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PREFACE

The current PhD project was conducted at the National Veterinary Institute (Vet), Technical University of Denmark
(DTU) from September 2013 to March 2017. It was funded by DTU-Vet as a “high impact - high risk” PhD project in
an attempt to promote cross-disciplinary DTU projects with high innovative potential. As such, it was erected as a
collaboration between Section for Virology (DTU-Vet), Section for Immunology and Vaccinology (DTU-Vet), and

Center for Biological Sequence Analysis (DTU-CBS), each represented by a supervisor.
The overall idea of the project was to combine various innovative tools in order to achieve the following milestones:

1. Prediction and prioritization of conserved CD8 T cell epitopes derived from Porcine reproductive and
respiratory syndrome (PRRS) virus-2 by using bioinformatic tools developed at DTU-CBS.
2. Verification of the predicted epitopes based on in vitro methods developed by DTU-Vet and the Laboratory
of Experimental Immunology, University of Copenhagen.
3. Design and generation of a polyepitope-encoding vaccine construct based on a virus replicon particle (VRP)
platform developed by the Swiss partner, Institute for Virology and Immunology (IVI).
The generation and verification of the final vaccine VRPs were executed during a 2% months stay at IVI. Following
this, a vaccine-challenge animal experiment for the trial of vaccine efficacy was conducted at the island of Lindholm

(DTU-Vet).

The thesis consists of a general introduction to central aspects of importance including the porcine immune system,
the mechanisms involved in the induction of a cytotoxic T cell response, and the PRRS virus. This is followed by a
description of the applied methods and the experimental setups. Finally, a general discussion is given in which |

elaborate on the results presented in the two accompanying papers, both of which are yet to be published.
The two papers, on which my thesis is based, are:
Paper 1: Prediction and in vitro verification of conserved PRRSV type 2 CTL epitopes

Paper 2: Challenge study of pigs immunized with virus replicon particles for the induced expression of conserved

PRRSV-2 CTL epitopes
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SUMMARY

Porcine reproductive and respiratory syndrome virus (PRRSV) is one of the most important threats against the global
swine production industry. The virus infects alveolar macrophages that leads to respiratory distress, fever,
pneumonia and gives way to secondary respiratory pathogens. Infection of sows in late gestation can lead to late-
term abortion, early farrowing and birth of litters mixed with living, stillborn and mummified fetuses. Two species of
PRRSV exist that are closely related in evolution and disease: PRRSV-1 and PRRSV-2. PRRSV has a positive sense RNA
genome of about 15 kb and exhibits a high mutation rate that has led to a high degree of diversity within each

species. Highly pathogenic strains evolve occasionally with large impact on animal health and production economy.

Since its discovery in the late 1980s, massive efforts have been put in the development of an effective vaccine. In
spite of this, the most effective commercial vaccines available are only partly capable of protecting against a
heterologous challenge. Furthermore, these vaccines are based on modified live virus that at more than one

occasion have mutated back to a virulent form and have thus promoted rather that prevented viral spread.

PRRSV exhibits a wide range of immunoevasive mechanisms that manipulate multiple branches of the porcine
immune system. However, evidence exist that a cell-mediated immune (CMI) response is capable of clearing the

virus from the organism, although this response is somewhat delayed.

In the present PhD thesis, | describe the development of an innovative vaccine for the induction of a cytotoxic T
lymphocyte response against PRRSV-2. A major part of the project outline was to design a vaccine that would protect
beyond genetic drift, why focus has been on identifying and selecting conserved epitopes specific for swine
leukocyte antigen class | (SLA-I). Briefly, all naturally occurring 9- and 10-mer peptides derived from 104 highly
curated PRRSV-2 whole genome sequences were analyzed for their predicted binding capacities against five SLA-I
alleles. Two methods for epitope prediction was applied (NetMHCpan and Position Scanning Combinatorial peptide
library). The outputs of the two methods were combined and the top 2% best candidates were analyzed using the
PopCover algorithm, serving to prioritize the candidates according to conservation and SLA allele coverage. Based on
this, 53 peptides were purchased for in vitro verification. This was done using the assays Peptide Affinity Assay and
Scintillation Proximity Assay for the determination of peptide-SLA (pSLA) binding affinity and stability, respectively.

From these analyses it was decided to proceed with three of the five SLAs in combination with a total of 33 peptides

(/epitopes).

