optimal antigen formulation suit-

able to elicit a strong, antigen-specific CD8+ T-cell response after primary and secondary
immunization with rMVA.
Here, C57BL/6 shall be immunized with rMVA expressing different antigen formulations
of the model protein ovalbumin. Priming shall be performed with 1x10% IE of rMVA ex-
pressing native ovalbumin in comparison with rMVA expressing modified ovalbumin. Mice
shall be analyzed for their CTL response to SIINFEKL (OVAsgs7) and known MVA pep-
tides B8Rgp, A3La79 and K3Lg on day 8 post priming using intracellular cytokine staining
for IFN~ (ICS). Boosting experiments shall be conducted using rMVA expressing native
ovalbumin for priming and different rMVA for boosting on day 30. CTL response shall be
assessed on day 6 post boost by ICS.

The present study aims to investigate the impact of ovalbumin modifications on protein
stability and subsequent ovalbumin-specfic peptide presentation and aims to further deter-
mine optimal antigen formulations for primary and secondary immunization with the viral
vector MVA to enhance antigen-specific CTL response.

31



2 Materials

2.1 Chemicals

Chemical

Manufacturer

Acrylamid/Bisacrylamid (30%)
Agarose

Ammoniumchlorid
Ammoniumperoxodisulfat (APS)
$-2-Mercaptoethanol
Bromphenol blue
Coomassie-Blue G250
D(+)-Glucose

DMSO

DTT

EDTA

Ethanol

Ethidiumbromide

Glycerol

Hydrochloric acid 25% (HCI)
Methanol

NP-40

o-Dianisidine
Paraformaldehyd (PFA)
Ponceau S

Potassium chloride (KCl)

Reti-Phenol /Chloroform /Isoamylalcohol

Sodium acetat

Sodium azide

Sodium chloride (NaCl)
Sodium Dodecyl Sulfate (SDS)

Sodiumhydrogensulfate (Na2HSO4)

National Diagnostics (Atlanta, USA)

Gibco/BRL (Eggenstein)
Sigma (Munich)

Merck (Darmstadt)

Sigma (Munich)

Serva (Heidelberg)

Sigma (Munich)

Merck (Darmstadt)

Merck (Darmstadt)

Serva (Heidelberg)

Sigma (Munich)

Merck (Darmstadt)

Serva (Heidelberg)

Roth (Karlsruhe)

Fluka (Buchs, Switzerland)
Merck (Darmstadt)

Serva (Heidelberg)

Sigma (Munich)

Sigma (Munichy)

Sigma (Munich)

Merck (Darmstadt)

Roth (Karlsruhe)

Fluka (Buchs, Switzerland)
Sigma (Munich)

Fluka (Buchs, Switzerland)
Fluka (Buchs, Switzerland)
Fluka (Buchs, Switzerland)
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Chemical Manufacturer

Sucrose Fluka (Buchs, Switzerland)
TEMED Bio-Rad (Munich)

Triton X-100 Sigma (Munich)

Tris (Tris-Base;Tris-HCI)
Trypan blue

Trypsin

Tween 20

Merck (Darmstadt)
Biochrom KG (Berlin)
Biochrom KG (Berlin)
Sigma (Munich)

2.2 Radioactive chemicals

Radioactive chemicals

Manufacturer

Rainbow”™ [*C|methylated protein molecular
weight marker (14.3-220 kDa)

L[**S ] in vitro Cell Labelling Mix

Amersham Biosiences (Little Chalfont, UK)

Amersham Biosciences(Little Chalfont, UK)

2.3 Biochemicals

Biochemicals

Manufacturer

Bovine serum albumin (BSA)
Di-Sodiumchromat(Na251CrO4) in PBS
Dulbecco’s Modified Eagle Medium (DMEM)
Ethidium monoazide bromide (EMA)

FBS (Fetal Bovine Serum)

GeneRuler™ 1 kb DNA Ladder

Interferon-y

Lactacystine (1mM Stock)

LPS

MG-132 (10mM Stock)

Na-pyruvate

Pen-Strep (10.000 U penicillin/ml, 10 mg/ml
Streptomycin)

Phenylmethylsulfonyl fluoride (PMSF)

Prestained Protein Ladder Broad Range (6-
175 kDa)

Protein G-Plus Agarose

Protein Kinase Inhibitor Cocktail (Mini-
Complete)

RPMI 1640
Trypsin/EDTA
Ultraglutamin (200 mM in 0.85% NaCl)

Sigma (Munich)

Hartmann-Analytic (Braunschweig)
Cambrex, BioWhittaker (Verviers, Belgium,)
BD Pharmingen (Hamburg)

Biochrom KG (Berlin)

Fermentas (St. Leon-Rot)

Peprotech

Sigma (Munich)

Sigma (Munich, Germany)

Sigma (Munich)

Cambrex, BioWhittaker (Verviers, Belgium)
Cambrex, BioWhittaker (Verviers, Belgium,)

Sigma (Munich)
Amersham (Little Chalfont, UK)

SC Biotechnology (Santa Cruz, USA)
Roche (Mannheim,)

Biochrom KG (Berlin)
Gibco BRL
Cambrex, BioWhittaker (Verviers, Belgium,)
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2.4 Buffers
Buffer Manufacturer
DNA sample 99.95 % Glycerol (v/v)

FACS buffer pH 7.4

IPS Blocking Buffer
IPS Fixing Solution

Paraformaldehyde ( PFA )

Phosphate-buffered saline (PBS) pH 7.4

Ponceau S solution

RIPA buffer pH 7.4

SDS-PAGE buffer pH 8.3 (10x)

SDS-PAGE fixing buffer

0.01 % NaP Buffer (v/v)

0.04 % Bromphenol blue (w/v)

1 % BSA (w/v)

0.02% NaNj from 20% (w/v) stock
diluted in PBS buffer

2% BSA diluted in PBS buffer

50% acetone

50% methanol

store at 4°C

2% Paraformaldehyde (w/v)
in PBS buffer

0.14 M NaCl

2.7 mM KCI

3.2 mM Nap,HPO4
1.5 mM KH,PO4

1% acetic acid
0.4% Ponceau S (w/v)

50 mM Tris-HCI

1% NP-40 (v/v)

0.25% Na-deoxycholate (w/v)
150 mM NaCl

1 mM EDTA

Protease inhibitors were added directly be-
fore the assay:

1 mM PMSF

1 pg/ml Antipain

1 pg/ml Aprotinin

1 pg/ml Leupeptin
25 mM Tris

192 mM Glycine
0.1% SDS (w/v)

50% Methanol (v/v)
10% acetic acid (v/v)
40% H20 (v/v)
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Buffer

Manufacturer

SDS-PAGE loading buffer pH 6.8 (2x)

Sucrose 36 % pH 9.0

TAC (Erythrocytes lyses buffer)pH 7.2

TAE buffer pH 8.0
TBS ( 10x ) pH 7.0

TBS-T pH 7.0

TE buffer pH 8.0

TEN buffer pH 7.4 (10x)

Tris buffer pH 6.8 (

Tris buffer pH 8.8 (1.5 M)

Tris buffer pH 9.0 (1 mM)
(

Tris buffer pH 9.0 (10 mM)
WB-blocking buffer

1 M)
1

WB stripping buffer pH 6.8

WB transfer buffer anode pH 8.3

WB transfer buffer cathode pH 8.3

50 mM Tris

2 % SDS (w/v)

0.04 % Bromphenol blue (w/v)
84 mM 2-Mercaptoethanol

20 % Glycerol (v/v)

36% sucrose (w/v) in 10 mM Tris
0.15 M NH,4Cl

10 mM KHCO3

0.1 mM NasEDTA

1 mM EDTA

20 mM sodium acetate

0.5 M Tris

2 M NaCl

TBS ( 10x )

0.1% Tween 20

diluted in MilliQ

10 mM Tris/HCI

0.1 mM EDTA

100 mM Tris

10 mM EDTA
1 M NaCl

1 M Tris
1.5 M Tris
1 mM Tris

10 mM Tris
1% bovine serum albumin (w/v)
in 1x WB washing buffer

100 mM 2-Mercaptoethanol
2 % SDS (w/v)

62.5 mM Tris/HCI

25 mM Tris-Base

192 mM Glycin

20 % Methanol (v/v)
diluted in MilliQ

0.5% SDS (w/v)

in WB transfer buffer anode
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WB-Tyr-lysis buffer pH 8.0 50 mM Tris/HCI
150 mM NaCl
0.02% NaN3
1% NP 40
diluted in 50 ml MilliQ( store at -20°C )

WB washing buffer pH 7.5 (10x) 50 mM Tris-Base
150 mM NaCl
0.05 % Tween 20

2.5 Enzymes
Bnzgme  Manufactwrer
Alcaline Phosphatase - Shrimp (SAP) Roche (Mannheim,)
Calf Intestine Phosphatase (CIAP) Roche (Mannheim)
Klenow-Polymerase Roche (Mannheim)
Proteinase K Sigma (Munich)
Taq and Pwo DNA Polymerase Roche (Mannheim,)
Restriction enzymes Roche (Mannheim), NEB BioLabs (Schwalbach)
T4-DNA-Ligase Roche (Mannheim,)
Trypsin-EDTA (1x) Invitrogen (Karlsruhe)

All enzymes were used with the buffers recommended and provided by the manufacturer.

2.6 Synthetic Oligonucleotides (Primer)

NIH-GS83 primer annealing with deletion IIT in MVA genome

5---37 GAA TGC ACA TAC ATA AGT ACC GGC ATC TCT AGC AGT
IIIf1b primer annealing with deletion III in MVA genome

5---37 CAC CAG CGT CTA CAT GAC GAG CTT CCG AGT TCC
K1Lint-1 primer annealing with the K1L gene sequence

5----37 TGA TGA CAA GGG AAA CAC CGC

K1Lint-2 primer annealing with the K1L gene sequence

5°----37 GTC GAC GTC ATA TAG TCG AGC

pubi/oval (52685) primer annealing with the N-terminal end of ubiquitin

5----3" CAG ATC TTC GTG AAG ACC CTG
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pubi/ova3 (52687) primer annealing with the N-terminal end of ovalbumin
57----3" GCT GAA GAG AGA TAC CCA ATC CTG
pubi/ova6 (52690) primer annealing with the C-terminal end of ovalbumin
57----3" GGG GAA ACA CAT CTG CCA AAG AAG AG
2.7 Plasmids
_Plasmid__—
pIITAHRp7.5 Staib et al.
pIITAHRp7.5-ova Drexler et al.
pIIIAHRp7.5-ubG76/ovaR1 (ubiOVA) Drexler et al.
pIIIAHRp7.5-ubiTyr SigOva (TO) Drexler et al.
pIITAHRp7.5-ubiTyr _SigOva/TM_Tyr (TOT) Drexler et al.

2.8 Antibodies

Rabbit polyclonal to Ovalbumin (1221) Abcam (London, UK)
Anti-mouse IgG PO Dianova (Hamburg)
Anti-Mouse-CD16/CD32 (2.4G2) BD PharMingen (Hamburg)
Peridinin chlorophyll protein-anti-CD4 (RM4-5) PerCP BD PharMingen (Hamburg)
Allophycoccyanin-anti-(Mouse)-CD62L (Mel-14) APC BD PharMingen (Hamburg)
Phycoerythrin-anti-Mouse-CD8a (53-6.7) PE BD PharMingen (Hamburg)
Anti-Mouse CD8a (53-6.7) FITC BD PharMingen (Hamburg)
Anti-Mouse IFN-y(XMG1.2) FITC BD PharMingen (Hamburg)

BD PharMingen (Hamburg)
Anti-Rat IgG1 isotype control(R3-34) FITC

2.9 Synthetic Oligopeptides

Ovagsy H2-K? SIINFEKL hen egg ovalbumin  Rotzschke et al. 1991
$-Galgg H2-K® DAPIYTNV B-Galactosidase Overwijk et al. 1997
A3La7 H2-K? KSYNYMLL 1221L-A3L Moutaftsi et al. 2006
K3Lg H2-D? YSLPNAGDVI  0241-K3L Tscharke et al. 2005
B&Rog H2-DY TSYKFESV 176R-B8R Tscharke et al. 2005
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2.10 Viruses

MVA-wt MVA-IL,,¢ provided by Drexler et al.
MVA-ova MVA-P7 5-ova provided by Drexler et al.
MVA-ubiOVA MVA-P7 5-ubG76 /ovaR 1 generated within this study
MVA-TO MVA-P7; 5-ubiTyr_SigOva provided by Drexler et al.
MVA-TOT MVA-P7 5-ubiTyr_SigOva/TM_Tyr generated within this study

2.11 Cell lines

A375 Human malignant melanoma cells CRL-1619
B16-F1 Murine melanoma cells (C57BL/6) CRL-6323
BHK-21 Baby hamster kidney cells CCL-10
CEF Primary chicken embryo fibroblasts, freshly prepared Mayr et al. 1974 [88]
CV-I Normal African Green Monkey kidney fibroblasts
Kind gift from Dr. K.L.
DC2.4 Murine DCs Rock
HeLa Human cervix carcinoma cells CCL-2
NIH-3T3 Murine fibroblasts CRL 1658
RK-13 Rabbit kidney cells CCL-37
RMA-HED Oeriigiilcher leukemia virus induced cells of C57BL/6 (H2b) Eelrriiimilrfferfrom Dr. F.
Kind gift from Dr. W.
B-LCL Human HLA-A*0201 positive lymphoblastoid B cells Kastenmueller

2.12 Cell culture media

Basic Media RPMI 1640
10%,8%,5%,2% FBS, heat inactivated
1% Pen-Strep

Only-Media RPMI 1640

M2-Media Basic Media
28 ul -Mercaptoethanol

RIPA-Starving Media Dulbeccos Modified Eagle Medium
1% Pyruvat
1% Ultraglutamine
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2.13 KITs
Product Manufacturer
BD Cytofix/Cytoperm Plus Kit BD Pharmingen (Hamburg)
FuGENE 6® Roche (Mannheim,)
Lipofectamin2000®) Invitrogen (Karlsruhe)

Lumi-Light®
PCR Master Mix

Roche (Mannheim,)
Roche (Mannheim,)

2.14 Consumables

Product

Manufacturer

3MM-Filter paper
Cell culture flasks (T25, T75, T185, T225)

Cell culture plates 6-, 12-, 24-, 96-well
Cell lifter

Cell strainer 100 pm

FACS tubes

Falcon tubes (15 ml, 50 ml; PS, PP)
GenePulser cuvettes

Gloves

Hyperfilm™™ ECL

Nitrocellulose membrane

PCR reaction tubes

Petri dishes

Pipette tips (10 wl, 20 ul, 100 ul, 200 pl, 1000 wpl)

Pipettes ’cellstar’ (1-25 ml)
Reaction tubes (0,5 ml, 1,5 ml, 2 ml)
Sterile filters (Minisart 0,2-0,45 pm)
Syringes (5, 10, 20 ml)

Syringes (Omnifix-F 1 ml)
Ultracentrifuge tubes (UltraClear)

Whatman (Maidstone, UK)
Greiner (Niirtingen)
Corning (New York, USA)
Nunc (Wiesbaden)

Corning (New York, USA)
Corning (New York, USA)
BD Pharmingen (Hamburg)
Bio-Rad (Munich)

BD Pharmingen (Hamburg)
Bio-Rad (Munich)
Kimberly-Clark (Mainz)
Amersham (Little Chalfont, UK)
Bio-Rad (Munich)
Eppendorf (Hamburg)

Nunc (Wiesbaden)

Mol. Bioproducts (San Diego, USA)
Corning (New York, USA)
Eppendorf (Hamburg)
Sartorius AG (Gdttingen)
BD Pharmingen (Hamburg)
Braun (Melsungen)
Beckmann (Munich)
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2.15 Laboratory Equipment

Equipment Model/Type Manufacturer
Block thermostat BT 1302 HLC BioTech (Bovenden)
Centrifuge Avanti J-25 Beckman (Munich)

CO4 Incubator

Contamination monitor

Cup sonicator

Electro-blotting System
Film processor
Flow cytometer

Freezer (-20°C)
Freezer (-80°C)
Fridge (4°C)

Gel Dryer

Haematocytometer

Horizontal Electrophore-

sis System

Ice machine

Incubation shaker
Laminar flow

Magnetic stirrer

Megafuge 1.0R

Biofuge fresco

Biofuge pico

Function Line Hera Cell 150
Cellstar

LB 122

Sonopuls HD200

TS73,

UW200

PantherTM SemiDry

Curix 60

FACS Canto

Excellence

Premium

Hera freeze

Ult 2090

UT6-K

Model 583

Neubauer counting chamber

A1l Gator

A2 Gator
AF 200

Innova 4430
HERAsafe HS 12
Ikamag Reo

Heraeus (Hanau)
Heraeus (Hanau)
Heraeus (Hanau)
Heraeus (Hanau)

Nunc (Wiesbaden)
Berthold (Bad Wildbad)
Bandelin (Berlin)

Owl Scientific (Portsmouth)
Agfa (Kéln)

BD Pharmingen (Hamburg)
Bauknecht (Stuttgart)
Liebherr (Ochsenhausen)
Heraeus (Hanau)

Revco (Asheville)
Bauknecht (Stuttgart)
Bio-Rad (Munich)

Karl Hecht KG (Sondheim)

Owl Scientific (Portsmouth, USA)

Owl Scientific (Portsmouth, USA)

Scotsman (Milan, Italy)

New Brunswick Scientific (Nirtin-

gen)
Heraeus (Hanau)

IKA Werke (Staufen)
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Equipment Model/Type Manufacturer
Micropipette Pipetman P10-1000 Gilson (Middleton, USA)
Microscope Kolleg SHB 45 Eschenbach (Nirnberg)
Axiovert 25 Carl Zeiss (Oberkochen)
Microwave 900W Siemens (Munich)

Multi channel pipette

PCR Cycler

pH-Meter

Phosphor Imager
Phosphor Imager Screen
Phosphor Screen Eraser

Pipettor

Power supply unit

Rotor

Scale

Steam Sterilizer

Thermomixer/ -block

Ultracentrifuge
Universal Hood

UV Lamp

Vacuum aspirator
Vacuum power heater

Vertical
System

Vortexer

Waterbath

Electrophoresis

Transferpette-12 (20-200 pl)

Calibra 852

GeneAmpR PCR, System

2700
InoLab pH Level 1

Molecular Imager PharosFX

Imaging Screen-K
Screen Eraser-K
easy jet

pipetman

Model 200 / 2.0
Power Pac

Typ 19, SW28, SW 41
SPO 51

CP153

Varioklav 500E
Thermomixer 5436
Comfort

Optima LE-8K
Gel Doc 2000
UVT 2035

Unijet 1I

Univapo 100H

P9DS Emperor Penguin?™

VEF2
Vortex Genie 2
U3

Brand (Wertheim)

Socorex (Ecublens, Switzerland)
Applied Biosystems (Foster City,
USA)

WTW GmbH (Weilheim)
Bio-Rad (Munich)

Bio-Rad (Munich)

Bio-Rad (Munich)

Eppendorf (Hamburg)

Gilson (Middleton, USA)
Bio-Rad (Munich)

Biometra (Goettingen)
Beckmann (Munich)

Scaltec Instruments

Sartorius (Goettingen)

H+P (Oberschleiftheim,)
Eppendort (Hamburg)
Eppendort (Hamburg)
Beckmann (Munich)

Bio-Rad (Munich)

Hero Lab (Wiesloch)

Uniequip (Martinsried)
Uniequip (Martinsried)

Owl Scientific (Portsmouth, USA)

IKA Werke (Staufen)
Sci. Industries (Bohemia, USA)
Julabo (Seelbach)
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2.16 Mouse strains

All mice were derived from in-house breeding under specific pathagen-free conditions at the GSF
animal facility in Neuherberg, Germany, following institutional guidelines.

C57BL/6 H2-K® Charles River (Sulzfeld)

2.17 Software

FacsDIVA Becton Dickinson (Heidelberg)

FlowJo 6.4.1 Tree Star (Ashland, USA)

GraphPadPrism 4 GraphPad Software (San Diego, USA)

Gimp 2.2.13 P. Mattis (Berkeley, USA)

LaTex D.E. Kuuth (Stanfort, USA), L. Lamport (Massachusetts, USA)
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3.1 Cell culture techniques

3.1.1 Cultivation of eucaryotic tissue cells

All cell culture experiments were conducted under sterile conditions. Adherent cells were
grown in T185 cell culture flasks (185cm) (Nunc) at 37°C and a humidified (about 95%
humidity) atmosphere with 5% COg in a cell culture incubator. To keep cells in culture
they were split 1:5 to 1:20 when a semiconfluent monolayer of 80-90% density has emerged.
The growth medium was removed and after three times of washing with 10 ml cold PBS
to remove the cell dedritus and FCS ingredients, cells were detached from the bottom of
the flask by overlaying with 3 ml Trypsin-EDTA for 2-5 minutes and careful banging of
the flasks. Subsequently, cells were resuspended in 7 ml of the adequate medium and the
desired amount of cell suspension was subcultivated in a new cell culture flask with the
appropriate amount (25-30 ml) of medium.