A Classical swine fever virus (CSFV)-based virus replicon particle (VRP) was selected as vaccine platform. This VRP has
the same tropism as CSFV and can thus infect dendritic cells that are the major inducers of a CMI response. On basis
of this template VRP, 10 vaccine VRPs were designed for the expression of an inserted polyepitope with subsequent
degradation via an uncleavable ubiquiting, thereby leading the epitopes into the MHC-I presentation pathway. One
VRP was designed as a negative control and encoded an unrelated epitope, while the remaining nine encoded
polyepitopes of different combinations of the 33 PRRSV-2 epitopes. Infectivity of the VRPs and the induced

polyepitope expression and degradation was verified using flow cytometry.



18 pigs of matching SLA profiles were vaccinated three times over a 10-week period with the control VRP (N=7) or
the PRRSV-VRPs (N=11). After this, all pigs were inoculated with a Danish PRRSV-2 field strain and were euthanized
after an additional four weeks. Seroconversion for both VRP and PRRSV was confirmed for all pigs. The induction of a
CMI response was monitored using interferon-y (IFN-y) enzyme-linked immunospot (ELISPOT) assay pre challenge,
but did unfortunately not provide any usefull data. The setup was improved and post challenge ELISPOT provided
evidence of a VRP-induced CMI. Viral load was measured post challenge in serum, but did not indicate any effects of

vaccination. Viral load in lungs did however indicate an effect that was significant in one part of the lungs.

Conclusively, the present study provides proof-of-concept that a peptide-specific CMI can be induced by vaccination
with VRPs encoding conserved epitopes, along with indications of a protective effect on viral load in lungs. However,

several improvements must be made to the concept before it can be subjected to field trials.



SAMMENDRAG (DANISH SUMMARY)

Porcint reproduktions og respiratorisk syndrom virus (PRRSV) er en af de stgrste trusler mod den globale
svineproduktion. Den inficerer lungemakrofager, hvilket fgrer til andedraetsbesvaer, feber, lungebetandelse og
baner desuden vejen for sekundaere infektioner. Hos sger inficeret sent i draegtighedsperioden, kan dette fgre til
abort, for tidlig faring samt fgdslen af kuld blandet med levende, dgdfgdte og mumificerede fostre. Der findes to
arter af PRRSV, der er naert beslaegtede med hensyn til bade genetik og sygdom: PRRSV-1 og PRRSV-2. PRRSV har et
positiv strenget RNA genom pa ca. 15 kilobaser og har en hgj mutationsrate som har fgrt til stor diversitet indenfor
hver art. Hgjpatogene virusstammer udvikler sig fra tid til anden med stor indflydelse pa bade dyrevelfaerd

produktionsgkonomi.

Siden opdagelsen af PRRSV i slutningen af 1980'erne, er der blevet sat massivt ind for at udvikle af en effektiv
vaccine. Pa trods af dette er de mest effektive kommercielle vacciner kun delvist i stand til at beskytte mod en
heterolog infektion. Desuden er disse vacciner baseret pa modificeret levende virus, som ved mere end én lejlighed

har muteret tilbage til en virulent form, og har sdledes fremmet snarere end forhindret spredningen af virus.

PRRSV udviser en lang reekke mekanismer til manipulation af grisens immunforsvar, der tilsammen betyder at PRRSV
ofte kan findes i grisen flere maneder efter infektion. Der findes dog flere eksempler p3, at et cellemedieret

immunrespons (CMI) er i stand til at udrydde virus fra organismen.

| denne ph.d. afhandling beskriver jeg udviklingen af en innovativ vaccine designet til at inducere et cytotoksisk T-
lymfocyt respons mod PRRSV-2. En grundleeggende del af den oprindelige projektbeskrivelse var at designe en
vaccine, der ville yde beskyttelse mod et bredt udvalg af forskellige virusstammer, hvorfor fokus har vaeret pa at
identificere og udvaelge konserverede epitoper der binder til svine leukocyt antigen klasse | (SLA-1). Kort fortalt blev
alle naturligt forekommende 9- og 10-mer peptider fra i alt 104 udvalgte PRRSV-2 fuld-genomer analyseret for deres
praedikterede bindingskapaciteter overfor fem SLA-I alleler. To praediktionsmetoder blev anvendt til denne analyse
(NetMHCpan og Position Scanning Combinatoral Peptide Library). Resultaterne fra de to metoder blev kombineret,
hvorefter de 2% bedste kandidater blev analyseret ved hjzelp af PopCover algoritmen. Denne prioriterede
kandidaterne efter hvor konserverede de var, samt hvor mange af de 5 SLAer, de var pradikteret til at binde med. Pa
basis af dette blev 53 peptider indkgbt til in vitro-analyse af de faktiske bindingsvaerdier. Disse blev mal ved hjzlp af
metoderne Peptide Affinity Assay og Scintillation Proximity Assay til bestemmelse af henholdsvis bindings affiniteten
og -stabiliteten af de enkelte peptid-SLA (pSLA) kombinationer. Pa baggrund af disse malinger blev det besluttet at

ga videre med tre af de fem SLAer i kombination med i alt 33 peptider (/epitoper).