For further use, e.g. titration, transfection or analysis of gene expression, cells were plated
out either on 6-, 12- or 96-well plates (Corning Inc.) in ratios from 1:5 to 1:20 (10-12 ml
medium per plate) one or two days prior to use.

3.1.2 Cryo-conservation of eucaryotic cells

Cultured eucaryotic tissue cells were conserved and stored in liquid nitrogen (-196 °C)
until they were needed for further experiments. While in their exponential growth phase,
cells were harvested from T185 flasks by trypsination (3.1.1) and centrifuged for 5 minutes
with 1400 rpm at 4°C. Pellets were gently resuspended in cold freezing-medium and finally
transferred to sterile cryo-tubes (Nunc) as 1 ml alliquots. Before they were subjected to
liquid nitrogen for long-time storage, cells were kept at -80°C for one night.

3.1.3 Restoring of cryo-conserved eucaryotic cells

To take cryo-conserved cells into culture again they were thawed in a 37°C water bath
until they could easily be transferred into a 50 ml Falcon tube containing pre-cooled 40
ml cell-specific medium. To free the cell suspension from DMSO (of the freezing-medium),
cells were washed once by centrifugation with 1400 rpm for 5 minutes at RT (Megafuge
1.0R, Heraeus).

The cell pellet was resuspended in 10 ml of pre-warmed cell-specific culture medium and
sowed in a T85 cell culture flask for further growth at 37°C and 5% COs atmosphere. After
two days, cultivation could be carried on in T185 flasks.
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3.1.4 Determining the number of cells in a cell suspension

To determine the number of cells in a cell suspension, a Neubauer-hematocytometer was
used. The Neubauer-chamber (Fig. 3.1 B) has nine big quadrats each having a size of
2. With the height being 0.1 mm the defined volume of a big quadrat is 0.1 mm?
(equivalent to 0.1 pl).

1 mm

A soul cell suspension + 450l M2 medi Cells of a cell suspension were cen-
Yaun Vaun Vel 1 trifuoged with 1400 rpm for 4 minutes

‘ ‘ ‘ at 4°C and the pellet was resuspended

SO Tophanbise 10l acefate in 13 ml cell culture medium. Subse-

quently, 20 ul of the cell suspension were
added to 80 ul of the azo-dye Trypan
blue, resulting in a 1:5 dilution. Trypan
B o0 o o blue owns the ability of staining only
N I ! dead cells by penetrating their defective
L1 1 membranes.
b \
L

Dilution 1:10 1:20 1:40

Living, unstained cells were counted
)| Jy ) S LNy using a light microscope (Biostar B3,

St o Optech) with 100-400 x magnifying lens-
Figure 3.1: (A) Schema of one way to receive the to three bi drant h B
needed dilution for determining the number of cells es. Up to three big quadrants, each con

in a hematocytometer. (B) Schema of the Neubauer- sisting of 16 small square boxes, were
hematocytometer quandrants with an optional way to counted and the mean was calculated.
count cells. To receive the number of cells per ml

included in the cell suspension the calculated mean needed to be multiplied with the di-
lution factor, i.e. 0.2, and the chamber factor 10* to compensate for the 0.1 ul volume
capacity of the chamber. To avoid counting cells several times they were counted following
the schema of Fig. 3.1 B.

A

3.2 Techniques for molecular biology

3.2.1 Extraction of DNA from tissue culture cells infected with MVA

To assess specific parts of the viral genome cells were infected with rMVA (MOI=10) and
harvested with a cell scraper 24 hours post infection. 1 ml of the cell suspension was
centrifuged with 14.000 rpm for 5 minutes and the pellet was resuspended in 500 pl TE
(1x) buffer. After freeze-thawing three times without additional sonification, the cell lysate
was mixed with 50 ul TEN (10x), 22 ul proteinase K and 50 pl SDS(20%) and incubated
at 56°C for 4 hours.

3.2.2 Purification of DNA by phenol-chloroform extraction and ethanol
precipitation

Extracted DNA from cells infected with MVA needed to be purified of proteins, enzymes
and other contaminating impurities. For that purpose, the DNA solution was mixed with
an equal volume of phenol-chloroform by vortexing and centrifugation with 13.000 rpm for
5 minutes at RT. The resulted upper aqueous phase, containing the DNA, was removed
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carefully and added into a fresh Eppendorf-tube. The latter steps were repeated up to
three times to achieve a higher purification of DNA-solution. For precipitation and fur-
ther concentration of DNA, 1/10 volume of sodium acetate (3M NaAc) and 2 volumes of
ethanol abs. were added to the DNA-solution and incubated at -80°C for 30 minutes to aid
precipitation. Subsequently, DNA solution was centrifuged with 13.000 rpm for 15 min-
utes at 4°C and the pellet was resuspended in 500 pl ethanol (70%). After an additional
centrifugation step for 3 minutes at RT, the pellet was air-dried for 30 minutes and eluted
in 50 pl TE buffer (1x).

3.2.3 Analytical horizontal gel electrophoresis

The horizontal agarose gel electrophoresis was used to verify the size of different PCR
products. The agarose gel was prepared with a concentration of 0.8% to 1% agarose as
recommended for DNA fragments of 0.5- 10 kb pairs.

Diluted in TAE buffer (1x), the agarose was heated-up until boiling for 1 minute and cooled
down to 50°C. The fluorescent DNA-intercalating dye ethidium bromide (5 pg/100ml gel)
was added for the following visualization of DNA.

A volume of 20 ul containing the aforementioned DNA solution and 20% DNA gel loading
buffer were applied to the gel and electrophoresis was conducted with 85-90 V for up to
one and a half hours. 6 pul of a premixed 1 kb DNA ladder (Fermentas Gene Ruler 1kb
DNA Ladder) were used as mass standard.

The gel was removed from the chamber, analysed and photographed under UV-excitation
(312 nm).

3.2.4 Polymerase Chain Reaction (PCR)

The method of polymerase chain reaction (PCR) was used to specifically amplify DNA
fragments.

The method was invented by Kary Mullis in 1983 and carried the yield of the nobel prize in
chemistry in 1993 which he shared with Michael Smith. As he already stated - "Beginning
with a single molecule of the genetic material DNA, the PCR can generate 100 billion
similar molecules in an afternoon. The reaction is easy to execute. It requires no more
than a test tube, a few simple reagents, and a source of heat.” - the handling has even
become simplier today.

The PCR undergoes three main phases (Table 3.1). At high temperatures the double
stranded DNA is separated into two single strands by breaking apart the hydrogen bonds
(Denaturation). Lowering the temperature to approximately 5°C below the melting tem-
perature of the used primers (45-60°C), the primers can now anneal to specific sites of
DNA (Annealing). A DNA-polymerase, e.g. Taq polymerase from the bacteria Thermus
aquaticus, elongates the DNA strand to a double stranded DNA again (Elongation).

For amplification of target genes in large quantities, a PCR Master Kit (Roche, Mannheim)
was used following the manufacturer‘s instructions.
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Temperature Time Cycles
Initialization 94°C 2 min. 1x
Denaturation 94°C 30s
Hybridization 55°C 40 s 30x
Elongation 72°C 3 min
Final Elongation 72°C 7 min 1x
Hold 4°C o0

Table 3.1: Table of PCR. cycles.

3.2.5 Photometric analysis of nucleic acid concentrations

To determine the concentration of nucleic acids in a solution, the optical density (OD) was
measured in a photometer at wavelength 260 nm. A Hy0 filled tube served as reference.
The ODaggo of 1 thereby correlates with 50 ug/ml, respectively.

3.2.6 Transient transfection of eukaryotic cell lines

For transient transfection of eukaryotic cells with highly purified plasmid-DNA lipotrans-
fection was used. Forming a DNA-cationic lipid complex, the DNA can permeabilize the
cell membrane. Lipofectamin2000® or FuGENE 6® reagents were used following the
manufacturer’s instructions.

Before transfection, cells were infected with MVA-wt for one hour (MOI=10-20). The
virus was added in 1 ml medium (10% FCS) per well and cells were incubated at 37°C
and 5% CO9 atmosphere. After incubation, the cells were washed once with RPMI Only
medium purging them from FCS. The transfection solution was slowly trickled onto the
cells before 1 ml RPMI Only medium was added. When indicated, cells were treated with
1- 5pl lactacystine and MG132.

After five hours of incubation at 37°C and 5% CQOy atmosphere, one half of the medium
was replaced by 0.5 ml RPMI containing 10% FCS. Finally, cells were incubated another
nineteen hours before harvesting and further use.

3.3 Protein analysis

3.3.1 Immunoblotting (Western blot)

With the technique of immunoblotting the presence of a given protein in a cell lysate can be
confirmed and additional data about its molecular mass and abundance can be obtained.
The Western blot analysis consisted of three parts. Firstly, proteins solubilized in cell
lysates were separated by their molecular mass using a SDS polyacrylamide gel. These
seperated proteins were transferred to a nitrocellulose membrane where the protein could
be detected using a specifically binding antibody and a labeled anti-immunoglobulin anti-
body.

Approximately 10° cells (e.g. BHK) were infected and harvested with a cell-scraper at
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indicated time points. After centrifugation with 2000 rpm at 4°C for 5 minutes, the super-
natant was removed and the pellet was resuspended in 80 ul Tyr-Lysis buffer. The lysate
was freeze-thawed twice and another centrifugation step followed before the supernatant
was transferred into a new Eppendorf tube for further use.

3.3.1.1 Analysis of proteins by denaturating SDS polyacrylamide gel electrophoresis

To separate proteins the lysates obtained as described in 8.3.1 were run on polyacrylamide
gels. Polyacrylamide is a polymer that is made by crosslinking of acrylamide and N,N’-
Methylenebisacrylamide through the detergents TEMED (N,N,N’ N’-Tetramethylethylene-
diamine) and ammonium persulfate. Within this net small proteins are able to migrate fast
whereas larger proteins migrate slower. Hence, sharp protein bands positioned depending
on their molecular weight are obtained.

The amount of acrylamide in the gel depends on the proteins to be separated. A 10%
acrylamide gel is provided for a molecular range from 16000 to 70000 bp and a 15%
acrylamide gel for proteins from 12000 to 45000 bp.

The so called discontinuing SDS-PAGE is composed of a stacking gel (5%, pH 6.8) and a
resolving gel (12%, pH 8.8). The stacking gel, in which the proteins are able to migrate
much faster, shall focus the lysate to a sharp band. The resolving gel finally seperates
them precisely.

During gel electrophoresis, binding of the strong ionic detergent sodium dodecyl sulfate
(SDS) to the proteins causes their unfolding due to a abolition of hydrophobic interactions
and leads to a negative charge of all proteins. Depending on the size of the SDS-polypeptide
complex, the electrophoretic field can now drive protein migration through the gel to the
anode.

The resolving gel was made as described in Table 3.2 and was added to the gel chamber
before it was immediately poured over with HoO MilliQQ and left for 1 hour at RT to
polymerase. The water was poured away, the comb was placed at the top of the chamber
and the stacking gel was added carefully avoiding foam formation. After 20 minutes the
gel was placed in the SDS-PAGE gadget and poured over with SDS-running buffer. Before
samples were applied into stacking gel pockets 5 x SDS-loading buffer was added and
samples were heated up to 95°C for 5 minutes. The gel ran at 45-50 V over night until the
bromophenol blue front reached the lower edge of the resolving gel.

Resolving Gel 12% 50 ml H Stacking Gel 5% 20 ml
H,O MilliQ 16.5 ml H>0 MilliQ 13.1 ml
Bis/acrylamide (30%) 20 ml Bis/acrylamide (30%) 3.4 ml
Tris pH 8.8 (1.5 M) 12.5 ml Tris pH 6.8 (1 M) 2.5 ml
SDS 10% 0.5 ml SDS 10% 0.2 ml
APS 10% 0.5 ml APS 10% 0.2 ml
TEMED 0.02 ml TEMED 0.02 ml
Ponceau S solution 0.5 ml

Table 3.2: Composition of gels used for SDS-PAGE.
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3.3.1.2 Electroblotting of proteins by semi-dry technique

After proteins were separated by SDS-PAGE (3.3.1.1) they were transferred from the
polyacrylamide gel to a nitrocellulose membrane via semi-dry blotting. The negatively
charged proteins migrate from the gel to the membrane in direction of the anode where
they bind via hydrophobic and electrostatic interactions.

The nitrocellulose membrane as well as eight pages of Whatman paper were cut to the
size of the resolving gel and soaked with transfer buffer. The gel and the membrane were
placed in the middle of the electro blotter each surrounded by 4 Whatman papers and
the membrane being on the side of the anode (Fig. 3.2). The transfer took place at 0.5
mA /cm? for 20 minutes and was confirmed by overlaying the membrane with Ponceau S
solution for 10 minutes and washing with PBS.

| cCathode (-)

Whatman paper soaked in transfer buffer
[ ] SDS-PA gel
e Nitrocellulose membrane

Whatman paper soaked in transfer buffer
| Anode (+)

Figure 3.2: Schema for semi-dry blotting of proteins from the resolving gel to a nitrocellulose membrane.

3.3.1.3 Immunochemical detection of immobilized proteins

After protein transfer (3.3.1.2) the nitrocellulose membrane was blocked to prevent non-
specific binding of antibodies at protein binding sites on the membrane. The membrane
was incubated in TBS-T including 1% BSA for at least 1 hour at RT or over night at 4°C.
In order to detect the protein of interest blotted on the membrane, incubation with the pri-
mary antibody diluted in the appropriate amount of Western blot blocking buffer followed.
The rabbit polyclonal antibody against chicken ovalbumin (1:10.000) was incubated with
the membrane for 1 hour at RT.

After washing the membrane three times with high volumes (about 200 ml) of TBS-T for
10 minutes on a rocker, the nitrocellulose membrane was incubated with the secondary
antibody directed against the Fc-part of the primary antibody and conjugated with the
detectable horseradish peroxidase (PO). The secondary antibody goat-PO anti rabbit was
diluted as recommended (1:15.000) in Western blot blocking buffer and incubated with the
membrane for 1 hour at RT. Excess antibodies were removed by three times of washing
with 200 ml TBS-T.

For detection of antigen-antibody complexes on the membrane the Lumi-Light® Kit of
Roche was used. About 50 ul/cm? of solutions 1 and 2 (1:1) were incubated with the mem-
brane up to 10 minutes. The chemoluminescence reaction was detected using Hyperfilm”*
ECL X-ray films where the emission of photons (wavelength 425 nm) was visualized. The
time of film exposure to the membrane varied from 1 second to 20 minutes.

Proteins were analysed for their correct sizes using a prestained protein marker as reference.
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3.3.2 Radioimmunoprecipitation assay (RIPA)

Pulse-chase assays were performed to assess the stability of specific proteins synthesized
in the cell. For that purpose, cells were infected with MVA and subsequently starved to
decrease amino acid supply. The following incubation with the radiolabeled amino acid
methionine, referred to as pulse period, yielded its integration into newly synthesized pro-
teins. After immunoprecipitation, radioactivity was monitored and visualized by phosphor
imager. Degradation of the antigenic protein could be detected as reduced radioactivity
at later time-points.

3.3.2.1 Pulse-chase [**S] labeling

About 1x10°% cells (e.g. HeLa or LCL cells) grown in six-well plates were infected with
rMVA or MVA-wt (MOI=20) and incubated for 5 hours at 37°C and 5% COg-atmosphere.
Proteasome inhibitors lactacystine and MG132 (1-5 ul) could be added if indicated. After
one step of washing with 1 ml methionine- and cysteine-free DMEM, cells were incubated
with the starving medium for 25 minutes at 37°C. Again, cells were washed as described
above. For 5 minutes, cells were labeled with 50 uCi (3.5 ug) [**S]-methionine until solu-
tion was removed and cells were overlaid with 1 ml complete RPMI Only medium to stop
the radiolabeling process.

Subsequently, cells were lysed with 200 ul Tyr-lysis buffer, scraped off and stored on dry
ice until all time points were harvested. The lysates were freeze-thawed two times and
centrifuged with 13.000 rpm for 3 minutes at 4°C. 150 ul of the supernatant were taken
and mixed with 800 ul of freshly prepared RIPA-buffer containing protease inhibitors and
0.2 pg a-ovalbumin antibody when proceeded with immunoprecipitation (3.3.3).

Samples were separated by SDS-PAGE as described in 8.8.1.1. The rainbow [*4C| methy-
lated protein molecular weight marker was used as a standard to identify the protein of
interest. For fixation of protein bands, the gel was laid in a methanol (50%)-acetic acid
(10%) solution for 20 minutes, cleared in Milli Q and laid between two cling films for drying
in a vacuum dryer two hours at 80°C. Protein bands were finally analyzed by Phosphor
Imager (Bio Rad, Munich) after 4 to 5 days of exposure to the screen (Bio Rad, Munich).

3.3.3 Immunoprecipitation

Soluble proteins can be isolated from solution by binding through specific antibodies form-
ing antigen-antibody complexes. These immunocomplexes can be extracted via binding to
a solid support, e. g. the bacterial proteins protein A or protein G coupled to Agarose or
Sepharose, and centrifugation.

For immunoprecipitation assays cell lysates were prepared as follows. About 1-3x10° cells
were infected (MOI=10-20) with virus and after harvesting cells with a cell-scraper, the
cell solution was centrifuged with 1500 rpm for 5 minutes and resuspended in 100 pl
Lysis-buffer. Subsequently, cells were freeze-thawed twice and sonicated if not radiola-
beled before.

Cells were centrifuged again with 13.000 rpm at 4°C for 10 minutes and the lysate was
transferred to a new Eppendorf-tube. 900 pl of freshly prepared RIPA-buffer containing
protease inhibitors and 0.2 ug of specific polyclonal antibody a ovalbumin was added and
the solution was incubated for one hour at 4°C on a rocker.
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Cautiously shaked protein G-Agarose (20 pl) was finally added to the samples before they
were incubated at 4°C on a rocker over night. After three standardized steps of washing
with RIPA-buffer, proteins could be separated and analyzed by SDS-PAGE (3.3.1.1).

3.4 Immunohistochemical techniques

3.4.1 Immunoperoxidase staining

To detect ovalbumin in tissue culture, an immunohistochemical technique was used. Either
BHK cells or CVI cells grown in six-well tissue culture plates were infected with MVA-wt
and transfected with plasmids expressing modified ovalbumin. AraC (Cytosinarabinoside),
which inhibits expression of late viral proteins, was optionally added 1:1000 for 30 minutes
before infection.

After 24 hours of incubation at 37°C and 5% COs atmosphere, the medium was removed
and cells were fixed and permeabilized by overlaying with 1 ml fixing solution per well for
10 minutes at -20°C. This step helped to preserve ovalbumin in its native form allowing
the first antibody to recognize its surface structure.

Fixing solution was removed and cells were washed twice with PBS. 2 ml blocking buffer
were added to inhibit non-specific binding of the antibody before cells were incubated for
60 minutes at RT rocking slowly.

The blocking buffer was removed and cells were washed again before the first antibody
(rabbit polyclonal to hen egg white ovalbumin) « ovalbumin was added in 1 ml diluted
1:1000 for another 60 minutes. The first antibody was removed and cells were washed three
times thoroughly with 2 ml PBS per well for 5 minutes at RT rocking slowly to remove
unbound antibody. The second antibody (« rabbit-PO) diluted 1:1000 in 2 ml per well
was added and cells were incubated for 30-45 minutes at RT rocking slowly.

To proceed, a substrate solution was prepared by mixing 1 ml EtOH abs. with a flock of
dianisidine in a 1.5 ml microcentrifuge tube by vortexing for 10 minutes. After centrifuga-
tion for 30 seconds with 1300 rpm at RT the supernatant was taken for further use.

200 pl of the saturated dianisidine solution were added to 9.8 ml PBS in a 15 ml conical
Falcon tube and mixed by vortexing before it was filtered sterilely. After cells had been
washed as described above 15 ul HoO9 were added to the final substrate solution by gently
mixing before immediate use of 1 ml per well for peroxidase staining.

After 30 minutes of incubation a brown staining of cells could be detected under light mi-
croscope. When intensification of colouring came to an end substrate solution was replaced
by 1 ml PBS.

3.5 Virological methods

3.5.1 Generation of recombinant MVA

For generation of recombinant MVA| the gene of interest needed to be subcloned into an
MVA-transfer plasmid. From this plasmid, pIIIAHR-P7 5, the gene was transferred into
major deletion site III of MVA via homologous recombination (Fig. 3.3). After viral
infection, genes of poxviruses are transcribed in the cytoplasm by the viral transcription
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machinery. Expression of recombinant genes was therefore placed under control of the
vaccinia virus promotor P7.5 which allows for early as well as for late gene expression.

MVA genome (Hindllirestriction map)

A HOmOlOgOUS_ C NK F E OMI GLJH D A B
Recombination L . T T . X
on CEF cells 10 kb
—
Del 1l [
MVAlinew Del Il flank-1 Del Il flank-2

-
ubGT76lovaR1 F73

B Host Range MVA-P, -ubG76/ovaR1 with K1L
Selection LacZ LacZ
on RK 13 cells — - ———
KiL PRIL ubG76/ovaR1 P75

(o4 Marker Gene
Deletion
on CEF cells ubG76/ovaR1 P7.5

Figure 3.3: Flow chart for the generation of recombinant MVA-Pr 5-ubG76/ovaR1. (A) CEF cells were
infected with MVA-wildtype and transfected with the vector plasmid carrying the gene
ubG76/ovaR1, encoding for the ubiquitinated ovalbumin protein. The insertion cassette
with ubG76/ovaR1 (under the vaccinia viral promoter P 5), the homologous LacZ sequences
and the vaccinia virus host range gene K1L, was subcloned into the MVA genome due to
analogous deletion site III-flanking sequences by homologous recombination. (B) By tran-
sient introduction of the K1L gene into the viral genome, the recombinant MVA, but not
MVA-wildtype virus, acquired the ability to grow on RK13 cells. (C) Under non-selective
growth conditions on CEF cells, K1L could be deleted from recombinant viral genomes by
homologous recombination.
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3.5.1.1 Stable transfection for the generation of recombinant MVA

CEF cells grown in six-well plates were infected with MVA-wt (MOI=0.05-0.1) and incu-
bated for one hour at 37°C. The medium was removed and monolayers were washed once
with 2 ml RPMI Only medium.

For transfection, Lipofectamin 20007 or FUGENE® reagents were used following the
manufacturer’s instructions. The transfection-solution was submitted directly onto the
cell monolayer in drops before 1 ml of cell-specific medium was added. After five hours
of incubation at 37°C, the medium was replaced by 2 ml of RPMI (10%) medium and
cells were incubated for another fortythree hours. Cells were harvested with a cell scraper,
resuspended and freeze-thawed three times at -80°C and a 37°C waterbath. Three times
of sonification at maximum strength in icecold water followed before RK-13 cells grown in
six-well plates were infected with a tenfold serial dilution (10~! to 10~%) of the harvested
material. After two to five days viral foci were harvested (’picked’) with a 10 pl pipette
by aspiration and transferred to Eppendorf-tubes containing 500 pl RPMI 10% medium.
The harvested viral plaques were prepared by freeze-thawing and sonification for further
infection of RK-13 cells.

3.5.1.2 Isolation of recombinant MVA on RK-13 cells

Isolation and extraction of defined recombinant MVA requires the sorting of wildtype virus
still present in cell lysates. For that reason, it was taken advantage of the disability of MVA
to grow on RK-13 cells.

MVA has a characteristic host range. Lacking the gene for K1L, which is known to be
a vaccinia virus host range gene, MVA does not have the ability to grow on RK-13 cells.
Therefore, the gene was used as a selective growth marker. By transient introduction of
the K1L gene into the viral genome via the vector plasmid, the virus acquires the ability
to grow on RK-13 cells. Under these selective growth conditions only recombinant virus
with the inserted k1L gene was able to grow and could efficiently be isolated on RK-13
cells (Fig. 3.3 B). After three to six passages on RK-13 cells the absence of wildtype virus
was confirmed by PCR analysis.

3.5.1.3 Generation of K1L-free recombinant MVA

To delete the host range marker gene K1L from recombinant viral genomes further passages
on CEF cells were carried out. To grow on CEF cells, K1L is not required and is therefore
eliminated under non-selective growth conditions. As K1L is flanked by two repetitive 216
bp sequences, the LacZ genes, the K1L expression cassette can easily be removed from the
viral genome by homologous recombination [138].

CEF cells grown in 12-well plates were infected using tenfold serial dilutions (107! to 107%).
Cells were harvested using a cell-scraper when viral foci could be detected.

3.5.2 Virus amplification

To amplify recombinant MVA on a large scale, CEF cell monolayers of 30-40 T225 tissue
culture flasks were infected by overlaying with 5 ml virus suspension approximately cor-
responding to an MOI of 0.1 to 1 IU/cell. During virus adsorption for 1 hour at 37°C
flasks were repeatedly shaked carefully to avoid drying of cells. About 30 ml virus growth
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medium were added per flask which were further incubated for 2 days or until a cytopathic
effect could be detected.

Cells were harvested by freeze-thawing once at -20°C. During the process of thawing, flasks
were rocked boldly to support cell-dissolution from the flask‘s bottom with scraping ice
slices. Harvested cell suspensions were transferred into 250 ml ultracentrifuge tubes and
centrifuged with 17.000 rpm for 1.5 hours. The medium was discarded and pellets were
resuspended and combined in 10 mM Tris pH 9.0 using approximately 1 ml per 1225
culture flask. After freeze-thawing three times on dry ice and three times of thorough
sonification on ice, virus material could be stored at -80°C as crude stock or admitted to
further purification (3.5.3).

3.5.3 Virus stock purification

For semipurification of crude stock preparations from cell debris and proteins, the virus
stock was admitted to ultracentrifugation through a sucrose cushion.

The crude stock obtained as described in 3.5.2 was freeze-thawed three times and sonifi-
cated three times for one minute on ice. The dounce homogenizer, 80 ml 10mM Tris pH
9.0 and two 50 ml Falcon tubes were put on ice.

The crude stock was transferred to the cell douncer and the pistill was moved up and down
30 times. The suspension was allowed to cool down in between sets of strokes so that no
heat could develop. The harvest was returned into the Falcon-tube and centrifuged with
4000 rpm for 5 minutes at 4°C before the supernatant was saved in a fresh 50 ml tube. The
pellet was resuspended in 25 ml 10 mM Tris pH 9.0 and the suspension was admitted to
the douncing procedure again. This process was repeated twice with the third supernatant
being divided to Falcon one and two.

Ultracentrifuge tubes (SW 28) were prepared by filling half a volume with 36% sterile su-
crose cushions (25 ml) and overlaying with equal volumes of virus suspension. The tubes
were put into centrifuge buckets and tared to identical weight on a scale with 10 mM Tris
pH 9.0. The ultracentrifugation was performed for 1.5 hours with 13.500 rpm and 4°C.
The supernatants were discarded and pelleted virus material was resuspended in 1 mM
Tris pH 9.0. Approximately 1 ml Tris was used for ten T225 cell culture flasks of crude
stock preparations.

3.5.4 Determining titers of virus stock preparation

To determine the titers of virus stock preparations subconfluent monolayers of CEF-cells
grown in 96-well tissue culture plates were infected with different dilutions of recombinant
MVA.

CEF cells were harvested from a T185 flask by trypsination and three times of washing
with 10 ml PBS. When adherent cells came off, 7 ml RPMI (2%) medium were added.
After resuspending, 1 ml was added to a final volume of 10 ml RPMI 2%. Out of this cell
solution 100 ul were plated out on a flat bottomed 96-well plate for further use.

After freeze-thawing as described above, the MVA-virus stock preparation was primarily
homogenized by sonification for 30 seconds in a cup sonicator at maximum strength and
thorough vortexing. Subsequently, a 10-fold serial dilution ranging from 10~! to 10! was
prepared in RPMI-medium including 2% FCS. For infection, dilutions from 1076 to 10~1!
were taken. Using a total of 1,6 ml of each dilution 100 ul per well were added in replicates
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of sixteen to the cell monolayers. One line was left uninfected to serve as negative control.
After incubation at 37°C for three days to one week, plates were monitored under a mi-
croscope and all wells in which viral foci could be detected were counted.

For calculation of virus titers, the following formular was used:

Titer = 10a + 0,5 + (za + 2/16) + (za + 2/16) + (za + 3/16)210

3.5.5 Infection of tissue culture cells with MVA

Confluent monolayers of tissue cells cultured in 6-, 12-, 96- well plates were infected one
day prior to further use or analysis of cells. Only 96-well plates were used immediately.
The MOI (Multiplicity Of Infection) determined how many viral particles were submitted
to infect one cell and thus was stated as infectious units (IU) per cell.

To calculate the amount of virus needed for infection, the virus titer was determined as
described in 8.5.4. The cell number as well as the desired MOI were needed. The MOI
was calculated as follows:

MOI (IU/ml) x cell number (e.g. 1x10° in one 6 well)= X
X+ virus titer(IU/ml) = ml of virus suspension needed

The virus suspension was thawed and homogenized by sonificating for 1 minute on ice in
a cup sonicator (Sonopuls HD200) and additional vortexing to dissolve clusters of viral
particles emerging at -80°C freezing. The growth medium of cells was discarded and the
virus suspension diluted in the appropriate amount of medium was added. When indicated,
1-5 pl lactacystine and MG132 were added. Infected cells were incubated at 37°C and 5%
COas- atmosphere until further use.

3.6 Immunological techniques

3.6.1 Immunization of mice

About 8 to 12 week old female C57BL/6 mice were used for immunization following different
settings. Mice were either received from Charles River Laboratories or obtained from
the institute‘s own breeding kept under pathogen-free conditions in the Institute’s animal
facilities. Dose requirements and inoculation routes are displayed in the following table:

MVA-II,,c.0 1x108 5001 PBS intraperitoneally (i.p.)
MVA-ova 1x108 500u1 PBS intraperitoneally (i.p.)
MVA-ubiOVA 1x108 50041 PBS intraperitoneally (i.p.)
MVA-TO 1x108 5001 PBS intraperitoneally (i.p.)
MVA-TOT 1x108 5001 PBS intraperitoneally (i.p.)
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3.6.2 lIsolation of murine splenocytes

The preparation of lymphocyte cultures was performed under semi-sterile conditions using
sterile materials and solutions.

Mice were dispatched by cervical dislocation and subsequently disinfected and cleaned with
ethanol (80%). The coat of the left abdominal region was removed with a 3 cm cut of a
sterile scissor. The now visible peritoneum was opened with a 1-2 cm incision uncovering
the spleen. The spleen was excised with tweezers, cleared of adhesive adipose tissue and
immediatly transferred into 5 ml cold M2 medium (10% FCS).

To obtain single cells, the spleen together with the medium was transferred into a petri
dish (@ 6 cm), squashed and triturated on a metalgrid with the punch of a 10 ml syringe
until the spleen was completely dissolved in medium. The cell solution was returned to
the Falcon-tube through a cell strainer and the metalgrid was washed once with 10 ml
medium. Again, the remaining spleen tissue was triturated carefully and transferred to
the Falcon-tube through the cell strainer.

The cell solution was centrifuged with 1500 rpm for 5 minutes at 4°C. Splenocytes were
resuspended in 4 ml TAC erythrocyte lysis buffer and immediately incubated in a 37°C
waterbath for exactly 2 minutes under continuous shaking. To stop lysis of erythrocytes, 40
ml cold M2 medium were added. Cells were put through a cell strainer again, centrifuged
with 1500 rpm for 5 minutes and finally resuspended in 3 ml M2 medium.

Cells were counted using a Neubauer-hematocytometer as described in 3.1.4. Approx-
imately 60 to 140 million lymphocytes could be isolated from one spleen of a female
C57BL/6 mouse.

3.6.3 Intracellular cytokine stain (ICS)

By means of the intracellular cytokine secretion assay, immunized mice were analyzed
for their T-cell activation upon vaccination with recombinant MVA. Lymphocytes were
analyzed for their surface markers and interferon-y production by flow cytometry (FACS).
After isolation of spleen cells as described in 3.6.2, lymphocytes were stimulated in wvitro
with vaccinia viral and recombinant peptides in order to induce interferon-+v production
due to specificity of T-cell receptors. Since interferon is a secretory protein, cells were
additionally treated with brefeldin A to inhibit export of proteins from the endoplasmatic
reticulum to the golgi apparatus. Hence, IFN-v accumulates in the cell and can be detected
by intracellular staining. After lymphocyte preparation and cell count as described in 3.6.2,
cells were syntonised to 2 x 107 cells per ml and transferred to a 96-well flat-bottom plate
with one mouse representing one horizontal row.

3.6.3.1 Peptide stimulation

For peptide stimulation of lymphocytes about 4 x 10 freshly prepared spleen cells (3.6.2)
were transferred in a 96-well flat-bottom plate. One mouse representing one horizontal
row and the number of horizontal wells depending on the number of peptides. Additional
wells prepared for each responder were used as control samples, isotype control and single
stain controls. For each peptide a mastermix with 5 ul vortexed and sonicated peptide
and 5 pul of brefeldin A in 1 ml M2 medium was prepared and resuspended. 50 ul of the
mastermix were added to each well of one column stimulating T-cells of all mice. Cells
of one additional row for the isotype control and 5 wells for single-color staining were
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stimulated by addition of 1 ul aCD3e antibody. Two wells with cells stimulated with 4 pul
aCD3e antibody were included as positive control with matched isotype control. Cells were
incubated with the peptide for five hours at 37°C in a 5% COs-atmosphere and analyzed
for their expression of cell surface markers and cytokine production as described in the
following sections.

3.6.3.2 EMA-stain and Fc-blockage

Cells that were either harvested after infection, transfection or peptide stimulation were
transferred to a 96-well V-bottom plate, centrifuged for 2 minutes with 1400 rpm and
4°C and were reunited in two horizontal rows in the middle of the plate in 200 ul FACS
buffer by transferring the upper and the lower lines to the middle. All following incuba-
tions and pipetting steps were carried out on ice using pre-cooled solutions. After another
centrifugation step, cells were resuspended in 100 pul FACS buffer containing 5 pg/ml anti-
CD16/CD32 antibody and 1 ug/ml ethidium monoazide (EMA) and were incubated for 20
minutes on ice under bright lights. Afterwards, cells were washed three times by repeated
centrifugation and resuspended in 180 ul FACS buffer per well.

The anti-CD16/CD32 antibody was used to saturate cellular Fe-receptors preventing un-
specific binding of antibodies used later in this experiment. Ethidium monoazide (EMA)
was used for live/dead discrimination. It is a positively charged molecule which is inoc-
ulated by cells with damaged membranes in a light-dependent process (dead cells) and
can be photochemically and irreversibly crosslinked to nucleic acids. FACS-analysis then
allows for specific detection of EMA stained cells by excitation with a 488 nm laser.

3.6.3.3 Staining of surface markers

For staining of extracellular surface markers Fc-blocked and EMA-treated cells (3.6.3.2)
were resuspended in 50 pl FACS buffer containing PE-anti-CD8a [1:100], APC-anti-CD62L
[1:200] and PerCP-anti-CD4 [1:200] antibodies and were incubated for 30 minutes in the
dark. Cells prepared for single colour staining were resuspended in 50 pl FACS buffer
containing 1 ul aCD4-PerCP, aCD8a-PE, aCD8a-FITC or aCD62L-APC antibody. One
well was left unstained as negative control. After incubation, cells were washed 2.5 times
by centrifugation and resuspension in 180 ul FACS buffer.

Single colour stained samples only needed extracellular staining and could therefore already
be fixed by resuspension in 150 pl paraformaldehyde (PFA) solution (2%) and transferred
into FACS-vials already containing 150 ul FACS buffer. When fixed in PFA, cells could be
stored at 4°C in the dark for up to five days until FACS-analysis. If intracellular staining
was required, cells were further treated as described in 3.6.5.4 and 3.6.3.5.

Surface staining of SIINFEKL, which involved an unlabeled primary antibody (o SIINFEKL-
K®) diluted 1:5, was continued by incubation with a 1:250 dilution of a PE-labeled sec-
ondary goat anti-mouse antibody for 30 minutes in the dark, followed by washing as de-
scribed above.

3.6.3.4 Permeabilization of cell membranes

For permeabilization, cells were incubated with 100 ul of BD Cytofix/Cytoperm for 15
minutes in the dark. 100 pl of BD Perm/Wash were added and cells were centrifuged with
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1400 rpm for 2 minutes at 4°C. Cells were washed once by resuspending cell pellets in 150
ul BD Perm/Wash (1x) and subsequent centrifugation.

3.6.3.5 Intracellular cytokine staining

For intracellular staining of IFN-v, 50 ul BD Perm/Wash buffer containing the anti-IFN-~
FITC-labeled antibody were added to permeabilized cells. Incubation was carried out for
30 minutes on ice in the dark. To determine the unspecific background of staining, samples
preserved for isotype staining were incubated with a FITC-labeled IgG antibody (1:500)
of the same isotype as the anti-IFN-+ antibody, but directed against an irrelevant epitope.
After incubation with the antibodies cells were washed 2.5 times, fixed by resuspension
in 125 ul paraformaldehyde (PFA) solution (2%) and transferred into FACS-vials already
containing 125 ul FACS buffer. Cells could be stored at 4°C in the dark for up to five days
until FACS-analysis when fixed in PFA. Stained cells were analyzed using the BD FACS
Canto flow cytometer with FacsDIVA and FlowJo Software.

3.6.4 Fluorescence activated cell sorting (FACS)

Flow cytometry allows for analysis of single cells with a size between 0.5 pm and 40 pm
diameter on the basis of light scattering, light excitation, and emission of fluorochrome
molecules. By aspiration through a fine needle and hydrodynamic focusing, cells succes-
sively enter a detection channel where they pass through a set of laser beams. Analysis of
cell size, granularity and protein expression is based on the forward light scatter (FSC),
the sideward light scatter (SSC) and the emission of light by laser-activated fluorochromes,
respectively. The usage of several lasers and different fluorochromes with distinct emission
spectra allows for simultaneous analysis of a variety of different markers.

For analysis of cellular protein expression, primary antibodies conjugated with a fluo-
rochrome or detection by a labeled, specific secondary antibody can be used. Analysis
is possible for proteins expressed on the cell surface as well as for intracellular proteins
after permeabilization and fixation of the cell. The optical readout from analyzed cells is
converted into digital information in a detector system and can be visualized and analyzed
using specific software such as FacsDIVA (BD Biosciences) or FlowJo (TreeStar). Since
emission spectra of some fluorochromes show partial overlaps, each experiment contains
samples only stained with a single colour to define cells that are truly positive and to adjust
instrument settings in order to subtract signal overlaps for each detection channel.

The following table shows used fluorescent dyes, their excitation and emission spectra as
well as their excitation laser lines.

Fluorescein isothiocyanate (FITC) 494 488 519
Allo-phycocyanine (APC) 650 595, 633, 635, 647 660
Peridinin- chlorophyll protein (PerCP) 482 488, 532 678
R-phycoerythrin (PE) 496, 546 488, 532 578
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3.6.4.1 Gating strategies

To assess cell surface expression of SIINFEKL /H2-K® complexes after infection with MVA
and preparation of cells as described above, cells were gated using FacsDIVA and FLowJo
6.4.1 software as depicted in Fig. 3.4.
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Figure 3.4: Gating strategy employed for flow cytometric analysis of SIINFEKL surface ezpression. (A)
Gating of the main living cell population. (B) Discrimination between live and dead cells
based on EMA staining. (C) Determination of a 'positive’ gate which excluded all cells from
negative control samples. (D) Determination of the positive cell population.

The gating strategy for flow cytometric analysis of intracellular cytokines after peptide
stimulation of splenocytes (3.6.3) isolated from vaccinated C57BL/6 mice, is shown in Fig.
3.5.
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Figure 3.5: Gating strategy for flow cytometric analysis of intracellular cytokine levels produced in re-
sponse to peptide stimulation of splenocytes isolated from vaccinated C57BL/6 mice. (A)
major leucocyte population displayed in forward (FSC) and sideward (SSC) scatter. (B)
Discrimination between live and dead cells, excluding the cells positive for EMA. (C) Gat-
ing of CD8+ living leucocytes. (D) Identification of IFN-v positive or negative (X-axis),
activated (CD62L low) or non-activated (CD62L high) CD8+ T-cells.
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4 Results

4.1 Generation of MVA-ubiOVA, MVA-TOT and MVA-TO

Within this study two recombinant viruses (MVA-ubiOVA and MVA-TOT) were con-
structed and characterized in wvitro and in vivo. A third virus included in this study
(MVA-TO) was kindly provided by the laboratory of PD Dr. 1. Drexler.