En virus replicon partikel (VRP) baseret pa svinepest virus blev valgt som vaccine platform. Denne VRP inficerer celler
pa samme made som svinepest og kan dermed inficere dendrit celler, der er centrale for at inducere et adaptivt
immunrespons. Pa basis af denne VRP blev 10 vaccine-VRPer konstrueret, der havde til formal til at inducere
ekspressionen af et indsat polyepitop. Et indkodet ubiquitin molekyle haeftet pa polyepitopes skulle lede dette til

proteasomet, som sa ville klippe det i mindre stykker, hvilket i sidste ende skulle fgre til, at de enkelte epitoper ville



blive praesenteret pa celleoverfladen som pSLAer. En af de 10 VRPer blev designet som en negativ kontrol og kodede
for et urelateret epitop, mens de resterende ni indeholdt forskellige kombinationer af de 33 PRRSV-2-epitoper.
VRPernes infektivitet samt den inducerede ekspression og efterfglgende opklipning af polyepitopet blev verificeret

ved hjzelp af flowcytometri.

18 grise med matchende SLA-profiler blev vaccineret tre gange over en 10-ugers periode med enten kontrol-VRPen
(N =7) eller PRRSV-VRPerne (N = 11). Herefter blev alle grise kunstigt podet med en dansk PRRSV-2 felt stamme og
blev aflivet efter yderligere fire uger. Serokonvertering af antistoffer mod bade VRP og PRRSV blev bekrzeftet hos alle
svin. Induktionen af et cellemedieret immunrespons blev monitoreret ved hjlp af et interferon-y enzym-linked
immunospot (ELISPOT) assay fgr podning, hvilket desvaerre ikke gav nogle brugbare resultater. Forsggsdesignet blev
forbedre, hvilket fgrte til ELISPOT resultater efter podning, der vidnede om et VRP-induceret immunrespons. Viraemi
malt i serum angav ikke nogen effekt af vaccination, hvorimod et lavere antal viruspartikler i lungerne hos de PRRSV-
VRP vaccinerede dyr gav antydningerne af en effekt. Specielt i en ud af tre analyserede lungedele var forskellen

signifikant.

Det foreliggende PhD studie giver vidnesbyrd om at et peptid-specifikt cellemedieret immunrespons kan blive
induceret ved vaccination med VRPer, der koder for konserverede epitoper. Desuden peger resultaterne pa en
beskeden beskyttende effekt af vaccinen. Der er dog stadig mange forbedringer, der skal ggres, for en endelig VRP-

baseret vaccine kan blive testet udenfor laboratoriet.
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GENERAL OBJECTIVE

Porcine Reproductive and Respiratory Syndrome virus (PRRSV) is the causative agent of one of the most important
porcine diseases with high impact on animal health, welfare and production economy. It primarily infects and
replicates within porcine alveolar macrophages causing respiratory distress and facilitating infection by secondary
pathogens. Infected macrophages in the placenta can migrate to the fetuses in late gestating sows, leading to late-
term abortions, early farrowing and birth of litters mixed with living, stillborn and mummified fetuses. PRRSV
exhibits a multitude of immunoevasive mechanisms that, combined with a high mutation rate, has hampered several

attempts to develop a vaccine capable of inducing persistent protection against infection with heterologous strains.

A number of studies have shown that cell mediated immunity (CMI) are important for the clearance of PRRSV
following infection. Dendritic cells (DC) are the main inducers of CMI by presenting viral epitopes on their class |
swine leukocyte antigens (SLA) to T cell receptors of cognate cytotoxic T lymphocytes (CTL). This triggers the
activation and proliferation of the mother T cell, whose daughter clones will differentiate into effector CTLs capable

of identifying and killing cells infected with the virus.

In the wake of recently emerged technologies including full genome sequencing, epitope prediction, and bulk
analysis of peptide-SLA (pSLA) stability and affinity, it is now possible to identify and test the binding capacities of

conserved epitopes to relevant SLAs within a reasonable timeframe and with an acceptable budget.