A MVA-P_ -ova

. [
ovalbumin

B MVAP_ -ubG76/0vaR1 (MVA-UBIOVA)
Ay i
ubi ovalbumin

(e MVA-P_ -ubiTyr_SigOva (MVA-TO)

D

Figure 4.1: Recombinant viral vectors MVA used within this study. Two recombinant MVA expressing a
modified ovalbumin gene were constructed for this study (MVA-ubiOVA (B) and MVA-TOT
(D)). A third virus, MVA-TO (C), was provided by Drexler et al. .

MVA-ubiOVA (Fig. 4.1 B) encodes for an ovalbumin protein targeted for rapid protea-

somal degradation making use of the N-end rule. Within that construct, the first amino
acid of ovalbumin, methionine (M), is replaced by an arginine (R). After protein synthesis,
the N-terminally fused ubiquitin is supposed to be split off by ubiquitin-hydrolases between
the glycine 76 (G76) of ubiquitin and the arginine 1 (R1) of ovalbumin. The N-terminal
amino acid arginine of ovalbumin, representing the primary destabilizing residue of the
N-end rule, shall consecutively provide rapid degradation to the protein [10, 151].
The strategy to increase a protein’s turnover rate underlying the construction of MVA-TO
and MVA-TOT (Fig. 4.1 C and D) is based on findings that a stable N-terminal fusion
of ubiquitin to a protein by converting glycine 76 of ubiquitine into an alanine 76 [18] can
induce rapid proteasomal degradation within the UFD-pathway |70].

Within our laboratory, the instability of a melanoma-specific antigen, tyrosinase, could
markedly be increased by stable N-terminal fusion of ubiquitin (A76) to tyrosinase (M1)
[44]. The N-terminal region of this construct, including the nonremovable ubiquitin moiety
fused to the signal sequence of tyrosinase, was suggested to constitute a general degrada-
tion signal applicable to other proteins such as ovalbumin. Hence, a recombinant MVA was
constructed expressing a tyrosinase signal peptide-ovalbumin fusion protein stably linked
to ubiquitin at its N-terminal end (MVA-TO) (Fig. 4.1 C).

MVA-TOT (Fig. 4.1 D) was designed analogous to MVA-TO but additionally included the
transmembrane domain of tyrosinase at the C-terminal end of ovalbumin, hypothesizing
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that this domain might play a key role in protein degradation by intensified targeting to
cellular compartments or enhanced misfolding of the protein.

4.1.1 Generating MVA-ubiOVA

After a genetical and functional analysis of the transfer plasmid pIIIAHRP7 5-ubiOVA
(pIII-ubiOVA), MVA-ubiOVA was generated as summarized in section 8.5.1. To confirm
the correct insertion of the transgene into deletion site III of the MVA genome PCR-analysis
was conducted according to the following scheme (Fig. 4.2).

CEF ‘ infectionffransfection |

RK12 isolation of rMVA | —_— Del lil FCR

CEF | K1L delefion |—.‘- Del lll and K1L PCR
CEF ‘ amplification of wi-and K1L-free clones |

Figure 4.2: Flow chart for MVA generation. A first PCR of viral clones for deletion site ITI was performed
after RK-13 cell passages. A second PCR for Del I and the K1L host range gene was con-
ducted after further passages on CEF cells. Hence, a candidate clone for virus amplification
and purification could be determined.

After passages on RK-13 cells the integrity of deletion site III was determined by PCR-
analysis using primers NIH-GS83/IIIf-1B. As explicitly explained in Fig. 4.6, the expected
sizes of gene fragments were as follows:

3800 bp - for the correct insertion of ubiOVA in MVA (MVA-ubiOVA + k1L)
2500 bp - for the correct insertion of ubiOVA in MVA (MVA-ubiOVA - k1L)
750 bp - for the ’empty’ deletion site III of MVA-wt (MVA-wt

3800 bp - for the transfer plasmid pIII-ubiOVA (pIII-ubiOVA)

2250 bp - for the plasmid pIITAHR, (LV)

As Fig. 4.3 shows, deletion site I1I was detected as a 2500-3000 bp fragment in clones 1-4
and 7-21. A fragment corresponding to the size of MVA-wt (750bp) was detected in clones
5 and 6. Further passages were conducted on CEF cells using ubiOVA- positive rMVA
clones as depicted in Fig. 4.3. Under these non-selective growth-conditions repetitive
DNA sequences flanking K1L were responsible for removing the vaccinia virus host range
gene from the viral genome by homologous recombination (see Fig. 3.3) [138].

In order to confirm the correct size of deletion site III and the absence of K1L another
PCR with primers NIH-GS83/IIIf-1B and KI1Lint-1/K1Lint-2 was conducted (Fig. 4.4).
Only clone 1, 12, 14, 17 and 21 could not be evaluated as rMVA with the correct insertion
of ubiOVA and a size of 2500 bp. Furthermore, as depicted in Fig. 4.4 B, clones 5, 11, 14,
16, 17 and 19 were still tested positive for K1L. Consequently, a rMVA clone positive for
the transgene but lacking K1L, as clone number 2, was used for further virus amplification.
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Figure 4.3: PCR-analysis of viral DNA isolated from RK13 cells. The correct insertion of the transgene
ubiOVA into the MVA genome was confirmed using specific PCR~oligonucleotides for deletion
site ITIT ( NIH-GS83/I1I{-1B). MVA-wt, H20, pIIIAHR-LV (pIII-LV) and two plasmids pIII-
ubiOVA (#4 and#11) are shown as reference. A 1 kb DNA Ladder (Id) served as standard.
Expected fragments are marked with an arrow according to their respective size.
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Figure 4.4: PCR-analysis of rMVA isolated from CEF cells. (A) The correct insertion of the transgene
ubiOVA was confirmed with specific primers for deletion site III ( NIH-GS83/IIIf-1B). (B)
The deletion of the marker gene k1L was confirmed with specific primers K1Lint-1/K1Lint-
2. In both figures (A, B), primers, MVA-wt, pIIIAHRP7 5 (pIII-LV) and pIII-ubiOVA are
shown as reference. A 1 kb DNA Ladder (1d) served as standard. The arrow marks location
of K1L-specific fragments within the gel.
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4.1.1.1 PCR-analysis of final virus stock preparation of MVA-ubiOVA

To confirm the right insertion of the transgenes and the absence of wildtype virus in
purified virus stock preparations PCR-analysis was conducted. The integrity of deletion
site III was determined with primers NIH-GS83/I1If-1B (Fig. 4.5 A). The gene encoding
for ovalbumin could be detected with primers pubi/ova 3 and pubi/ova 6 (Fig. 4.5 B). To
confirm the right size of ubiOVA primers pubi/ova 1 and pubi/ova 6 were used (Fig. 4.5
C).
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Figure 4.5: PCR-analysis of purified rMVA. Viral DNA isolated from CEF cells was amplified using
primers for deletion IIT or the respective inserts. (A) The correct insertion of recombi-
nant genes into deletion site IIT was determined using primers NIH-GS83/IIIf-1B. (B) The
detection of the gene encoding for ovalbumin was performed with primers pubi/ova3 and
pubi/ova6. (C) The ubiOVA fusion gene was specifically amplified with primers pubi/oval
and pubi/ova6. A 1kb DNA Ladder (1d) served as standard. Expected fragments are marked
with an arrow according to their respective size.

The correct insertion of recombinant genes into deletion site III could be confirmed with
primers NTH-GS83 and ITIf-1B (Fig. 4.5 A). Furthermore, ovalbumin (850 bp) was detected
in the right size after infection with MVA-ova or MVA-ubiOVA and after transfection with
the plasmids plIll-ova and pIIT-ubiOVA (Fig. 4.5 B). The gene encoding for ubiOVA
(1450bp) (Fig. 4.5 C) was detected after infection of CEF cells with MVA-ubiOVA or
transfection with pIII-ubiOVA showing the correct insertion into the viral genome.
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Figure 4.6: (A) Primers (black, blue and red arrow) used for PCR-analysis and fragment sizes of MVA-
ubiOVA, (B) recombinant viral vectors and (C) plasmids with their PCR products.

4.1.2 Generating MVA-TOT

Analogous to section 4.1.1 MVA-TOT was generated and tested for the correct insertion of
the transgene ubi/Tyr Sig/Ova/Tyr TM (TOT) by PCR following the flow chart of Fig.
4.2. The first PCR for deletion site III was performed after four passages on RK-13 cells
and one passage on CEF cells. The expected size of gene fragments, explicitly described
in Fig. 4.10, were as listed below:

3850 bp - for the correct insertion of the transgene TOT in MVA (MVA-TOT + k1L)
2550 bp - for the correct insertion of the transgene TOT in MVA (MVA-TOT - k1L)
3750 bp - for the correct insertion of the transgene TO in MVA (MVA-TO + k1L)
2450 bp - for the correct insertion of the transgene TO in MVA (MVA-TO - k1L)

750 bp - for the ’empty’ deletion site III of MVA-wt (MVA-wt)

3850 bp - for the transfer plasmid pIII-TOT (pIII-TOT + k1L)

3750 bp - for the transfer plasmid pIII-TO (pIII-TO + k1L)

2250 bp - for the plasmid pIIIAHRP7 5 (pIII-LV)

Fig. 4.7 confirms the right insertion of the transgene TOT into the viral genome.

Some recombinant clones were taken for further passages on CEF cells. After five pas-
sages another PCR was conducted for deletion site III and K1L (Fig. 4.8). As demon-
strated in Fig. 4.8 A clones 1, 2, 9, 12, 13 and 16-20 could be evaluated as rMVA. Only
one rMVA clone was tested negative for K1L (Fig. 4.8 B clone 9). Hence, this clone was
used for further amplification and final purification of the virus.
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Figure 4.7: PCR-analysis of TMVA isolated from CEF cells. The correct insertion of the transgene
ubi/Tyr Sig/Ova/Tyr TM (TOT) into the viral genome was confirmed by using specific
primers for deletion site III (NIH-GS83/IIIf-1B). TE buffer, MVA-wt, pIIIAHRP7 5-TOT
and pIIIAHRP7 5 (LV) are shown as reference. A 1 kb DNA Ladder (1d) served as standard.
Expected fragments are marked with an arrow according to their respective size.
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Figure 4.8: PCR-analysis of rMVA isolated from CEF cells. (A) The correct insertion of the trans-
gene TOT was confirmed with specific primers for deletion site III (NIH-GS83/IIIf-1B). (B)
Deletion of the marker gene K1L was confirmed with primers K1Lint-1/K1Lint-2. In both
figures (A, B), TE buffer, MVA-wt, pIII-TOT, pIIIAHRP~ 5 (LV) are shown as reference. A
1 kb DNA Ladder (ld) served as standard. Expected fragments are marked with an arrow
according to their respective size.
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4.1.2.1 PCR-analysis of final virus stock preparation of MVA-TO and MVA-TOT

The correct insertion of the transgene in final virus stock preparations of MVA-TO, MVA-
TOT and MVA-ova was again confirmed by PCR-analysis (Fig. 4.9).

plil-ova
T

H20

MVA-wt

MVA-ova
MVA-TO
MVA-TOT

plil-

pHI-TO = K1L (3750bp)

3000bp plit-ova +K1L [3500bp)

2500bp MVA-TOT — K1L (2550bp)

MVA-ova -K1L (2200bp)

750bp MVA-wt (750bp)

Ovalbumin (B50bp)

2000bp
1500bp TO {1400bp)

Figure 4.9: PCR-analysis of purified rMVA. Viral DNA isolated from CEF cells was amplified using
different primers. (A) The integrity of deletion site III was determined using primers NIH-
GS83/IIIf-1B. (B) The detection of the gene encoding for ovalbumin protein could be per-
formed with primers pubi/ova3 and pubi/ova6. (C) The ubi/Tyr_Sig/Ova (TO) fusion gene
was specifically amplified with primers pubi/oval and pubi/ova6. A 1 kb DNA Ladder (1d)
served as standard. Expected fragments are marked with an arrow according to their respec-
tive size.

The correct insertion of the transgene TO'T' in deletion site I1I of the viral genome could
be confirmed detecting a fragment with a corresponding size of 2550 bp. Deletion site I11
in MVA-ova was correctly assessed as a band with approximately 2200bp. Unfortunately
no band was detected after infection with MVA-TO (Fig. 4.9 A). With primers pubi/ova 3
and pubi/ova 6 a fragment of ovalbumin was detected with the correct size of approximately
850bp after infection with all recombinant viruses or transfection with the respective plas-
mids. With primers pubi/ova 1 and pubi/ova 6 a fragment including ubi/Tyr Sig/Ova
was detected at a size of approximately 1400bp. It could not be evaluated why the band
detected with both primer pairs pubi/ova 1 and 6 and pubi/ova 3 and 6 after infection with
MVA-TO was slightly larger compared to the other bands (Fig. 4.9 B,C). To further as-
sess the exact composition of MVA-TO, sequencing of the viral genome would be necessary.
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Figure 4.10: (A) Primers used for PCR-analysis (Set 1 (black arrow): NIH-GS83, 11If-1B, Set 2 (blue
arrow): pubi/ova 1, pubi/ova 6, Set 8 (red arrow): pubi/ova 8, pubi/ova 6) and fragment
sizes of MVA-TO and MVA-TOT on the right, (B) schematic of recombinant viral vectors
and (C) plasmids with their PCR products on the right.
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4.2 Characterization of MVA-ubiOVA

4.2.1 Ovalbumin expression levels in cells transfected with ovalbumin expression
constructs

Some experiments presented within this work were performed using plasmids expressing
modified or native ovalbumin, as the final virus stock preparation of recombinant MVA
was still in progress.

4.2.1.1 Analysis of protein levels by Western blot

Protein levels were comparatively analyzed by Western blot analysis after transfection of
cells with plasmids pIll-ova and plII-ubiOVA (Fig 4.11). BHK cells were infected with
MVA-wt, transfected as described in section 3.2.6 and harvested 13 hours post infection.
pIIIAHRP7 5 (pIII-LV)-transfected cells, BHK cells and MVA-wt-infected cells are shown
as reference. Immunoblotting was performed as described in .5.1 and ovalbumin protein
was detected by the specific polyclonal antibody against ovalbumin. Some cells were treated
with lactacystine to inhibit proteasomal activity (+LC).

plllLV BHK cells MVA-w plil-ova plHI-UbIOVA
kDa |Id
+ - + - + - + - + - LC
62 [ ] |
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325 [

Figure 4.11: Western blot analysis of ovalbumin synthesis in BHK cells. ~ Whole protein levels
were assessed and compared after transfection with plasmids pIll-ova and pIII-ubiOVA.
pIITAHRP7 5-transfected cells (pIII-LV), BHK cells and MVA-wt-infected cells are shown as
reference. Some cells were treated with lactacystine to inhibit proteasomal activity (+LC).
A protein standard shows the molecular masses in kDa on the left (Id). Arrow 2 marks a
protein band corresponding to the size of ovalbumin (45 kDa). Arrow 1 marks a protein
slightly larger than ovalbumin, potentially representing a posttranslationally glycosylated
form.

As expected, no ovalbumin-specific bands could be detected in pIIIAHRP7 5 (LV)- trans-
fected, MVA-wt- or mock-infected cells. However, two bands could be ascertained after
transfection of cells with plll-ova and pIII-ubiOVA. One band was detected at a size of
45 kDa corresponding to the size of ovalbumin. The other protein-band appeared slightly
larger than ovalbumin potentially representing a posttranslationally glycosylated form of
the protein (see Fig. 4.11, arrow 1). In cells transfected with pIII-ubiOVA, the ubiquitin
moiety was cleaved by hydrolases and led to the appearance of a band corresponding to
the size of the ovalbumin.

In the absence of proteasome inhibition there was less protein detectable in cells transfected
with pIII-ubiOVA than in those transfected with pIll-ova. When proteasomal activity was
abrogated in cells transfected with pIII-ubiOVA, however, a higher level of protein could
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be detected. These findings led to the suggestion that ubiOVA is subject to a more rapid
degradation than ovalbumin and renders the proteasome responsible for ubiOVA process-
ing.

4.2.1.2 Results of immunoperoxidase staining

Intracellular ovalbumin synthesis was analyzed by immunoperoxidase staining in B16, BHK
and CV-I cells twentyfour hours after transfection with ovalbumin expression constructs
plll-ova and pIII-ubiOVA. The protein was detected by a specific ovalbumin-binding pri-
mary antibody (rabbit polyclonal to hen egg white Ovalbumin) and a PO-labeled secondary
antibody (a rabbit-PO).

The different cell lines showed varying numbers of ovalbumin positive cells presumably due
to differences in their infectability and transfectability and their sensitivity to lactacystine
treatment.
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Figure 4.12: Immunoperozidase staining of ovalbumin in B16 cells. Cells were infected with MVA-wt
and transfected with ovalbumin expression constructs (pIll-ova, pIII-ubiOVA). Transfection
with pIIITAHRP7 5 (pIII-LV) and infection of cells with MVA-wt are shown as negative
control, infection with MVA-ova as positive control, respectively. A slightly more intense
staining could be detected in cells transfected with pIll-ova indicating an increased protein
accumulation when compared to cells transfected with pIII-ubiOVA.

Staining intensities of ovalbumin in B16 cells transfected with the two ovalbumin expres-
sion constructs plll-ova and pIII-ubiOVA (Fig. 4.12) did not markedly differ, however,
could be estimated as slightly more intense in those cells transfected with pIll-ova, indicat-
ing an increased protein accumulation when compared to pIII-ubiOVA transfected cells.
Intensity of the brown precipitation signal in cells transfected with plll-ova was equally
distributed and homologous whereas pIIT-ubiOVA-transfected cells showed an accumula-
tion of protein in cellular compartments and a weaker but homologous staining intensity
in the cytosol.

As expected, pIIIAHRP7 5 (LV)-transfected cells and MVA-wt-infected cells showed no
brown precipitation. In MVA-ova infected B16 cells, however, an intense staining was as-
certained.

When immunoperoxidase staining was performed in BHK cells after transfection with
plll-ova and pIII-ubiOVA, the same staining intensity as in B16 cells could be detected
on the single cell level. The efficiency of transfection, however, was higher than in B16
cells since more cells showed brown precipitates. In order to investigate the role of the
proteasome in ovalbumin degradation BHK cells were treated with proteasome inhibitor
lactacystine and MG132 (+) (Fig. 4.13). The expected higher intensity of staining due to
an accumulation of ovalbumin protein, however, was missing. There was, instead, a weaker
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_PHl-ubiovA

lactacystine

Figure 4.13: Immunoperozidase staining of ovalbumin in BHK cells. Cells were infected with MVA-wt
and transfected with ovalbumin expression constructs pIll-ova and pIIT-ubiOVA. Transfec-
tion with pIITAHRP7 5 (pIII-LV), infection with MVA-wt and BHK cells (mock) are shown
as negative control. To inhibit proteasomal activity, lactacystine and MG132 were added to
cells in the lower panel (4). Contrary to expectations, there was a weaker staining intensity
detected in cells treated with proteasome inhibitors.

staining visible in each cell. Furthermore, less cells showed brown precipitation and more
cells had gone into apoptosis.

To test whether the interference of lactacystine and MG132 with late gene expression
might cause the less intense staining of cells which were treated with proteasome inhibitors,
immunoperoxidase staining of ovalbumin was performed in CV-I cells which were treated
with ara-C (cytosine arabinoside). Due to a block of late gene expression in all cells the
effect of proteasome inhibition shall only affect early proteins. CV-I cells were infected
with MVA-wt and transfected with ovalbumin expression constructs plll-ova and plll-
ubiOVA (Fig. 4.14). All cells were treated with ara-C for 30 minutes before infection. The
proteasome inhibitors lactacystine and MG132 were added to the cells (+) (Fig. 4.14 B).
And indeed, staining on the single cell level turned out to be slightly more intense in those
cells with proteasome inhibition indicating an accumulation of ovalbumin protein due to a
diminished degradation by the proteasome. The different colours of brown tinge in plll-ova
and pIII-ubiOVA transfected cells were assumedly caused by varying light exposure during
photographing.