Together, these factors provided the framework for the current thesis, the general objective being to design,
develop and test a vaccine capable of inducing a CTL response against PRRSV-2. This was based on the working
hypothesis that a virus replicon particle (VRP) could trigger infected cells to present VRP-encoded conserved PRRSV-

2 epitopes via their SLA-l molecule, thereby priming cognate T cells to differentiate into effector CTL (figure 1).

The approach was divided into the following milestones:

Described in paper 1:
o Identify and select an ensemble of 9-10 mer peptides conserved among PRRSV-2 strains and predicted to
bind to relevant SLA alleles.

e Verify peptide binding affinity and stability in vitro using synthetic peptides and recombinant SLA alleles.

Described in paper 2:

e Design a VRP for inducing antigen presentation of transgenic epitopes on SLA-I molecules of infected cells.

e Incorporate transgenes encoding polyepitopes of verified binding peptides into VRP constructs.

e Rescue VRPs and verify their infectivity and polyepitope expression in vitro.

e Conduct in vivo experiment with pigs of matching SLA-profiles vaccinated with VRPs and subsequently
challenged with wild type PRRSV-2.

e Evaluate clinical, serological, virological and immunological parameters.
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Figure 1: Simplified diagram of the PhD working hypothesis. 1: Collection of available full-genome PRRSV sequences.
2: Identification of conserved amino acid regions for epitope prediction. 3: In vitro verification of predicted epitopes.
4: Integration of verified binders into Virus Replicon Particles (VRP). 5: Vaccination with VRPs. 6: Infection of dendritic
cells by VRPs. 7: Dendritic cells become activated by VRP infection and migrate to lymph nodes where they present
PRRSV-derived epitopes to naive CD8 T cells. 8: Cognate CD8 T cells differentiate into effector cytotoxic T cells (CTL).
9: A CTL recognizes a PRRSV infected macrophage and kills it.
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1 GENERAL INTRODUCTION

In this chapter, | will give an introduction to the necessary aspects of consideration in order to fulfill the objective of
this thesis, namely developing a VRP-based vaccine for the induction of CMI against PRRSV-2. Hence, a description of
the porcine immune system is given in section 1.1, in which important components and cells of both the innate and
the adaptive immune system in relation to a virus infection are described. This is followed by a detailed description
in section 1.2 of the molecular pathways involved in antigen presentation, and the cell-to-cell interactions needed
for the recognition and activation of CTLs. Finally, a review of the target virus, PRRSV, is given in section 1.3,
encompassing details of its discovery and taxonomy; structural and genomic organization; origin and diversity;
means of infection on both the cellular, anatomical and epidemiological level; applied methods for prevention and

control; immune response to the virus; and a brief summary of upcoming innovative vaccines.
1.1 The porcine immune system

Despite being almost constantly attacked by vira, bacteria, fungi and parasites, the animal body manages to fight off
most of these pathogens even before their incursion. And even so, only a fraction of successful intruders will result
in clinical illness. The reason for this is the immune system consisting of mechanical barriers shielding the body from
the exterior environment, and a multitude of highly specialized molecules and cells combating the few pathogens
that succeed in crossing the barriers. This is the result of a still-ongoing arms race between pathogens and hosts that
started millions of years ago when the first organism attacked its neighbor. As a consequence, the immune system
has evolved to be an impressively complex meshwork of molecular and cellular interactions regulated by a similarly
complex multitude of mechanisms. In concert, these interactions constitute a highly sensitive and powerful system
capable of detecting, controlling and/or eliminating virtually all invading threats with a minimum of collateral host

tissue destruction and alteration of homeostasis (Goldszmid and Trinchieri 2012).

In vertebrates, the immune system is commonly divided into two major components: the innate and the adaptive
immune system. The innate immune system is more primitive and targets everything perceived as a foreign threat.
The adaptive immune system is more complex and targets specific threats recalled from past memory. While the

two systems are separate they are mutually connected.

In the following sections, introductions to the porcine innate (section 1.1.1) and adaptive (section 1.1.2) immune

systems are given with emphasis on the anti-viral response.
1.1.1 The innate immune system

The innate immune system provides a first line of defense against the threats posed by the exterior environment and
acts as an immediate response to intruders. It has no memory (although this is being debated) and the onset and
level of response to a given infection is therefore not different from time to time. It is constituted by a mechanical, a
humoral and a cellular component. The mechanical component is represented by barriers, such as the skin and

mucosal lining of the intestinal, respiratory and genital tracts, making it physically difficult for the pathogen to enter
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the body. The humoral component is comprised by a multitude of soluble plasma molecules including the
complement system, natural antibodies, acute phase proteins, and antimicrobial peptides. The cellular component
comprises the granulocytes (neutrophils, eosinophils, basophils and mast cells), natural killer cells (NK),
macrophages, and dendritic cells (DC), all having their own specialized role. Most cells of the body express an arsenal
of surface and intracellular pattern recognition receptors (PRR) that upon recognition of danger-associated
molecular patterns (DAMP) will initiate signaling cascades. These will trigger the production of various cytokines and

chemokines for the initiation of an immune response and for the recruitment and activation of relevant cells.

Due to the scope of this thesis, the humoral and mechanical components of the innate immune system will not be
discussed further. Regarding the cellular component, only the cells related to viral infection will be described in the
following subsections including macrophages (section 1.1.1.1), DCs (section 1.1.1.2), NK cells (section 1.1.1.3) and
neutrophil granulocytes (section 1.1.1.4). Despite their functional association with the innate immune system, the y6

T cells are described in context of the adaptive immune system in section 1.1.2.2.
1.1.1.1 Macrophages

Macrophages are, together with DCs, specialized antigen presenting cells (APC) acting as interface between the
innate and the adaptive immune system. Macrophages differentiate from hemopoietic progenitor cells either
directly or via circulating monocytes after having migrated to different parts of the body (Geissmann et al. 2010).
They are able to adapt to the local environment and can hence develop into different phenotypes and reside as
Kupffer cells (liver), Langerhans cells (skin) or alveolar macrophages (lung), where they can comprise up to 15% of
the total number of cells in tissue (Gordon et al. 2002). After differentiation, macrophages can be primed in either of
two ways: 1) The presence of interferon (IFN)-y produced mainly by activated T helper 1 (Th1) cells or by NK cells will
lead to M1 priming, whereas 2) the presence of interleukin (IL)-4 and/or IL-13 will lead to M2 priming (Charley et al.
1990; Stein and Keshav 1992; Dalton et al. 1993). Subsequent recognition of microbes or opsonic stimulation by
antibody complexes will lead the macrophage to full activation, after which it will fulfill its role according to priming
state. An M1 macrophage will thus carry out pro-inflammatory and antimicrobial/antiviral activities associated with
a Thl response (Fairbairn et al. 2011), whereas an M2 macrophage will promote a Th2 and antibody-mediated
immune response. At the end of infection, anti-inflammatory cytokines, such as IL-10, will increase and suppress the

pro-inflammatory state of the macrophage leaving it for debris clearance and general repair (Gordon et al. 2010).

During a viral infection the M1 macrophage will promote the expansion, differentiation and survival of T cells and
induce IFN-y production by T and NK cells in a pro-inflammatory feedback loop. This will give rise to increased levels
of CD80/86 which provide a co-stimulatory signal during antigen presentation by interacting with the CD28 receptor

on T cells, thereby preventing tolerance and promoting a cytotoxic response (Fairbairn et al. 2011).
1.1.1.2 Dendritic cells

DCs play the main role in orchestrating the immune response by virtue of their high efficiency in sensing infection

and transporting antigen from the site of entry to the lymphoid tissues. DCs can be subdivided into plasmacytoid DCs
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(pDC) that are mainly involved in sensing nucleic acid and are strong inducers of the pro-inflammatory cytokines,
IFN-a/B and tumor necrosis factor (TNF)-a; and classical DCs (cDC) that are specialized in antigen presentation. cDCs
can be further divided into two subsets of which one is more specialized in stimulating CD8B T cells through major
histocompatibility complex (MHC) class | (MHC-I), while the other is more specialized in stimulating Th responses
through MHC-II (Miller et al. 2012; Merad et al. 2013). Several other subsets of porcine DCs exist and their diversity
is increased further by their phenotypic adaptation to the local environment in the tissue. A review of DC diversity is

out of the scope of this thesis but can be found in Summerfield & McCullough (2009).

After activation and migration to the lymphoid tissue, the DCs present their antigen to T cells of the adaptive
immune system together with co-stimulatory signals and secreted cytokines. In combination, this will lead to T cell
activation and proliferation, thereby mounting an attack suitable for the presented antigen. Depending on the level
and type of antigen presentation and on the local cytokines environment, the DCs can polarize the CD4" T cell
responses towards a Th1, Th2, Th17 or regulatory T cell (Treg) profile (Steinbrink et al. 2002; Yamazaki et al. 2006).
As with the macrophages, the Thl profile promotes a cytotoxic response and may involve cross-presentation of
engulfed antigen via MHC-I, while the Th2 profile promotes and antibody response. Th17 cells (by virtue of their high
IL-17 production) play an essential role in combating bacterial infections, especially in the lungs (Zhang et al. 2016),
and Tregs function mainly as immunosuppressive cells responsible for a controlled decline of an immune response

against pathogens (Kaser et al. 2008; Kaser et al. 2011; K&ser et al. 2012).