4.2.2 Assessment of ovalbumin stability and peptide presentation after infection of
cells with MVA-ova or MVA-ubiOVA

4.2.2.1 Analysis of ovalbumin stability using radioimmunoprecipitation

The stability of ovalbumin protein expressed by MVA-ubiOVA in Hela cells was determined
by means of a radioimmunoprecipitation assay as described in section 3.3.2. The stability
of ubiOVA was compared to the stability of native ovalbumin expressed by MVA-ova to
point out the effect of ubiquitination. Cells were starved and subsequently pulsed with
radioactive 3°S for 10 minutes before they were chased in FCS only medium. Cells were
harvested at indicated time points and immunoprecipitated samples were analyzed for their
radioactivity by Phosphor Imager (Personal Molecular Imager FX, BioRad, Munich) after
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Figure 4.14: Immunoperozidase staining of ovalbumin in CV-I cells. (A) CV-I cells were infected with
MVA-wt and transfected with ovalbumin expression contructs pIll-ova and pIIT-ubiOVA.
Transfection with pIIIAHRP7 5 (pIII-LV) is shown as negative control. To block late gene
expression cells were treated with ara-C for 30 minutes before infection (1:1000). (B) lacta-
cystine and MG132 were added to inhibit proteasomal activity (+). Staining was slightly
more intense in cells treated with proteasome inhibitors.

SDS-PAGE.

As depicted in Fig. 4.15, two bands were detected in cells infected with MVA-ova (arrow
2 and 8). The lower band corresponded to a size of 45 kDa representing native ovalbumin
whereas the source of the upper band remains ambiguous. It might on one side be a
glycosylated form of the protein ovalbumin, which, however, is not detected after infection
with MVA-ubiOVA, and thus rather unlikely. On the other side it might be an unspecific
band which could also be seen in the radioimmunoprecipitation assay performed with
MVA-TO and MVA-TOT (see Fig. 4.25).

MVA-ova MVA-ubiOVA

45 KDa — e - i A e

Figure 4.15: Pulse-chase analysis and immunoprecipitation of ovalbumin. Hela cells infected with MVA-
ova or MVA-ubiOVA were pulse-labeled with 3°S-Met for 10 minutes and chased with an
excess of unlabeled methionine for the indicated hours, followed by extraction, immuno-
precipitation and electrophoretic analysis by SDS-PAGE. A Rainbow”™ [ C]methylated
protein molecular weight marker is shown as standard (1d). Arrow 1 marks a protein band
corresponding to the size of ubiquitinated ovalbumin. Arrow 2 marks a protein band which
might be a glcosylated form of ovalbumin or an unspecific band. Arrow 3 marks a protein
band corresponding to the size of ovalbumin (45kDa).

After infection of cells with MVA-ubiOVA there was one band detectable migrating at
the size of ovalbumin (Fig. 4.15 arrow 3) but also another band migrating at the size of
ubiOVA which is 8 kDa larger than ovalbumin (Fig. 4.15 arrow 1). These results might
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indicate that not all ubiquitin moieties are split off of ovalbumin directly after protein
synthesis.

After infection of cells with MVA-ova expressing native ovalbumin, the ovalbumin protein
was detected for at least twelve hours after the pulse with a rather slow rate of degradation
(confirmed by reproducible experiments). In cells infected with MVA-ubiOVA expressing
ubiquitinated ovalbumin, ovalbumin could also be detected for twelve hours with no percep-
tible difference in degradation compared to native ovalbumin (confirmed by reproducible
experiments).

4.2.2.2 FACS analysis of H2-K’/SIINFEKL surface expression

Expression of H2-K?/SIINFEKL complexes on B16-F1 cells was analyzed by flow cytome-
try to assess and compare the quantity of ovalbumin-specific degradation products. B16-F1
cells were infected with rMVA and harvested at indicated time points (Fig. 4.16, 0-12 hours
(X-azis)). The proteasome inhibitors lactacystine and MG132 were additionally added if
indicated (+LC). The presence of H2-K?/SIINFEKL complexes was verified by staining
with a specific mAb, 25D1.16. Cells that were already gone into apoptosis were excluded
via staining with EMA.
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Figure 4.16: Analysis of H2-K® /SIINFEKL surface expression. B16-F1 cells were infected with MVA-

ova or MVA-ubiOVA and levels of H2-K®/SIINFEKL complexes were determined by flow
cytometry with 25D1.16 mAb at indicated time points (0-12 hours, X-axis). Some cells were
treated with 1 uM lactacystine and 1 pM MG132 (4+LC) to inhibit proteasomal activity.

The following table shows percentages of SIINFEKL+, EMA- cells after infection with
MVA-ova or MVA-ubiOVA at indicated time points:

Oh 2h 3h 4h 6h 8h 10h 12h

MVA-ova 0,11 0,13 6,39 16,9 57,1 66 712 79
MVA-ova (+LC) 0.066 0.048 0.097 1.36
MVA-ubiOVA 006 04 196 408 815 858 898 91
MVA-ubiOVA (+LC) 0.074 0.067 2.58 39
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As shown in Fig. 4.16, graphical analysis of B16-F1 cells positive for H2-K?/SIINFEKL
complexes (% of max) out of all analyzed living B16-F1 cells revealed an initiation of
H2-K®/SIINFEKL surface presentation two hours post infection with either of the two
ovalbumin expression constructs. Already after three hours there were twice as many
SIINFEKL-presenting cells after infection with MVA-ubiOVA when compared to cells in-
fected with MVA-ova, indicating a much faster degradation of ubitinated ovalbumin. The
expression of SIINFEKL on B16-F1 cells showed a parallel increase in MVA-ova- as well
as in MVA-ubiOVA- infected cells until twelve hours post infection. The maximum of cells
presenting SIINFEKL within the observed period of time was found after twelve hours.
Ninety-one percent of cells infected with MVA-ubiOVA were positive for H2-K? /SIINFEKL
complexes as were seventy-nine percent of cells infected with MVA-ova.

Strikingly, when proteasome inhibitors were added, presentation of H2-K’/SIINFEKL
complexes was almost completely abrogated until eight hours post infection (Fig. 4.16
+LC). After eight hours, cells infected with MVA-ubiOVA regained the capacity to present
SIINFEKL, whereas in cells infected with MVA-ova no SIINFEKL presentation could be
detected. A possible explanation might be that either the blocking of the proteasome in
MVA-ubiOVA-infected cells was abolished or another mechanism of protein degradation
started to mobilize.
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Figure 4.17: Mean Fluorescence Intensity (MFI) of B16-F1 cells presenting H2-K°/SIINFEKL com-
plezes. Cells were infected with MVA-ova or MVA-ubiOVA and were stained at indicated
time points. H2-K?/SIINFEKL presentation was analyzed by FACS. MFI is shown as an
indicator for H2-K®/STINFEKL presentation on a single cell level.

B16-F1 cells (without proteasome inhibition) were analyzed for their mean fluorescence
intensity (MFI) as a parameter to assess expression of H2-K?/SIINFEKL complexes on a
single cell level (Fig. 4.17).

The mean fluorescence intensity (MFI) started to increase three hours post infection.
Cells infected with TMVA expressing ubiOVA displayed a remarkably higher MFI already
after four hours of infection indicating a much higher density of single H2-K®/SIINFEKL
complexes on MVA-ubiOVA-infected cells than on cells infected with MVA-ova.
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4.2.3 Analysis of CD8+ T-cell mediated immunity following different vaccination
schemes

In vivo vaccination experiments were comparatively performed using MVA-ova expressing
full-length ovalbumin and MVA-ubiOVA expressing the ubiquitin-fusion construct. CD8+
T-cell responses to ovalbumin-specific peptide SIINFEKL (OVAsgs7) and to known MVA-
specific peptides were determined using intracellular cytokine staining for IFN~. The two
rMVA were evaluated for their individual capacity to stimulate CD8+ T-cells after single
immunization (priming) or after a heterologous prime-boost immunization.

4.2.3.1 Primary immunization with MVA-ubiOVA (compared to MVA-ova
immunization)

C57BL/6 mice were immunized (1x10® IU in 500ml PBS) with MVA-ova (n=4) or MVA-
ubiOVA (n=4) and analyzed for their CD8+ T-cell responses by ICS on day 8 post priming.
As depicted in Fig. 4.18 all mice immunized with ovalbumin expression constructs had
SIINFEKL-specific CD8+ T-cells. Remarkably, mice immunized with MVA-ova had more
SIINFEKL-specific CD8+ T-cells than those immunized with MVA-ubiOVA. The mean of
SIINFEKL-specific CD62L-, IFN~+ CD8+ T-cells of mice immunized with MVA-ova was
2.36% whereas the mean of CD62L-, IFNy+ CD8+ T-cells of MVA-ubiOVA-immunized
mice was 1.59% (Fig. 4.18 B II). As demonstrated in Fig. 4.18 B I the difference was
not significant with p=0.17. Vector-specific CTL responses were assessed by stimulation
of isolated cells with vector-specific peptides B8Rsg, A3La7o and K3Lg. After stimulation
with B8Ry 12.9% B8R-specific CD8-+ T-cells were detected in mice vaccinated with MVA-
ubiOVA with no significant differences to mice immunized with MVA-ova.

4.2.3.2 Prime/Boost immunization with MVA-ova/MVA-ova and
MVA-ova/MVA-ubiOVA

C57BL/6 mice were immunized with 1x108 IU MVA-ova i.p. (n=8) on day 0 and boosted
with 1x10% IU i.p. of MVA-ova (n=4) or MVA-ubiOVA (n=4) on day 30 post prime.
Specific CD8+ T-cell responses were analyzed on day 6 post boost by ICS (Fig. 4.19).
Results of intracellular cytokine staining are graphed in Fig. 4.20. Stimulation with
-Galgg as well as samples stained with an IgG isotype antibody are shown as negative
control. The CD8+ T-cell responses to MVA-specific peptides B8Ry, A3Lo7g and K3Lg
reached up to 29.3% for the immunodominant peptide B8Rgo in MVA-ova-immunized mice,
however, with no significant difference between the two prime/boost settings (Fig. 4.20 B
I).
Mice boosted with MVA-ubiOVA had more SIINFEKL-specific CD8+ T-cells (5.82%) than
those mice boosted with MVA-ova (5.52%) (Fig. 4.20 B II). Nevertheless, there was no
significant difference detectable between the homologous and the heterologous prime/boost
experiment with p=0.78 for the ovalbumin-specific peptide SIINFEKL (Fig. 4.20 B I).
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Figure 4.18: Primary response- Antigen-specific CD8+ T-cells isolated on day 8 post immunization
with MVA-ova or MVA-ubiOVA. Frequencies of IFNv-producing CD62L-, CD8+ T-cells
specific for the ovalbumin epitope SIINFEKL and MVA epitopes B8R2o, A3L27o and K3Le
are shown. 8-Galgs and isotype stained cells (iso) are shown as negative control. (A I)
Specific CD8+ T-cell responses of four C57BL/6 mice immunized with MVA-ova. (A II)
Specific CD8+ T-cell responses of four C57BL/6 mice immunized with MVA-ubiOVA. (B I)
Mean frequencies of CD8+ T-cells specific for STINFEKL, B8R0, A3La7o, K3Lg compared
for both vaccines, MVA-ova and MVA-ubiOVA. There is no significant difference for the
ovalbumin-specific peptide SIINFEKL (p=0.17) or MVA epitopes (ns=not significant). (B
IT) Mean frequency of SIINFEKL-specific CD8+ T-cells of mice immunized with MVA-ova
(2.36%) compared to that of mice immunized with MVA-ubiOVA (1.59%).
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Figure 4.19: Vaccination schedule for a heterologous prime/boost setting.
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Figure 4.20: Secondary response- Antigen-specific CD8+ T-cells of C57BL/6 mice primed with MVA-
ova (n=8) and boosted with MVA-ova (n=4) or MVA-ubiOVA (n=/) isolated on day siz
post boost. Frequencies of IFNv-producing CD62L-, CD8+ T-cells specific for the ovalbu-
min epitope SIINFEKL and MVA epitopes B8R2o, A3L270 and K3Ls are shown. Samples
stimulated with $-Galgs peptide and isotype stained cells are shown as negative control.
(A T) Specific CD8+ T-cell responses of a homologous prime/boost setting with MVA-ova.
(A II) Specific CD8+ T-cell responses of a heterologous prime/boost setting with MVA-
ova and MVA-ubiOVA. (B I) Mean frequencies of CD8+ T-cells specific for SIINFEKL,
B8R40, A3La7o, K3Ls compared for both prime/boost settings. There is no significant
difference for the ovalbumin-specific peptide SIINFEKL (p—0.78) or MVA epitopes (ns=not
significant). (B II) Mean frequency of SIINFEKL-specific CD8+ T-cells after the homo-
logous prime/boost setting with MVA-ova (5.52%) compared to that of the heterologous
prime/boost setting with MVA-ova and MVA-ubiOVA (5.82%).
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4 Results

4.3 Characterization of MVA-TO and MVA-TOT

4.3.1 Ovalbumin expression levels in cells transfected with ovalbumin expression
constructs

4.3.1.1 Results of immunoperoxidase staining

Synthesis of ovalbumin after transfection with the two plasmids pIII-TO and pIII-TOT
was analyzed in BHK and B16 cells. Presumably due to differences in infectability and
transfectability and their sensitivity to lactacystine treatment the two cell lines showed
varying numbers of ovalbumin positive cells as well as differences in staining intensity.

plll-TO

MVA-ova

A pliova

B plll-ova + plll-TO + plll-LV +

Figure 4.21: Immunoperozidase staining of ovalbumin in BHK cells. (A) Cells were infected with MVA-
wt and transfected with ovalbumin expression constructs pIIl-ova or pIII-TO. Cells trans-
fected with pIIIAHR-P~ 5 (pIII-LV) and cells infected with MVA-wt are shown as negative
control. Cells infected with MVA-ova are shown as positive control. (B) Lactacystine and
MG132 were added to cells of the lower panel to inhibit proteasomal activity (+4). There
was a lower staining intensity detected in cells transfected with pIII-TO when compared to
cells transfected with plll-ova. Proteasome inhibition caused a protein accumulation.

Cells transfected with pIIIAHR-P75 (LV) and cells infected with MVA-wt showed no
brown precipitation after immunoperoxidase staining (negative control). Cells infected
with MVA-ova, however, as well as cells transfected with plll-ova displayed a dark brown
staining with no difference on the single cell level but a lower number of stained cells after
transfection with pIIl-ova (Fig. 4.21 A). When proteasomal activity was abrogated in cells
transfected with plll-ova, staining intensity did not differ when compared to those cells
without proteasome inhibition (Fig. 4.21 B). Cells transfected with pIII-TO, however,
displayed a significantly lower staining intensity than those cells transfected with plll-ova
(Fig. 4.21 A). Moreover, cells treated with proteasome inhibitors showed an increased
dark brown precipitate (Fig. 4.21 B), indicating a rapid degradation of ovalbumin after
transfection of cells with pIII-TO and a protein accumulation after proteasome inhibition.

In B16 cells plll-ova showed similar staining patterns as in BHK cells (Fig. 4.22).
However, cells transfected with plII-TOT and especially plII-TO displayed ouly sparse
brown precipitation. When proteasomal activity was abrogated in those cells, however,
there was almost no significant difference in protein accumulation detectable making these
results difficult to interpret. Either TO and TOT were subject to rapid degradation and
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Figure 4.22: Immunoperozidase staining of ovalbumin in B16 cells. (A) Cells were infected with MVA-wt
and transfected with ovalbumin expression constructs pIII-ova, pIII-TO or pIII-TOT. Cells
transfected with pIIIAHR-P7 5 (pIII-LV) are shown as negative control. (B) Lactacystine
and MG132 were added to cells in the lower panel to inhibit proteasomal activity (+). A
remarkably weaker staining intensity was detected in cells transfected with pIII-TO and
pIII-TOT when compared to cells transfected with pIII-ova but no effect of proteasomal
inhibition was ascertained.

inhibition of proteasomes was not sufficient or transfection with ovalbumin expression
constructs went wrong.

4.3.2 Assessment of protein levels, ovalbumin stability and peptide presentation
after infection of cells with MVA-ova, MVA-TO or MVA-TOT

4.3.2.1 Analysis of protein levels by Western blot

BHK cells were infected with MVA-TO or MVA-TOT and protein levels were quantified and
compared to ovalbumin levels in cells infected with MVA-ova using Western blot analysis
(Fig. 4.23 and Fig. /.24). Proteasome inhibitors lactacystine and MG132 were added to
some cells to inhibit proteasomal activity (+LC). Cells infected with MVA-wt are shown
as negative control (wt). In all cells infected with MVA-ova two bands were detected.
One band (45 kDa) corresponded to the size of ovalbumin (blue arrow) whereas the other
band probably represents a glycosylated form of the protein (red arrow). In cells infected
with MVA-ova ovalbumin-specific protein levels seemed comparable and independent of
proteasome inhibition declaring native ovalbumin a rather resistant protein. Remarkably,
cells infected with MVA-TO displayed about five ovalbumin-specific bands detectable with
the polyclonal antibody against ovalbumin (Fig. 4.23). Bands 1 to 5 (arrow 1-5) probably
represent different fragments of the fusion protein ubi/Tyr Sig/Ova (TO) whereas band
6 is rather not specific. At least four forms (Fig. 4.23, band 1, 2, 4, 5) were dependent on
proteasomal degradation since protein fragments seemed to accumulate when proteasome
inhibitors were added. Band 5 seemed yet to be the only band that is only detectable with
proteasome inhibition. This protein fragment is obviously subject to rapid degradation by
the proteasome. In particular, the TO fusion protein constitutes a protein that is cleaved
into noncontiguous fragments directly after synthesis or it might also be, due to its genetic
constitution, a source for DRiPs (see [164]).
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Figure 4.23: Western blot analysis of ovalbumin synthesis. BHK cells were infected with MVA-ova or
MVA-TO (MOI=10) and harvested at indicated time points (0,5,10,25 h). Ovalbumin levels
were assessed by the use of a rabbit polyclonal antibody against ovalbumin. Lactacystine
and MG132 were added to some cells to block proteasomal degradation (+LC). Cells infected
with MVA-wt are shown as negative control (wt). A protein standard shows the molecular
masses in kDa on the left and in the middle (Id). Time of exposition of the film can be seen
on the right side of the figure (15 s, 1 min). One band corresponds to the size of ovalbumin
(blue arrow), another band probably represents a glycosylated form of the protein (red
arrow). Arrow 1-5 mark different fragments of the fusion protein ubi/Tyr Sig/Ova (TO)
whereas band 6 is rather not specific.

‘ wl‘ MVA-ova ‘ MVA-ova +LGC ‘ ‘ MVA-TOT ‘ MVA-TOT +LC ‘

kDa ig|25 |0 5 10 25| 0 5 10 25|ld|o 5 10 25 |0 5 10 25 h

15s

1 .
2 3min

1
2 7min

Figure 4.24: Western blot analysis of ovalbumin synthesis. BHK cells were infected with MVA-ova or
MVA-TOT (MOI=10) and harvested at indicated time points (0,5,10,25 h). Ovalbumin
levels were assessed by the use of a rabbit polyclonal antibody against ovalbumin. Lac-
tacystine and MG132 were added to some cells to block proteasomal degradation (+LC).
Cells infected with MVA-wt are shown as negative control (wt). A protein standard shows
the molecular masses in kDa on the left and in the middle (Id). Time of exposition of the
film can be seen on the right side of the figure (15 s, 3 min,7 min). One band corresponds
to the size of ovalbumin (blue arrow), another band probably represents a glycosylated
form of the protein (red arrow). Arrow 1-3 mark different fragments of the fusion protein
ubi/Tyr_Sig/Ova/Tyr TM (TOT).
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Even though the protein structure of TO does not differ much from the protein structure
of TOT, Western blot analysis varied strongly. In cells infected with MVA-TOT three
bands could be detected (Fig. 4.24). One band (arrow 1) appeared at a size of 48 kDa
likely representing the ubiquitinated TOT-protein. Another band (arrow 3) was detected
at 30 kDa almost only in cells with proteasomal activity. All of these protein fractions
showed no cohesion with proteasomal degradation as there was no protein accumulation
when proteasomal activity was blocked.

4.3.2.2 Analysis of ovalbumin stability using radioimmunoprecipitation

The stability of recombinant ovalbumin fusion proteins expressed by MVA-TO and MVA-
TOT was analyzed in LCL cells (Fig. 4.25). The stability of native ovalbumin expressed
by MVA-ova was used as reference to perspicuously demonstrate the effect of protein modi-
fications. A radioimmunoprecipitation assay was performed as described in section 3.3.2.
Cells were starved and pulsed with radioactive 3°S for 10 minutes before they were chased in
FCS only medium. Cells were harvested at indicated time points and immunoprecipitated
samples were analyzed for their radioactivity by Phosphor Imager (Personal Molecular
Imager FX, BioRad, Munich) after SDS-PAGE.
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Figure 4.25: Pulse-chase analysis and immunoprecipitation of ovalbumin. LCL cells infected with MVA-

ova, MVA-TO or MVA-TOT were pulse labeled with 3*S-Met for 10 minutes and chased
with an excess of unlabeled methionine, followed by extraction, immunoprecipitation and
electrophoretic analysis by SDS-PAGE. A Rainbow”™ [**C]|methylated protein molecular
weight marker served as standard (1d). Arrow 1 marks a protein which can be detected after
infection with ovalbumin expression constructs MVA-ova, MVA-TO and MVA-TOT, as well
as after infection of cells with MVA-wt. Arrow 2 marks a protein band corresponding to
the size of ovalbumin (45 kDa).