In addition to the capacity of DCs to determine the type of response, they can also manipulate the homing
characteristics of the activated T cells by providing information about the location of infection, thus facilitating a fast

and efficient immune reaction (Saurer et al. 2007).

DCs also affect B cells of the adaptive immune system through cytokines such as B-cell activating factor (BAFF) and a
proliferation-inducing ligand (APRIL) (MacLennan and Vinuesa 2002). Also direct delivery of unprocessed antigen
from DCs to B cells has been observed, in addition to the influence of DCs on isotype switching (Wykes et al. 1998;

Bergtold et al. 2005; Dubois and Caux 2005).
1.1.1.3 Natural killer cells

Porcine NK cells are small to medium sized lymphocytes capable of inducing an early and rapid immune response,
and are therefore considered a first line of defense against microbial pathogens (Denyer et al. 2006). Spontaneous
production of effector cytokines and robust cytotoxic activity are important functional characteristics of NK cells
(Hamerman et al. 2005; Vivier 2006). In the pig, three different NK-cell subsets have been defined based on their
expression of activation receptor, NKp46. The subsets differ in their capacities to produce cytokines and have
distinct degranulation properties (Mair et al. 2012; Mair et al. 2013). The abundance of NK cells is highly variable
between individual animals, ranging from 1-24% of blood lymphocytes. They reside in relatively low numbers in
lymphatic organs, and in high numbers in non-lymphatic organs such as the liver and lungs (Denyer et al. 2006; Mair

et al. 2012).
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NK cells can execute their effector functions in four ways:

4. Cytotoxicity. NK cell are able to identify and kill cells that reduce or lack the expression of MHC-I through
perforin and granzyme secretion (Ljunggren and Karre 1985; Karre et al. 1986; Lanier 2005).

5. Antibody-dependent cell-mediated cytotoxicity. Fc receptors present on NK cells have the ability to bind to
the fab region of an antibody molecule whose variable region specifically binds to the surface antigen
expressed from a pathogen inside an infected cell. Cross-linking of these Fc receptors triggers the release of
perforin and granzymes, thereby killing the infected cell (Lanier 2005).

6. Cytokine-induced killing. Activation of NK cells triggers the production of IFN-y and TNF-a, thus contributing
to the activation of infected macrophages to induce antimicrobial killing mechanisms (Bogdan 2001; Stetson
et al. 2003; Laouar et al. 2005; Prajeeth et al. 2011).

7. Modulation of DCs. Activated NK cells can induce DC maturation through receptor-ligand interaction and
cytokine production. Conversely, activated DCs can promote NK proliferation, cytotoxicity and increase their

IFN-y production (Walzer et al. 2005).
1.1.1.4 Neutrophil granulocytes

Although not directly involved in viral clearance, neutrophils deserve a mention by virtue of their capacity to
modulate adaptive immune responses by affecting T-cell function; they can guide their migration in the anatomy of
tissue, or they can suppress or support lymphocyte activation and proliferation. An example of the former was
described in a study of influenza infection of the respiratory tract in mice. Here, neutrophils preceded and facilitated
the recruitment of CD8" T cells by secreting subcellular fragments enriched in the chemokine CXCL12, thus guiding
the lymphocytes along the gradient trail due to their CDCR4 receptor (Lim et al. 2015). Neutrophils have also been
shown to possess antigen-presentation properties in a study describing the upregulation of CCR7 in neutrophils
activated upon phagocytosis of an antigen. This protein enables homing to the lymph nodes, where the neutrophils
bearing antigen-loaded MHC-I could cross-prime T cells and induce effector functions (Beauvillain et al. 2007). As an
example of a suppressive function of neutrophils towards T cells, the production and release of reactive oxygen
species was shown to result in the impaired formation of the immunological synapse by inactivating the actin-

remodeling protein, cofilin (Klemke et al. 2008).

Finally, neutrophils represent a diverse branch of the innate cellular system and can exhibit both pro- and anti-
inflammatory responses depending on subtype and context. In general, neutrophils are regarded as the major acute
innate specialized phagocytes are the first to combat a variety of infecting pathogens (reviewed in Kumar and

Sharma 2010).
1.1.2 The adaptive immune system

In contrast to the innate immune response, the adaptive response is highly specific and is customized to the
particular pathogen. The adaptive response is triggered by the innate response, after which the pathogen is weighed

and measured before an adaptive response is initiated. Consequently, this response is relatively slow, and to
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compensate for that, the adaptive immune system has the capacity of memory, and can thus provide long-lasting
and sometimes even lifelong protection. In such cases where the pathogen is recognized by memory cells, the attack

can be initiated immediately, thus clearing infection without any clinical signs.

Similar to the innate immune response, the adaptive response has a humoral and a cell-mediated component. The
humoral component is comprised of antibodies secreted by activated B cells (plasma cells), whereas the cell-

mediated component is comprised of a wide spectrum of different T cells.

In the following sections, a brief description is given of the cells of the adaptive immune system with emphasis on
viral infection. First, a general description T cells is given in section 1.1.2.1. This is followed by a description of y6 T

cells in section 1.1.2.2. Finally, a description B cells is given in section 1.1.2.3.
1.1.2.1 T cells in general

T cells originate from the thymus, hence the name, and common to all T cells is their T-cell receptor (TCR) with its
tightly associated CD3 molecules responsible for signal transduction from the engaged TCR (Smith-Garvin et al.
2009). The purpose of the TCR is to “taste” the surface of other cells, thereby determining if the cells are infected
with an intracellular pathogen. Every cell in the body, except for erythrocytes, display samples of their inner protein
metabolism as peptide fragments presented on MHC molecules on their surface. As such, pathogen-derived peptide
fragments will also be presented by infected cells. The T cell interacts with peptide-MHC (pMHC) complexes on the
surface of APCs and becomes activated in case of recognition. The TCR consists of a disulfide-linked membrane-
anchored dimeric protein consisting of two heterogenous chains of the immunoglobulin superfamily. A given TCR
will either consist of an a and B chain (aB T cells) or ay and & chain (y& T cells). Each chain has a short cytoplasmic
tail, a transmembrane region, a constant domain and a variable domain. The variable domain is responsible for the

interaction with the pMHC.

For the aB T cells, the TCR is generated in a process of random reassortment of numerous variable (V) and joining (J)
genes at the TCR a-locus, and V, diversity (D) and J genes at the TCR B-locus. Further diversity is generated at the
V(D)J junctional boundaries via non-nucleotide encoded changes. Before the developing T cells migrate to the
periphery, they must first undergo a positive and a negative selection phase in the thymus, ensuring that mature T
cells will recognize self-pMHCs but not become activated by self-peptides, respectively. As such, the repertoire of aff
TCRs following thymic selection is estimated in humans to be comprised of 10’-10® unique receptors (Turner et al.
2006). Most of this diversity resides in the complementarity determining regions (CDR), of which each of the two TCR
chains have three. Collectively, the six CDR loops constitute the antigen-binding site of the TCR. Despite their unique
receptor specificities, T cells exhibit a high degree of promiscuity, meaning that any given T cell can recognize a wide
spectrum of peptides (Bhati et al. 2014). Less in known about the y6 TCR diversity, but the discovery of numerous V,
D and J genes at the porcine & locus indicates a potential of an enormous recombinatorial diversity (Uenishi et al.

2009). As a consequence of the above, the specificity of a TCR is completely unique to the particular T cell.
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o T cells are functionally distinguished based on their expression of two co-receptors, CD4 and CD8 (CD8aa or
CD8ap), determining which MHC, and therefore which cell types the T cells can interact with. CD4 allows the TCR to
engage with MHC-II, which is expressed almost exclusively on APCs, whereas CD8 allows engagement with MHC-I,
which is expressed on all nucleated cells. CD4 T cells can differentiate into Th1, Th2, Th17, and Treg cells, whose
functions were mentioned in the section 1.1.1.2. CD8 T cells expressing the CD8a phenotype are the precursors of
CTLs and will subsequently be referred to as CD8B T cells. The effector function of CTLs, being to identify and kill
infected cells, is a central topic to this thesis why a thorough description of the roles and functions of CTLs will be

given in section 1.2.