After infection of LCL cells with MVA-ova one band corresponding to the size of oval-
bumin (45 kDa) was detected (Fig. 4.25, arrow 2). This band was detected for at least
three hours. Another band (arrow 1) was ascertained with a size between 45 kDa and 66
kDa after infection of cells with ovalbumin expression constructs MVA-ova, MVA-TO and
MVA-TOT, as well as after infection of cells with MVA-wt (wt), indicating that this band
might rather be an unspecific or arteficial band. After infection with MVA-TO only band
1 (arrow 1) can be seen. In cells infected with MVA-TOT, however, there is an additional
dim band (arrow 2) detectable at time points cero and a half. These results do as well
indicate that modified ovalbumin proteins TO and TOT are rapidly degraded.
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4.3.2.3 FACS analysis of H2-K?/SIINFEKL surface expression

Assessment of H2-K®/SIINFEKL surface expression was performed in DC2.4 cells infected
with MVA-ova, MVA-TO and MVA-TOT (Fig. 4.26). Cells were harvested at indicated
time points (0, 2, 4, 6, 8 hours) and analyzed by flow cytometry as described in section

3.6.4. MVA-ova-infected but isotype-stained cells were used as negative control (MVA-
ova_ 1so).
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Figure 4.26: Kinetic analysis of H2-K’/SIINFEKL presentation. Levels of H2-K"/SIINFEKL surface
presentation were assessed in DC2.4 cells after infection with MVA-ova (red), MVA-TO
(green) or MVA-TOT (blue). Cells infected with MVA-ova but isotype stained (MVA-
ova_iso) are shown as negative control (yellow). The graphic analysis for different time
points is shown (t=0, 2, 4, 6, 8 hours). Numbers indicate cells positive for H2-K®/SIINFEKL
complexes (% of max) after infection with MVA-TO (green) or MVA-TOT (blue).

Graphic analysis of DC2.4 cells positive for H2-K®/SIINFEKL complexes (% of max)
out of all analyzed living DC2.4 cells revealed an initiation of H2-K®/SIINFEKL surface
presentation already two hours post infection for all ovalbumin expression constructs (Fig.
4.27). Cells infected with MVA-TO reached a maximum of 98.5% cells positive for H2-
K?/SIINFEKL within the kinetic analysis of eight hours.

Cells infected with MVA-ova and MVA-TOT displayed the same amount of SIINFEKL-
positive cells eight hours post infection (MVA-ova 87.5% and MVA-TOT 87.6%). The dis-
crepancy between H2-K?/SIINFEKI presentation in MVA-TO- and MVA-TOT- infected
cells might be attributed to a SIINFEKL- negative population detected in cells infected
with MVA-TOT which might be explained with varying infectivity.
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Figure 4.27: Kinetic analysis of H2-K® /SIINFEKL presentation. DC2.4 cells were infected with MVA-

ova (), MVA-TO (A) or MVA-TOT (e) and levels of H2-K”/SIINFEKL complexes were
determined by flow cytometry with the 25D1.16 mAb at indicated time points (X-axis, t—
0, 2, 4, 6, 8 hours). Lactacystine and MG132 were added to some cells (- - -) to block
proteasomal activity (+LC).

In the following table percentages of H2-K®/SIINFEKL-positive cells are listed for the
different constructs at indicated time points:

oOh 2h 4h 6h 8h
MVA-ova 017 429 854 875 875
MVA-TO 018 671 952  97.8 985
MVA-TO (+LC) 0.26 82.3 93.7
MVA-TOT 037 155  68.6 815  87.6
MVA-TOT (+LC) 0.13 29.2 58.1

When cells were analyzed for their mean fluorescence intensity (MFI) as an indicator for
H2-K®/STINFEKL presentation on a single cell level, infection with MVA-TO and MVA-
TOT showed a remarkably increased presentation of SIINFEKL compared to cells infected
with MVA-ova (Fig. 4.28). Especially infection with MVA-TO could significantly enhance
presentation of SIINFEKL on DC2.4 cells. The discrepancy between MVA-ova-infected
cells in Fig. 4.16 and Fig. 4.27 might be attributed to different cell lines.

By inhibiting the proteasome in those cells infected with MVA-TO or MVA-TOT, ex-
pression of H2-K®/STINFEKL was reduced rather marginally (Fig. 4.27 and Fig. 4.29).
However, a slight reduction was ascertained especially in cells infected with MVA-TOT
indicating a contribution of proteasomal degradation in TO- and TOT-protein destruction.
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Figure 4.28: Mean Fluorescence Intensity (MFI) of DC2.4 cells presenting H2-K®/SIINFEKL com-
plezes. Cells were infected with MVA-ova (black), MVA-TO (blue) or MVA-TOT (green)
and stained at indicated hours post infection (X-axis, t= 0, 2, 4, 6, 8 hours). H2-
K’ /SIINFEKL presentation was analyzed by FACS. MFI of cells is shown as an indicator
for H2-K*/STINFEKL complex density on a single cell level.
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Figure 4.29: Effect of proteasome inhibition on HQ-Kb/S'HNFEKL presentation after infection with MVA-
TO or MVA-TOT. DC2.4 cells were infected with MVA-TO (left panel) or MVA-TOT (right
panel) and treated with proteasome inhibitors lactacystine and MG132 (+LC). Levels of
H2-K® /SIINFEKL complexes were determined by flow cytometry at indicated time points
(t= 0, 4, 8 hours). Cells infected with MVA-TO or MVA-TOT but isotype-stained are
shown as negative control (MVA-TO _iso, MVA-TOT _iso).
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4.3.3 Analysis of CD8+ T-cell mediated immunity following different vaccination
schemes

As described in section 8.6 immunization experiments were conducted with MVA-TO and
MVA-TOT and specific CD8+ T-cell responses to ovalbumin-specific peptide SIINFEKL
(OVAgs57) and known MVA peptides B8Rgg, A3La7g and K3Lg were characterized using
intracellular cytokine staining for IFN~. The two modified ovalbumin expression constructs
MVA-TO and MVA-TOT were compared to MVA-ova. Gating strategies were applied as
described in section 5.6.4.1.

4.3.3.1 Primary immunization with MVA-TO and MVA-TOT (compared to MVA-ova
immunization)

In two experimental settings C57BL/6 mice were immunized (1x10® IU in 500ml PBS)
with MVA-ova (n=4 in Fig. /.30 A1, Fig. 4.81 AT) and compared to MVA-TO immuniza-
tion (n=4 in Fig. 4.80 A II) or MVA-TOT (n=4 in Fig. /.31 A II) and analyzed for their
CD8+ T-cell responses by ICS on day 8 post priming. One mouse primed with MVA-ova
had to be excluded from the analysis due to a lack of any immune response (Fig. 4.31 A I).

Mice immunized with MVA-ova had a SIINFEKL-specific CD8+ T-cell response ranging
between 0.87% and 3.54% with a calculated mean of 1.99%. Mice immunized with MVA-
TOT, however, only reached a mean of 1.57% SIINFEKL-specific CD8+ T-cells. Even
though the difference between SIINFEKL-specific responses of MVA-ova- and MVA-TO-
primed mice could not be evaluated as statistically significant (Fig. 4.30 B I, p=0.54),
MVA-TO- primed mice displayed a perceivably lower response. CD8+ T-cell responses to
MVA-specific peptides did not differ between mice immunized with either of the two viruses.
The CD8-+ T-cell response to B8Ry thereby reached from 7.22% in mice immunized with
MVA-TOT to 7.86% in those mice immunized with MVA-TO. The stronger CD8+ T-cell
response to B8R after immunization of mice with MVA-TO indicates that the enhanced
SIINFEKL-specific T-cell response in mice immunized with MVA-ova can not be attributed
to different amounts of virus during immunization.

In contrast to results obtained for MVA-ubiOVA and MVA-TO priming, immunization
with MVA-TOT let to slightly more SIINFEKL-specific CD8+ T-cells than MVA-ova im-
munization. There was no statistical significance, however (Fig. 4.81 B I, p=0.79). The
higher response of splenocytes isolated from MVA-TOT- vaccinated mice after SIINFEKL-
stimulation was rather attributed to the conspicuously lower response in MVA-ova-immu-
nized mice in comparison to other experiments (Fig. 4.31 1.19% vs. Fig. 4.30 1.99%).
This circumstance might be explained with exclusion of one mice lacking any immune re-
sponse. As for repeated experimental immunizations with MVA-ova the average percentage
of IFN~- producing, CD62Llow, CD8+ T-cells after SIINFEKL-stimulation was ranging
between 1.99% and 2.36%.

4.3.3.2 Prime/Boost immunization with MVA-ova/MVA-TO and
MVA-ova/MVA-TOT

Again in two experimental settings C57BL/6 mice were immunized with 1x108 TU MVA-
ova i.p. (Fig. 4.33 and Fig. 4.84: n=4 in A Tand A II) on day 0 and boosted with 1x108
IU i.p. of MVA-ova (Fig. 4.33 and Fig. 4.34: n=4 in A T) compared to MVA-TO (n=4
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Figure 4.30: Primary response- Antigen-specific CD8+ T-cell responses on day 8 post prime with
MVA-ova or MVA-TO. Frequencies of IFN~-producing CD62L-, CD8+ T-cells specific for
SIINFEKL or MVA epitopes B8Rag, A3L279 and K3Lg are shown. Cells stimulated with
$-Galgg are shown as negative control. Both figures (4.30, 4.81): (A I) Specific CD8+
T-cell responses of four C57BL /6 mice immunized with MVA-ova or (A IT) MVA-TO/MVA-
TOT, respectively. (B I) Mean frequency of CD62L-, IFN~+, CD8+ T-cells compared for
both (A I and A II) experimental settings. The significance for different responses to
SIINFEKL stimulation was evaluated as p=0.54 for MVA-ova versus MVA-TO priming
and p=0.79 for MVA-ova versus MVA-TOT priming, respectively. There is no significant
difference for MVA epitopes (ns=not significant). (B II) Mean of SIINFEKL-specific CD8-+
T-cells of mice immunized with MVA-ova compared to that of mice immunized with MVA-

A MVA-ova Il MVA-TOT
1 . 11
.
210* 310*
g g 9
& 84 x 8]
8 74 " & 74 *
£ gl £ 6l s
£ £
£ 59 £ &
o 4 v 4 .
g 3 ‘. g 3
a7 a’l e
o2 0 2
= = ——
1| e 142y S
: y ; S ey [ J— " ; S—
SIINFEKL B-Gal B8R AL K3L SINFEKL B-Gal BSR AL K3L
peptides peptides
B I rs I
14 I 1 _
. MYA-ova o
2109 I MVA-TOT o
8 9 ©»
T o
2l s
S 3
a & 1
8 74 a 135
£ 6 S e
£ 3 5
£ 5 z
& f
e e
4
g ] R
a
o 2] 0w
= o
14 =
ol

SINFEKL

B-Gal B8R

peptides

A3L

SIINFEKL

Figure 4.31: Primary response- Antigen-specific CD8+ T-cell responses on day 8 post prime with
MVA-ova or MVA-TOT. See also Fig. 4.30.
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in Fig. 4.33 A1) or MVA-TOT (n=4 in Fig. 4.3/ A II) on day 30 post prime

CD8+ T-cell responses were analyzed on day 6 post boost by ICS.
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Figure 4.32: Vaccination schedules for heterologous prime/boost settings.

As demonstrated in Fig. 4.33 B I, a remarkable difference in the amount of SIINFEKL-
specific IFNv-producing, activated CD8+ T-cells was noted between the two experimental
prime-boost settings. Mice boosted with MVA-TO had set up more SIINFEKL-specific
CD8+ T-cells (average 7.39%) than mice boosted with MVA-ova (average 3.94%), albeit
with no statistical significance (Fig. 4.33 B I, p=0.096).

As depicted in Fig. 4.34 B I, priming with MVA-ova and boosting with MVA-TOT has
also led to more SIINFEKL-specific CD8+ T-cells than the homologous priming and boost-
ing with MVA-ova (p=0.72). MVA-ova boosting thereby reached 5.91% and MVA-TOT
boosting 6.59% SIINFEKL-specific CD8+ T-cells .

The results obtained from the above mentioned experiments (Fig. 4.33 and Fig. 4.34)
indicate that rapidly degraded protein is the optimal form of antigen to elicit a strong,
specific CD8+ T-cell response in boosting with MVA.
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Figure 4.33: Secondary response- Antigen-specific CD8+ T-cells of C57BL/6 mice primed with MVA-
ova and boosted with MVA-ova or MVA-TO isolated on day siz post boost. Frequencies of
IFN~-producing CD62L-, CD8+ T-cells specific for SIINFEKL or MVA epitopes B8Rao,
A3L270 and K3Lg are shown. Samples stimulated with $-Galgs are shown as negative
control. Both figures (4.33, 4.34): (A1) Specific CD8+ T-cell responses of a homologous
prime/boost setting with MVA-ova compared to (A II) a heterologous setting with MVA-
ova and MVA-TO/MVA-TOT, respectively. (B I) Mean frequency of CD62L-, IFN~+,
CD8+ T-cells compared for both (A I and A II) experimental settings. The significance for
different responses to SIINFEKL-stimulation was evaluated for MVA-ova prime- MVA-ova
boost versus MVA-ova prime- MVA-TO boost (p=0.096) and for MVA-ova prime- MVA-
ova boost versus MVA-ova prime- MVA-TOT boost (p=0.72). (B II) Mean frequency of
SIINFEKL-specific CD8+ T-cells of mice primed with MVA-ova and boosted with MVA-ova
or MVA-TO/MVA-TOT.
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Figure 4.34: Secondary response- Antigen-specific CD8+ T-cells of C57BL/6 mice primed with MVA-
ova and boosted with MVA-ova or MVA-TOT. See also Fig. 4.33.
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5 Discussion

Cytotoxic (CD8+) T-cells play a crucial role in resolving infections by intracellular pathogens
such as viruses, bacteria and parasites [124, 78] as well as in mediating antitumor immunity
[93, 120, 129, 50]. The identification of antigens selectively or preferentially expressed by
intracellular pathogens or by transformed cells has led to the design of candidate vaccines
against many infectious diseases or tumors aiming to elicit a strong antigen-specific CD8-+
T-cell response. One of the most promising candidate vaccines is the recombinant viral
vector system MVA. Due to a well established clinical safety profile and the ability to
efficiently express recombinant genes [140] it has already been shown to stimulate immune
responses against a large variety of different antigens with protective efficacy against viral
infections, bacterial and parasitic diseases as well as tumors [20, 36, 91, 141]. One strategy
to enhance CD8+ T-cell responses to specific pathogenic antigens is based on observa-
tions that targeting an antigen to undergo a more efficient processing by the MHC class
I processing pathway will yield a more vigorous CD8+ CTL response against the respec-
tive antigen [144, 4]. In accordance with the findings of Tobery and Siliciano (1997) who
had successfully targeted the nef protein for rapid cytoplasmatic degradation in a murine
model, and Townsend et al. (1988) who had constructed a rapidly degraded ubiquitin-NP
fusion protein, the present work aimed to determine the optimal antigen modification for
rapid proteasomal degradation in the MVA vector system and wants to evaluate a strategy
to enhance CTL responses by expressing unstable forms of the model antigen ovalbumin.
The ovalbumin protein was employed as vaccine antigen and a recombinant MVA vector
was created that expressed a ubiquitinated ovalbumin protein targeted for rapid proteaso-
mal processing by modification of the N-terminal amino acid of ovalbumin into an arginine
(R1), a primary destabilizing residue, and fusion to the C-terminal amino acid residue
glycine of ubiquitin according to the N-end-rule [10, 151].

A second part within this study is based on findings that deubiquitination is completely
inhibited if the C-terminal Gly”™® of ubiqiutin is converted into an alanine or valine in
Saccharomyces cerevisiae [18], moreover, when fused to £-Gal such as UbY76-V-fgal the
protein is rapidly degraded within the UFD-pathway [70]. In our laboratory the instability
of a melanoma-specific antigen, tyrosinase, could markedly be increased by N-terminal fu-

sion of ubiquitin (A7) to tyrosinase (M!). Based on these findings, the N-terminal region
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of this construct, including the nonremovable ubiquitin moiety fused to the signal sequence
of tyrosinase, was suggested to constitute a general degradation signal applicable to other
proteins such as ovalbumin. Hence, a recombinant MVA was constructed expressing a
tyrosinase signal sequence-ovalbumin fusion construct stably linked to ubiquitin at its N-
terminal end. A third construct expressed by MVA was designed analogous to the latter
but additionally had the transmembrane domain of tyrosinase at its C-terminal end, given
the hypothesis that expanded targeting to cellular compartments might further enhance

MHC class I restricted peptide presentation to cytotoxic T-cells.

Evaluation of different strategies to enhance ovalbumin protein degradation

In Western blot analysis of infected BHK cells it was confirmed that ubiquitinated oval-
bumin expressed by MVA-ubiOVA is migrating at the same size as native ovalbumin (45
kDa) expressed by MVA-ova showing the correct expression of ovalbumin and the com-
plete removal of the ubiquitin moiety by cellular isopeptidases. Similar to results obtained
with other proteins [10, 144, 147], Western blot analysis could confirm a notably, however
sparsely, enhanced proteasomal degradation of ovalbumin due to an exposed N-terminal
arginine according to the N-end-rule. There were notably lower protein levels detectable
when proteasomes were fully active similar to what have been observed by Anderson et
al. for an Ub-R-GFP fusion construct [4], indicating that a more rapid degradation is
taking place. Nevertheless, ovalbumin could still be detected in the absence of proteasome
inhibition in MVA-ubiOVA infected cells. Of note, different levels of protein were detected
in MVA-ova- and MVA-ubiOVA-infected cells when proteasomal activity was abrogated.
Whether this was due to differences in protein expression or due to other cellular mecha-
nisms leading to enhanced degradation even in the presence of proteasome inhibitors is
unclear. It has been suggested by Schwarz et al. (2000) that proteasome inhibition at
lower concentrations of lactacystine (0.5-1 xM) might enable other proteases than the pro-
teasome to produce antigenic peptides or their precursors [127].

Strikingly, a second and larger band was detected in all repeated experiments after infection
with MVA-ova or MVA-ubiOVA indicating a persistant presence of a modified ovalbumin
protein. The possibility that the larger band in MVA-ubiOVA-infected cells corresponded
to an ubiquitinated form of ovalbumin due to an unsuccessful splitting of ubiOVA protein
seemed unlikely since it was also present in MVA-ova- infected cells.

Ovalbumin is known to have a regular molecular weight of 45 kDa with two potential sites

for glycosylation at asparagines 293 and 317 [68]. Examining the glycosylation of proteins
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Sheares et al. (1985) could confirm the expression of glycosylated ovalbumin in a mouse
L-cell/herpes simplex virus type 1 system by pulse-chase experiments [130]. Based on these
findings it is likely that the second band, which was repeatedly confirmed in Western blot

analysis, constitutes a glycosylated form of ovalbumin.

Further experiments using plII-ubiOVA-transfected cells for immunoperoxidase staining
failed to detect enhanced ovalbumin degradation, since there was no remarkable decrease
in brown precipitation detectable in cells transfected with pIIT-ubiOVA compared to cells
transfected with plll-ova which could be a marker for a rapid turnover of ovalbumin pro-
tein. Furthermore, there was no significant difference when proteasomes were inhibited
in B16 cells. However, a reduced staining was confirmed in BHK cells when treated with
lactacystine and MG132. This effect was attributed to the toxicity and ability of lacta-
cystine to interfere with late viral gene expression in MVA-infected cells (Drexler et al.,
unpublished observation) and was addressed by initial treatment of CV-I cells with ara-C
to block late gene expression and to rule out the adverse effects of proteasome inhibition.
Staining on the single cell level then turned out to be slightly more intense in those cells
with abrogated proteasomal activity, indicating a fractional accumulation of ovalbumin

protein due to a diminished degradation by the proteasome.

To determine the stability of N-end rule targeted ubiOVA protein expressed by MVA-
ubiOVA, pulse-chase experiments were conducted. In Hela cells infected with MVA-
ubiOVA no enhanced degradation could be ascertained. In cells infected with MVA-ova,
ovalbumin again appeared as two bands with one probably representing a glycosylated
form of ovalbumin. The detected ovalbumin proteins were stable even 12 hours after the
pulse confirming the stability of the native protein which has already been confirmed in
our laboratory before. Shen & Rock (2003), however, had stably transfected DAP cells
with a pcDNA3.1 expressing a full lenght ovalbumin (FL-OVA) and had found a half-life
time of about 280 minutes.

The steady state levels of ovalbumin in cells expressing ubiOVA or native ovalbumin were
different, with MVA-ova-infected cells displaying a visibly lower amount of ovalbumin pro-
tein already at 0 min chase- time. This difference was rather attrubuted to a difference
in the amount of cells harvested after pulse-chase than to a difference in protein synthesis
or degradation making the results of pulse-chase analysis of MVA-ubiOVA-infected cells
compared to MVA-ova-infected cells difficult to interpret.

Intriguingly, in cells infected with rMVA expressing ubiOVA, a second protein band mi-
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grating at the size of ubiquitinated ovalbumin was detected besides the expected ovalbu-
min protein migrating at 45 kDa which represents the deubiquitinated ovalbumin with an
exposed N-terminal arginine according to the N-end rule. Obviously not all Ub-R-ova pro-
teins synthesized within the translational machinery of the ribosomes were subsequently
deubiquitinated by isopeptidases in the cytosol. Both protein signals, however, were de-
tectable for 12 hours after the pulse, rather indicating no effect of N-end rule targeting on
ovalbumin degradation. Whether the remaining stability of ovalbumin in MVA-ubiOVA
infected cells can be attributed to different pulse-chase protocols in comparison to the lat-
ter can not be excluded since there were apparent differences. Infection time (2-8 hours),
multiplicity of infection (MOI= 5-10) as well as the time of pulse labeling (5 to 60 minutes)
varied profoundly. Tobery and Siliciano (1997) as well as Townsend et al. (1988) infected
cells only for two hours compared to eight hours in this study but had a pulse period for
60 minutes, respectively.

As yet, only a sparsely enhanced degradation could be confirmed for ubiOVA in Western
blot analysis. In flow cytometric analysis, however, presentation of the ovalbumin-specific
peptide SIINFEKL bound to H2-K? on B16-F1 cells was markedly increased when in-
fected with MVA-ubiOVA in comparison to presentation of SIINFEKL/H2-K® complexes
on cells infected with MVA-ova expressing native ovalbumin. Furthermore, the density
of SIINFEKL/H2-K® complexes on the single cell level was higher in those cells infected
with MVA-ubiOVA. These results were analogous to results obtained by Princiotta et al.
(2003), who had found an enhanced presentation of the ovalbumin-specific peptide STIN-
FEKL on L-K? cells after infection with a rVV expressing an N-terminally ubiquitinated
influenza nucleoprotein (NP) fused with SIINFEKL and green fluorescent protein (GFP)
at the COOH terminus (R-NP-GFP) compared to the presentation on cells infected with
rVV-ova expressing native ovalbumin [112].

In Western blot analysis a slight accumulation of protein could be ascertained in those
cells infected with MVA-ubiOVA after proteasomes were inhibited indicating that degra-
dation of the protein ubiOVA is at least fractionally done by the proteasome. In im-
munoperoxidase staining experiments, however, no effect of lactacystine was detected after
infection with MVA-ova or MVA-ubiOVA. Conversely, a markedly decreased presentation
of SIINFEKL/H2-K® complexes was seen after infection of B16-F1 cells with MVA-ubiOVA
which were treated with proteasome inhibitors lactacystine and MG132 indicating that the
proteasome is essential in generating the ovalbumin-specific peptide SIINFEKL which is
bound to H2-K® and presented to CD8+ T-cells.
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Thus results of these experiments could demonstrate only a slightly enhanced degra-
dation of ovalbumin expressed by MVA-ubiOVA in Western blot analysis and a slightly
increased presentation of the ovalbumin-specific peptide SIINFEKL when compared to
results obtained with MVA-ova.

Nevertheless, results of this study are in line, even though not as significant, with those
obtained with other proteins such as HIV specific nef [144], influenza nucleoprotein (NP)
[147], Green fluorescent protein (GFP) [58, 112] or f-galactosidase [10] who could confirm
increased instability of proteins upon N-end-rule targeting with M1R replacement in the

protein as a critical component of the N-degron.

In addition to the strategy of N-end rule targeting, two other constructs were designed

targeting ovalbumin for rapid degradation within the ubiquitin-fusion degradation pathway
(UFD).
Kinetic Western blot analysis of UFD-targeted ovalbumin in MVA-TO- and MVA-TOT-
infected BHK cells yielded surprisingly different results obviously depending on the signal
sequence at the N-terminal end and the transmembrane domain of tyrosinase at the C-
terminal end of ovalbumin. When cells were infected with MVA-ova, there were again
two bands detectable with a polyclonal antibody against ovalbumin. One band with 45
kDa corresponded to the size of ovalbumin, a second band was slightly larger and might
represent a glycosylated form of the protein. Addition of proteasomal inhibitors had no
effect on protein accumulation.

When cells were infected with MVA-TO, however, five protein fragments could be de-
tected with the same antibody. At least four forms were dependent on proteasomal degra-
dation since there was an increase in protein levels in the presence of proteasome inhibitors.
Only one fragment was not detectable when proteasomes were unimpaired and fully active,
probably reflecting its rapid degradation within the proteasomal pathway. Nevertheless,
it remains obscure which of the protein fragments finally included the ovalbumin-specific
peptide SIINFEKL, which, as discussed later, is efficiently presented within the MHC
class I pathway on cellular surfaces after infection of DC2.4 cells with MVA-TO. One pos-
sible explanation for the generation of these different protein fragments is provided by
Yewdell et al. (1996) announcing that endogenous class I peptide ligands derive in part
from defective forms of newly synthesized proteins (defective ribosomal products: DRiPs)
which mainly consist of premature termination products and misfolded full-length forms
of proteins (hypothesis of defective ribosomal products (TDH)) [164]. Furthermore, they
assumed that DRiPs are degraded more rapidly than native proteins [163]. With regard
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to results obtained by Western blot and flow cytometric analysis in this study, infection of
cells with MVA-TO likely yielded in the generation of DRiPs of ubi/Tyr_Sig/Ova (TO)
which caused increased presentation of SIINFEKL/MHC class I in comparison to infection
with MVA-ova.

In Western blot analysis of cells infected with MVA-TOT, one band corresponding to
ubi/Tyr_Sig/Ova/Tyr TM (TOT) was detected at 48 kDa reflecting the correct expres-
sion of TOT and the stable conjunction of ubiquitin at its N-terminal end. This contradicts
results obtained by Andersson et al. (2004) who had found the mutation of glycine to ala-
nine (G76A) in ubiquitin failed to inhibit ubiquitin cleavage in mammalian cells for both
GFP and £-Gal [4].

In Western blot analysis, however, the ubiquitin moiety stably linked to the signal sequence
of tyrosinase and the transmembrane domain at the C-terminal end did not induce rapid
degradation of ovalbumin. The protein was detectable for at least 25 hours after infection
with the protein levels rather decreased when proteasomes were inhibited. Whether these
adverse effects can be attributed to the known cytotoxicity of lactacystine [127] remains
ambiguous, since there seemed to be no influence of lactacystine toxicity in MVA-TO-

infected BHK cells.

In further experiments characterizing MVA-TO an enhanced degradation of ovalbu-
min could be confirmed. Especially with immunoperoxidase staining a considerably lower
amount of protein was detected in pIII-TO- transfected BHK or B16-F1 cells when com-
pared to cells transfected with plll-ova. Furthermore, a protein accumulation could be
seen after treatment of cells with proteasome inhibitors. In pulse-chase experiments there
was no band detected. Whether this was due to rapid degradation of the protein can not
be determined.

After infection of cells with MVA-TOT, only a weak staining was noted on the single cell
level after immunoperoxidase staining. However, an increased amount of protein level was
detected at the site of cellular compartments, obviously attributable to the influence of the
transmembrane domain of tyrosinase at the C-terminal end of ovalbumin. In pulse-chase
experiments a dim band was detected at time point cero and a half indicating a rapid

degradation of the protein.
To determine whether enhanced degradation of TO and TOT and the potentially in-

creased availability of SIINFEKL would ultimately lead to an enhanced MHC class I loading
and enhanced presentation of SIINFEKL /H2-K® complexes on the cellular surface, B16-F1
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cells were infected with MVA-TO and MVA-TOT and expression of SIINFEKL/H2-K®
complexes was assessed with the specific antibody 25-D1.16 [110] and analyzed by flow
cytometry. As for the Ub-R-ova construct, presentation of SIINFEKL /H2-K® complexes
began two hours post infection with a maximum at eight hours post infection as the latest
analyzed time point. The most effective presentation of SIINFEKL /H2-K® complexes could
be detected when B16-F1 cells were infected with MVA-TO, whereas the presentation of
SIINFEKL in MVA-TOT-infected cells was even slightly less than in those infected with
MVA-ova. Whether this can be attributed to a slower presentation of SIINFEKL can not
be excluded since there was a group of cells which only slowly became SIINFEKL/H2-K?
presenting cells within eight hours. Comparing the amount of SIINFEKL on a single cell,
the fusion protein TO targeted for the UFD-pathway could induce considerably higher
quantities of SIINFEKL/H2-K® complexes on a cell, leading to the suggestion that this
construct will yield promising results in immunization experiments.

To further investigate the importance of the proteasome in the generation of the anti-
genic peptide SIINFEKL, proteasome inhibitors lactacystine and MG132 were added. The
loss of proteasomal activity caused a decrease of H2-K?/SIINFEKL presentation on both,
MVA-TO and MVA-TOT infected cells, however, did not completely abrogate SIINFEKL
presentation as in cells infected with MVA expressing the N-end-rule targeted Ub-R-ova.
This varying effect of lactacystine has already been observed by Vanitsky et al. (1997) who
had found the effects of proteasome inhibitors depending also on the type of antigen [152].
One explanation for this different effect of lactacystine could be that other proteases such
as the tripeptidyl-peptidase II [45], furin [47] or thimet oligopeptidase [135] contribute to
the production of MHC class I ligands when proteasomes are inhibited. TPP II is located
in the cytosol and its regular candidate substrates are oligopeptides formed by the protea-
some. It has been shown that some cells can adapt to conditions of proteasome inhibition
through the induction of another high-molecular-weight-peptidase which has been identi-
fied as TPP II showing some endopeptidase activity [45, 49]. Nevertheless, the relative
contribution of its activity in antigenic peptide generation when proteasomes are inhibited
remains open and it can not be excluded that other proteases are able to substitute for pro-
teasomal activity [146]. This hypothesis would also explain results obtained with Western
blot analysis of MVA-TOT-infected cells (Fig. 4.24). There was no effect of proteasomal
inhibition even though there was a reduced presentation of H2-K®/SIINFEKL detectable

after proteasomal inhibition in flow cytometric analysis.
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To summarize the in vitro results obtained in this study, only a slightly enhanced degra-
dation could be demonstrated for the N-end rule targeted ovalbumin fusion construct
ubiOVA in Western blot analysis, however, could significantly be seen for the UFD-targeted
constructs TO and TOT in immunoperoxidase experiments. Moreover, two constructs
(ubiOVA and TO) led to an increased presentation of SIINFEKL within the MHC class
I pathway of B16 cells with a remarkable enhancement of H2-K®/SIINFEKL on the sin-
gle cell level. These results clearly indicate that targeting antigens for rapid proteasomal
processing will yield improved presentation of antigenic peptides within the MHC class I
antigen processing pathway, making especially the ubi/Tyr Sig- sequence an interesting
tool to be combined with other antigens to increase antigenic peptide presentation. Fur-
thermore, differences in in vivo experiments conducted within this study with the different

MVA vector constructs may be attributed to differences in antigen presentation.

Evaluation of MVA- and ovalbumin-specific CTL responses in different immunization
settings

To investigate the consequences of a more rapid degradation of ovalbumin and the enhanced
MHC class I restricted antigen presentation on CTL responses to the ovalbumin-specific
peptide SIINFEKL, C57BL/6 mice were immunized with MVA-ubiOVA, MVA-TO and
MVA-TOT. The results were compared to results of immunizations with MVA-ova ex-
pressing stable ovalbumin. Andersson & Barry (2004) had demonstrated that both, N-end
rule targeted as well as UFD-targeted GFP, were rapidly degraded and were able to elicit
a significantly higher percentage of CD8+ tetramer+ T-cells two weeks after DNA im-
munization of BALB/c mice [4]. Tobery & Siliciano (1997) found the beforementioned
rapidly degraded Ub-R-nef protein to be the optimal construct to elicit an antigen-specific
CTL response after immunization of BALB/c mice [144]|. Both studies indicate that in-
creasing the instability of an antigen through targeting for efficient degradation within the
proteasomal pathway will provide a highly effective vaccine strategy for the induction of

enhanced antigen-specific CTL responses in vivo.
For priming of naive CD8+ T-cells, pAPCs need to present specific peptides bound

to self-MHC class I molecules [134, 169]. There are, however, two different pathways by
which pAPCs can present the antigen to antiviral T-lymphocytes. On one side, pAPCs can
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present peptides derived from degraded, endogenously synthesized proteins. On the other
side, pAPCs do also have the ability to present exogenous antigens on MHC I molecules in
a process termed cross-presentation (see section 1.2). Bevan M. J. et al. injected MHC-
mismatched cells expressing minor H antigens into mice and discovered that they were able
to prime self-MHC-restricted CTLs specific for the immunizing minor H antigens [16]. He
termed this process cross-priming. To which extent these two different pathways contribute

to T-cell priming during viral infections in vivo, however, remains controversial.

There is strong evidence that priming of antiviral CTLs after infection with MVA mainly
occurs via cross-priming [44]. As for MVA, which in general has the ability to infect non-
APC as well as pAPCs [72], it has been found that it can induce CD8+ T-cells recognizing
late viral antigens that are not synthesized within infected DCs due to an early block in
viral life cycle in these DCs [32, 35]. Furthermore, a recombinant MVA expressing rapidly
degraded protein enhanced direct presentation in vitro and was able to stimulate CTL ex
vivo but failed to improve T-cell priming in vivo, whereas a long-lived antigen efficiently in-
duced a robust CD8+ T-cell response [44]. Other experiments using infected TAP-deficient
or MHC class I-mismatched non-pAPC donor cells evoked similar CD8+ T-cell responses
regarding CTL frequencies and the immunodominance hierarchy when MVA was given as
a live vaccine. These results together with the finding that downregulation of the cross-
presentation capacity of DCs by in vivo maturation with CpG almost completely abrogated
MVA-specific priming of CD8+ T-cells rather let to the assumption that during primary
infection with MVA cross-presentation is the leading pathway for the stimulation of specific
CTLs and that furthermore, long-lived antigen is the favored substrate for cross-priming
in vivo |44]. Of note, these results were not dependent on the route of vaccination and

apply to different model antigens tested in different mouse strains [44].

In wvivo experiments performed in this study confirmed the presence of SIINFEKL-
specific CTL responses after immunization with all recombinant vectors as measured by
[FN~-production upon in vitro stimulation with SIINFEKL peptide and subsequent FACS-
analysis. Primary immune responses upon immunization with MVA-ova reached in aver-
age 1.9% SIINFEKL-specific CD8+ T-cells. In congruence with expectations, amounts of
SIINFEKL-specific CD8+ T cells after immunization with MVA-ubiOVA and MVA-TO
were lower compared to those obtained with MVA-ova immunization, even though not
significantly. The lack of significant differences in CTL responses might be attributed to

the remaining stability of fusion-proteins which probably can still be cross-presented. The
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CTL responses in mice immunized with MVA-TOT, however, were slightly higher than
those of MVA-ova- immunized mice. Yet this effect might also be attributed to the exclu-
sion of one mouse in the MVA-ova- immunized group which failed to develop any immune
response. Results of experiments would probably be more significant when an increased

amount of mice (=n) would be immunized in both tested groups.

It has been demonstrated that both, direct and cross-presentation, can contribute to
priming of naive T-cells after infection with vaccinia virus [103, 13] and that the contribu-
tion of one pathway might vary depending on the route of virus application [133]. Expla-
nations that could account for the dominating role of cross-presentation in MVA priming
in contrast to that seen after infection with vaccinia virus could be its loss of replication
competence resulting in a sinlge round of antigen expression, its loss of multiple genes
including at least two viral proteins with proposed anti-apoptotic functions |6, 8, 33]. It
has been demonstrated that DCs undergo apoptosis earlier with MVA infection than with
vaccinia viral infection and that MVA infection leads to an accelerated shutdown of host
cell protein synthesis in DCs [44]. In addition, MVA has been reported to impair the
capacity of DCs to migrate and to adequately respond to chemokines [66, 44]. So far,
exclusive cross-presentation has only been postulated for viruses that do not infect DCs
[134, 139] or that considerably interfere with DC antigen presentation [166]. Hence, MVA
is the first virus for which cross-presentation has been shown to be of key relevance even

though it can efficiently infect DCs and allows strong antigen presentation in these cells [44].

There is increasing evidence that cross-presentation is rather based on the transfer of
whole proteins than on peptides generated during protein formation or proteasomal degra-
dation [131, 155, 102|. These findings would be underlined by results of experiments
performed in this study. Primary immunization with MVA expressing rapidly degradable
ovalbumin with an efficient presentation of antigenic peptides (Fig. 4.16, Fig. 4.27) elicited
a reduced CD8+ T-cell response to the ovalbumin-specific peptide SIINFEKL compared
to MVA expressing stable ovalbumin that accumulate to higher steady-state levels (Fig.
4.18, Fig. 4.30, Fig. 4.81).

Serna et al. developed an in vitro model in which ovalbumin is expressed by vaccinia-T7
in antigen donor cells and cross-presented by mouse macrophages [128]. They could show
that treatment of antigen-donor cells with 2 uM lactacystine almost fully blocked cross-

presentation of ovalbumin and that overexpression of the two cytosolic peptidases known
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to degrade proteasome products, leucine aminopeptidase as well as thimet oligopeptidase,
inhibited cross-presentation. They concluded that proteolytic intermediates of the protea-
some and not full-length proteins constitute most of the antigen cross-presented by APCs
when acquired from donor cells recently infected with vaccinia virus [128, 113].

By contrast, there is increasing evidence that the dominant form of ovalbumin cross-
presented in vivo is the full-length protein [131, 102, 19]. Norbury et al. (2004) developed
an 1n vivo model based on the injection of apoptotic vaccinia-infected cells expressing
different forms of ovalbumin peptide. Neither pre-processed ovalbumin peptide nor an
ovalbumin targeted for rapid proteasomal degradation in antigen donor cells were effi-
ciently cross-presented [102]. The discrepancy between the in vitro results obtained by
Serna et al. (2003) and the in vivo study performed by Norbury et al. (2004) might either
be explained with the varying conditions #n wivo or might be attributed to the different
type of antigen-presenting cells used in these two studies.

Another crucial factor for the process of cross-presentation was addressed by Shen & Rock
(2004). They investigated three ovalbumin constructs expressed by stably transfected DAP
cells and targeted for different subcellular compartments for their capacity to elicit specific
CTL responses by cross-presentation in H-2°** F1 mice. They showed that a membrane
bound ovalbumin construct generated stronger CTL activity than the full-length form
[131]. These results led to the suggestion that targeting antigens to the plasma mem-
brane or endosomes is advantageous to increase specific CD8+ T-cell responses and that
the localization of an antigen constitutes another important and relevant factor in cross-
presentation.

In this study, rMVA expressing TOT, a protein that is targeted to cellular membranes
by the transmembrane domain of tyrosinase, could elicit a higher ovalbumin-specific CTL
response in priming when compared to MVA-ova expressing stable ovalbumin (Fig. 4.581).
This was, however, attributed to the low efficacy of MVA-ova immunization in this indivi-
dual experiment. When compared to the average of CTL responses after MVA-ova immu-
nizations, ovalbumin-specific CTL responses after MVA-TOT immunization were rather
low and thus interpreted as result of a decreased efficacy of cross-presentation in priming.
Hence these results are hard to interpret and might give an explanation why MVA-TO
is advantageous to MVA-TOT in boosting (Fig. 4.33, 4.34) missing the transmembrane
domain which might render a protein as subject for cross-presentation rather than direct

presentation.

One major goal of T-cell vaccines is to generate long-lived memory CD8+ T-cells which
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are capable of recognizing antigen and which can rapidly expand upon secondary antigen
encounter to combat an infection. During CD8+ T-cell responses to infections there are
three characteristic phases: a period of initial activation and expansion after antigen en-
counter, a following contraction phase in which the CD8+ T-cell population decreases to
approximately 5-10% of their original quantity and the final establishment and mainte-
nance of a memory T-cell pool [123|. The memory T-cell pool can persist over long periods
of time and has an increased proliferation potential in response to either antigen or homeo-
static signals [154]. To further enhance memory CD8+ T-cell populations, prime/boost
vaccination strategies have proven to be advantageous. As explicitly described in chapter
1 primary immune response after immunization with MVA can be rapidly initiated and is
suggested to occur via cross-priming in vivo favoring stable mature protein as the substrate
for cross-presentation [44]. In contrast, recent observations rather indicate a role for direct
activation during secondary immunization with MVA. As it could be demonstrated that
the expansion of virus-specific CD8+ T-cells was regulated by T-cell cross-competition
favoring T-cells that are able to rapidly detect infected cells. With the outcome of this
competition being influenced by the timing of antigen expression. T-cells recognizing epi-
topes derived from early viral proteins conferred better protection against infection and
had an advantage to T-cell responses against late viral epitopes [73|. These results indi-
cate an advantage of rapidly presented antigenic peptides after secondary immunization
with MVA, leading to the hypothesis that direct presentation is the dominating pathway

of T-cell activation during boost immunization with MVA.

With regard to in witro results of this study, a rapidly degraded antigen like the TO-
fusion protein expressed by MVA-TO, which could establish an improved SIINFEKL/MHC
class I presentation on B16 cells, would prove to be a better boosting agent than MVA-
ova expressing stable ovalbumin. In congruence with expectations, MVA-TO could elicit
a remarkably stronger SIINFEKL-specific CD8+ T-cell response in C57BL/6 mice thirty
days after immunization with MVA-ova when compared to a homologous prime-boost
immunization with MVA-ova (Fig. 4.33). As expected, boosting with MVA-TO was more
effective than a second immunization with MVA-TOT after MVA-ova prime (Fig. 4.534).

It can be stated that both, MVA-TO as well as MVA-TOT, were considerably better
boosting agents reaching up to 10.2% SIINFEKL-specific CD8+ T-cells after MVA-TO
and 9.45% after MVA-TOT boosting when compared to MVA-ova, which reached up to
7.78% SIINFEKL-specific CD8+ T-cells. As expected from in vitro results, MVA-ubiOVA

boosting following MVA-ova priming was only sparsely more efficient than secondary im-
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munization with MVA-ova, reaching a mean of 5.82% SIINFEKL-specific CD8+ T-cells
compared to 5.52% after MVA-ova boosting.

Homologous MVA immunizations have already been used in phase I and phase II clinical
trials of cancer immunotherapy with rather disappointing results, e.g. showing either no
specific T-cell or antibody responses in any of the MVA-hTyr vaccinated stage II melanoma
patients after three times of vaccination at four-week intervals [94] or only marginal re-
sponse in patients with different solid tumors repeatedly immunized with MVA expressing
human MUC1 [118]. Heterologous prime-boost regimens, however, can be advantageous
to homologous MVA applications and have already been investigated in several studies
[162, 91, 64, 108, 37, 57|. Heterologous prime-boost protocols do probably limit the ef-
fects of T-cell competition by reducing the amount of T-cells specific for other, maybe
immunodominant epitopes expressed by MVA which would limit CTL responses to target
antigens. Furthermore, it was discussed that pre-existing MVA or VV immunity might,
for example in the case of a previous chickenpox vaccination, interfere with subsequent im-
munizations with MVA [36]. It would be interesting to test MVA-TO as a boosting agent
after a heterologous prime with DNA to further investigate the beforementioned issues. As
McConkey et al. (2003) have demonstrated, DNA priming before MVA boosting has been
established as a promising tool to improve specific CD8+ T-cell responses in humans to a

pre-erythrocytic malaria antigen [91].

Another strategy to further enhance antigen-specific CD8+ T-cell responses conducted
within this study and presented under appendiz-A, is based on findings that after viral
infection CD8+ T-cell responses are predominantly directed to only a few peptides, the
immunodominant peptides [165]. During the infection with MVA, B8Rgy comprises one
of the most immunodominant peptides. The immunodomination by CD8+ T-cells for
specific peptides expressed by the vector has been shown to limit CTL responses to in-
serted recombinant antigens. Smith et al. (2005) evaluated a clinical trial in melanoma
patients involving repeated injections of MVA encoding a string of HLA-A*0201-restricted
melanoma tumor antigen epitopes [136]. They could demonstrate that the vaccine driven
CTL hierarchy is dominated by pox-viral-specific responses with the high affinity melan-
Aog_35 analogue epitope being the only melanoma-specific epitope above detection level
after MVA immunization. Even though SIINFEKL is considered an immunodominant pep-
tide |165], B8Ry elicited a considerably stronger CTL response after immunization with

either of the constructs used in this study. One strategy to address this issue and thus cir-
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cumvent the immunodomination of CTLs for other vector-specific peptides was suggested
to be the elimination of immunodominant peptides by gene deletion [136].

As depicted under appendiz-A, the deletion of B8Ryg in an MVA priming vector (MVA-
ovaB8R~/ ~) could ultimately enhance CTL responses to the antigen-specific peptide SIIN-
FEKL after boost immunization with MVA-ova. Whereas the CD8+ T-cell response to
B8Ry remained at significantly lower levels. These results strongly imply that immuno-
dominance provides an important issue for the development of candidate vaccines for the
elicitation of specific CTL responses and that improved vector design could include the
deletion of genes encoding for immunodominant vector-specific peptides in order to en-
hance target antigen-specific immune responses.

Aside from B8Ryg gene deletion in priming, a B8Ryy knock out in boosting would be of
considerable interest. The absence of B8Ryg stimulation in boosting would most likely fur-
ther increase target antigen-specific CTL responses when compared to MVA-ovaB8R ™/~
prime and MVA-ova boost, since there would be a perspicuous advantage for SIINFEKL-

specific T-cells during cross-competition in boost immunization.

In summary, this study shows that upon expression of N-end rule targeted ubiquiti-
nated ovalbumin in MVA-ubiOVA infected cells, ovalbumin was marginally degraded more
rapidly when compared to native ovalbumin, but could slightly increase MHC class I pep-
tide presentation of an ovalbumin-specific peptide. Two other constructs targeted for rapid
proteasomal processing within the UFD-pathway expressed by MVA-TO and MVA-TOT,
in contrast, showed an enhanced degradation of the antigen and after infection with MVA-
TO a markedly increased ovalbumin-specific peptide presentation. Primary immunization
with all three vector constructs compared to MVA-ova, revealed that an instable pro-
tein was rather disadvantegous in priming with MVA, as the highest SIINFEKL-specific
CD8+ T-cell response was detected after MVA-ova immunization. In boosting experi-
ments, however, rapidly degraded antigen was more effective, resulting in a markedly
increased ovalbumin-specific T-cell response. Hence, evaluation of MVA vector constructs
expressing modified ovalbumin as priming or boosting agents could further substantiate
the hypothesis that enhanced instability of a target antigen is disadvantageous during pri-
mary immunizations with MVA but clearly represents a promising antigen formulation to
be used for secondary immunizations with MVA.

Results obtained in this study will contribute to improved rational vaccine design giving
further information about desirable antigen formulations contained in MVA vaccines to

increase CTL responses in vaccination.
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With regard to the aims and objectives of this thesis some conclusions can be drawn. The
degradation of the N-end rule-targeted antigen ubiOVA could only be enhanced rather
marginally when compared to stable ovalbumin as detected in Western blot analysis. In
other experiments, e.g. immunoperoxidase staining and pulse-chase analysis, no signifi-
cantly improved protein degradation could be demonstrated. However, in flow cytometric
analysis of B16-F1 cells infected with MVA-ubiOVA an increased presentation of SIIN-
FEKL could be detected. In addition, supported by results of Western blot analysis,
peptide presentation was partially proteasome dependent. These results confirmed that
N-end rule targeting of proteins by replacement of their N-terminal amino acid residue
with a destablizing amino acid like arginine and linkage to ubiquitin renders the antigen
instable, leading to its degradation within the proteasomal pathway. Furthermore, this
instability enhanced the amount of antigen-specific peptides presented on MHC class I for
the detection by CTLs.
The two other constructs tested within this work, MVA-TO and MVA-TOT, expressing
modified ovalbumin protein targeted for degradation within the UFD-pathway, could en-
hance ovalbumin degradation even more. UFD-targeting of the antigen by stable linkage
of ubiquitin to the N-terminus of the signal sequence of tyrosinase could significantly in-
crease the instability of the model antigen ovalbumin as confirmed by immunoperoxidase
staining. Western blot analysis showed that the antibody specific for ovalbumin was able
to detect multiple fragments after infection of cells with MVA-TO as well as after infection
with MVA-TOT, making those results hard to interpret. Antigens might be cleaved into
noncontiguous fragments directly after synthesis or they might also be a source for so called
defective ribosomal proteins (DRiPs). Only one fragment of the TO-construct could only
be detected when proteasomes were inhibited with lactacystine, which would be in line
with experiments of immunoperoxidase staining and FACS analysis where only a minimal
effect of proteasome inhibitors could be detected. Other proteases might be responsible
for the generation of antigenic peptides in this case.

Presentation of the ovalbumin-specific peptide SIINFEKL could be increased after infec-
tion of cells with MVA-TO and MVA-TOT. Especially the TO-construct could significantly

101
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enhance antigenic peptide presentation on the single cell level.

Given that all modified ovalbumin expression constructs tested within this study showed
at least a slightly decreased protein stability and an enhanced antigenic peptide presenta-
tion, in vivo experiments were conducted to evaluate which antigen formulation (rapidly
degraded or stable) is optimal for immunization with MVA in priming or boosting.

After vaccination of C57BL/6 mice with MVA-ubiOVA, MVA-TO and MVA-TOT in
comparison to vaccination with MVA-ova, it can be concluded that a stable antigen is
advantageous for an efficient generation of antigen-specific CD8+ T-cells in primary im-
munization with MVA. Moreover, if cross-presentation is of critical relevance in priming
with MVA| the type of antigen cross-presented in C57BL/6 mice would be stable whole
protein.

In boosting experiments, modified ovalbumin expression constructs were advantageous to
MVA-ova expressing stable ovalbumin. Especially the two UFD-targeted constructs, MVA-
TO and MVA-TOT, were able to elicit a strong antigen-specific CTL response. Hence, the
optimal form of antigen in secondary immunization with MVA in C75BL/6 mice is rapidly

degraded antigen.

Results obtained in this study could demonstrate that N-end rule targeting as well as
UFD-targeting of ovalbumin as a model antigen could enhance ovalbumin-specific peptide
presentation and confirmed that the instability of an antigen constitutes an important tool

to improve recombinant MVA vaccines in eliciting strong, long-lasting immune responses.

Outlook

As demonstrated within this study, the stability of an antigen is of critical relevance in
immunization strategies with MVA. The rapid processing of the model antigen ovalbumin in
rMVA expressing the TO fusion construct could markedly increase the amount of antigen-
specific CD8+ T-cells after secondary immunization with MVA.

Thus, targeting antigens to rapid proteasomal degradation within the N-end rule system
or the UFD-pathway certainly is a promising approach to enhance the efficacy of viral vec-
tor vaccines. However, even though the model protein ovalbumin could be submitted to
enhanced degradation within these pathways, the single strategies to enhance a protein‘s
turnover have to be evaluated for each individual antigen. Especially conjugation of an
antigen with the ubiquitinated signal sequence of tyrosinase comprises a promising and

interesting approach applicable to other antigens.
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Nevertheless, MVA expressing stable or modified ovalbumin constructs is still weakly
immunogenic reaching only up to 3.54% SIINFEKL-specific CD8+ T-cells after peptide
stimulation of splenocytes. Other peptides, like B8Rqg, are able to elicit more than 11.5%
vector-specific CD8+ T-cells after peptide stimulation. These results show that there are
other factors than antigen stability that must be evaluated for efficient MVA priming.

In appendiz A another method to enhance antigen-specific CTL responses was investi-
gated. Kastenmueller et al. showed that for the induction and strength of primary CD8+
T-cell responses during boost vaccination, T-cell cross-competition seems to be a major
regulator of the expansion of virus-specific T-cells. Furthermore, during boost immuniza-
tion they found a switch in the immunodominance hierarchy favouring the proliferation
of T-cells recognizing epitopes derived from early gene products. By deletion of the im-
munodominant peptide B8Ryg (early gene) in MVA, CTL responses to ovalbumin-specific
peptide SIINFEKL (OVAgs7(early gene)) could markedly be increased even when MVA-
ovaB8R ™/~ was used as priming agent. In these experiments more than 9,1% ova-specific
CTLs were reached. Further experiments using MVA-ovaB8R~/~ as boosting agent should
be performed as T-cell cross competition seemed to play a key role in boosting experiments.

The employment of a heterologous prime-boost regimen would be a highly interesting
subject to be used with MVA-TO as boosting agent, as it had been demonstrated that
the combined use of DNA-prime and MVA-boost is highly suitable for the induction of a
strong CTL response.

Taking notice of all discussed factors to enhance antigen-specific immune response, it
would be possible to further optimize vaccination strategies with recombinant viral vector
MVA which should finally be evaluated in an ovalbumin expressing mouse-tumor model
to specifically assess the clinical relevance and protective capacity of different vaccination

approaches.
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A A strategy to enhance CTL response based on vector modification

Another strategy to enhance antigen-specific CD8+ T-cell responses conducted within this
study is based on findings that after viral infection CD8+ T-cell responses against different
epitopes can be arranged in an immunodominance hierarchy. T-cell competition between
T-cells of the same specificity has clearly been demonstrated. Nevertheless, competition of
T-cells of different specificities is still controversial. Kastenmuller et al. could demonstrate
that immunodominance hierarchies dramatically change between primary and secondary
immune responses [73]. They showed that the induction and strength of primary CD8+
T-cell responses against various VV-specific epitopes in a naive host is largely independent
from simultaneous priming of T-cells specific for other antigenic determinants delivered
by the virus. However, during boost vaccinations, T-cell cross-competition seems to be
a major regulator of the expansion of virus-specific T-cells. In their experiments neither
the amount of presented peptide/MHC-I complexes nor the time after infection at which
viral antigen expression occurs determined the outcome of T-cell responses during priming.
Furthermore, during boost immunization they found a switch in the immunodominance
hierarchy favouring the proliferation of T-cells recognizing epitopes derived from early
gene products. In a homologous boost the expansion of K3Lg- and A8R;gg-specific (both
early genes) T-cells was successively suppressed by gradual appearance of cross-competing
B8Rgg- and OVAgs7-specific (both early genes) T-cells, whereas A3La7g-specific (late gene)
T-cells remained fully suppressed. Furthermore, only secondary immunization with MVA
K1L OVA expressing OVA driven by a promoter with exclusive early activity could induce
OVAgs7-specific T-cells, whereas MVA P11 OVA (promoter with exclusive late activity)
failed to expand OVAsgs7-specific T-cells.

Those results are supported by results obtained in this study. When C57BL/6 mice were
primed with MVA-ova the cellular immune response was highly dominated by B8Rgg-
specific T-cells recognizing a determinant derived from an early gene product, however,
was followed by A3Lar7p-specific T-cells (late gene product). Whereas K3Lg-specific (early
gene product) T-cell response was rather close to detection limit. In boosting experiments
early gene product B8Ryp-specific T-cells expanded vigorously whereas T-cells recognizing
the epitope from a late gene product (A3La7g) did not expand.

Suggesting that T-cells specific for early viral proteins might be able to suppress the expan-
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sion of other early virus-specific T-cells [73], primary as well as secondary immunization
excluding the dominating epitope would increase target antigen-specific T-cell responses.
After the infection of C57BL/6 mice with recombinant MVA, B8Rgg-specific T-cell re-
sponse dominates both the primary and secondary response. Even though SIINFEKL is
considered an immunodominant peptide [165], B8Ryg elicited a considerably stronger CTL
response in priming and boosting with either of the constructs used in this study.

One way to address this issue and thus circumvent the immunodomination of CD8-+ T-
cells by other vector-specific peptides, was suggested to be the elimination of immun-
odominant peptides by genetic deletion [136]. To further investigate the above mentioned
issues, a recombinant MVA B8Rg( knock out expressing ovalbumin was constructed (MVA-

ovaBSR /7).

As depicted in Fig. A.1, after infection of DC2.4 cells presentation of the ovalbumin-
specific peptide SIINFEKL did not differ between the two ovalbumin expression constructs
MVA-ova and MVA-ovaB8R ™/~ justifying the suggestion that results of in vivo immuniza-
tions should not depend on differences in SIINFEKL presentation but can be attributed
to deletion of the B8Rgg gene.
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Figure A.1: Kinetic analysis of SHNFEKL/HQ-Kb ezpression in DC2.J cells after infection with MVA-

ova or MVA-ovaBS8R™/~. Levels of SIINFEKL/H2-K® complexes were determined by flow
cytometry with the 25D1.16 mAb at indicated time points (t=0,4,8 h). Isotype stained cells
are shown as negative control.

As described in section 3.6.1 eight C57BL/6 mice were immunized with 1x10% TU MVA-
ovaBSR™/~ i.p. (n=8) and boosted with 1x10% IU i.p. of MVA-TO (n—4) or MVA-ova
(n=4) on day 30 post prime. Specific CD8+ T-cell responses were analyzed on day 6 post
boost by ICS (Fig. A2).
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Those results were compared to results obtained earlier (Fig. 4.20 A I) in a homologous
prime-boost setting with MVA-ova to further assess the relevance of B8Ry gene deletion.
As depicted in (Fig. B.I), homologous boosting of C57BL/6 mice with MVA-ova still sup-
ports recall expansion of B8Rgg-specific T-cells with B8Rog dominating the T-cell response.
K3Lg-specific (early gene product) as well as A3La7g-specific (late gene product) T-cell re-
sponses were marginal and at similar detection levels, indicating that K3Lg-specific T-cells
might be suppressed by other immunodominant T-cells. When mice were primed with
MVA-ovaB8R~/~, K3Lg-specific T-cells expanded during secondary immunization (Fig.
B.I). OVAgs7-specific T-cell responses after priming with MVA-ovaB8R~/~ were explicitly
higher as compared to priming with MVA-ova.

After boost immunization with MVA-TO up to 15% OVAgs7-specific T-cells were de-
tected after stimulation of splenocytes with SIINFEKL peptide (Fig. A.II). Since cross-
competition is suggested to be a major regulator of the expansion of virus-specific T-cells
during boost vaccinations [73] it can be anticipated that ovalbumin-specific immune re-
sponses were even more vigorous when a MVA B8Ry knock out would be used as boost-
ing vaccine. One of the most dominant epitopes derived from an early gene product,
B8Ry, would not stimulate T-cells for proliferation and allow for an enhanced expansion
of SIINFEKL-specific T-cells. Nevertheless, in a homologous prime-boost immunization
with MVA-ovaB8R~/~ Kastenmuller et al. could only detect an OVAgs7-specific T-cell
response of less than 6%. Yet, OVAsgs7-specific T-cell responses were still increased when

compared to a homologous prime-boost with MVA-ova.
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Figure A.2:
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Antigen-specific CD8+ T-cells of C57BL/6 mice isolated on day siz post boost. Frequen-
cies of IFN~-producing CD62L-, CD8+ T-cells specific for the ovalbumin epitope SIIN-
FEKL and MVA epitopes B8Rag, A3L27o and K3Lg are shown. Samples stimulated with
$-Galgs peptide served as negative control. (A I) Specific CD8+ T-cell responses of a ho-
mologous prime/boost setting with MVA-ova were compared to a heterologous setting with
MVA-ovaB8R ™/~ prime and MVA-ova (A II) or MVA-TO (A III) boost. (B I) Mean fre-
quency of CD62L-, IFN~-+, CD8+ T-cells compared for all (AI,ILIII) experimental settings.
The significance for different responses to SIINFEKL-stimulation was evaluated as p=0.089
for MVA-ova prime- MVA-ova boost versus MVA-ovaB8R ™/~ prime- MVA-ova boost and
p=0.77 for MVA-ovaB8R ~/~ prime- MVA-ova boost versus MVA-ovaB8R ™/~ prime- MVA-
TO boost. (B II) Mean frequency of IFN~-producing CD62L-, CD8+ T-cells specific for the
ovalbumin epitope SIINFEKL compared for all experimental settings (ALILIIT) and for the
vector-specific epitope B8Ry (right panel).
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