The distinction between - and classification of - porcine T-cell subsets is quite complex, and well-established
paradigms from mouse and human studies cannot be directly adopted by the porcine model. This involves not only
various T-cell subsets, such as high numbers of extra-thymic CD4"CD8" cells (Zuckermann 1999) and MHC-II
expression by resting T cells (Saalmiiller et al. 1987) but also anatomical features of the lymphatic system, such as
inverted lymph node structures and an unusual route for lymphocyte circulation (Rothkotter 2009). Furthermore,
the advent of novel antibodies against a multitude of cell-surface markers and cytokines have facilitated an extensive
dissection of the T-cell pool and added subsets in many layers meanwhile demonstrating possible transfers between
subsets over time. Due to the scope of this thesis, a detailed description of the whole T-cell family will not be given

here, but can be found in Gerner et al. (2009).
1.1.2.2 y8Tcells

Most of the current knowledge of y& T cells is derived from mouse studies, where it is known that they are able to
secrete both pro-and anti-inflammatory cytokines, help to recruit neutrophils and B cells, and maintain homeostasis
and repair of mucosal barriers (Witherden and Havran 2013). However, pigs are different from mice and humans due
to their large proportion of circulating yo T cells, which can amount to 50% of the total lymphocyte number in the
periphery. In comparison, this number is only about 1-5% in mice and humans (Carding and Egan 2002; Takamatsu et
al. 2006). These large differences most likely reflect a broader range of functionalities in the pig. This is supported by
the identification of no less than 12 y6 T-cells subsets characterized by the different antigens CD1, CD2, CD4, CD8a,
CD8PB and CD45RC (Sinkora et al. 2005; Sinkora et al. 2007). In addition, y6 T cells are widely distributed in different
organs and can be found in spleen, liver, thymus, lungs, bone marrow, tonsils and lymph nodes (Stépanova and
Sinkora 2012; Sedlak et al. 2014). y& T cells are the earliest detectable T-cell subset in the porcine thymus appearing
in the fetus after 40 days of gestation, while aP T cells remain absent for an additional 15 days (Sinkora et al. 2000;
Sinkora et al. 2005). After birth, the level of y& T cells increase strongly until 19-25 week of age, indicating an

important role during adolescence (Talker et al. 2013).

The activation of y& T cells is not exclusively triggered by the engagement of their TCR but also by other receptors
like NKG2D, NKp46 or Toll-like receptors, which are normally associated with NK cells or myeloid cells (Bonneville et
al. 2010; Correia et al. 2011). Hence, y& T cells display features of both the adaptive and the innate immune system.

One study detected enhanced proliferation and IFN-y production of y6 T cells isolated form Bacillus Calmette-Guérin
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(BCG) vaccinated pigs upon restimulation with mycobacterial antigens (Lee et al. 2004). The authors also suggested a
memory-like cytolytic function, which was subsequently confirmed in 3-week-old BCG vaccinated pigs (Olin et al.
2005b).This is in accordance with human y& T cells in Mycobacterium tuberculosis infections that have shown initial
production of IFN-y and TNF-a, and subsequent memory-like characteristics (Meraviglia et al. 2011). PRRSV infected
pigs have also showed higher proliferation and IFN-y production of y6 T cells, when compared to non-infected pigs
(Olin et al. 2005a). In another study, the production of IL-1, IFN-a and granulocyte macrophage-colony stimulating
factor (GM-CSF) was detected following in vitro stimulation of y6 T cells from naive pigs with foot and mouth disease
virus (FMDV) antigen (Takamatsu et al. 2006). Also antigen presentation has been shown to be a feature of y6 T cells.
Especially in some subsets, co-expressed surface molecules associated with APCs (MHC-Il, CD80/86, CD40 and CD31)
were detected and these cells were further shown to take up ovalbumin within 20 minute, indicative of phagocytosis

(Takamatsu et al. 2002).
1.1.2.3 Bcells

B cells originate from the bone marrow, hence the name, and similar to T cells, B cells are characterized by their B-
cell receptor (BCR) that is unique to the particular B cell due to V(D)J recombination (similar to TCR recombination
described in section . The BCRs of mature B cells resemble membrane bound antibodies and function to bind
extracellular undigested antigen, such as on the surface of pathogens. Activation of B cells requires three signals.
Upon encounter of an extracellular antigen recognized by the B cell, cross-linking of its BCRs will provide the first
activation signal. Additionally, it will trigger internalization and processing of the antigen into peptides that are then
presented on MHC-Il molecules. Subsequent encounter with a CD4" T cell expressing a TCR cognate to the presented
pMHC-II will activate the T cell. In return, the T cell will provide the second and third activation signals to the B cell in
terms of stimulation of the CD40 receptor by CD40L on the T cell, and by secreted cytokines. This will allow the B cell
to become fully activated. After this, the B cell will undergo dramatic proliferation and the daughter cells will
differentiate into plasma cells with the secretion of vast amounts of antibody as their main effector function. The
antibodies quickly start circulating the body and efficiently bind to cognate epitopes on the antigen, thus protecting

the host in four ways:

1. Neutralization. Antibodies bind to toxic substances preventing their toxicity. Similarly, molecules on the
surface of a microbe that are critical to its infectivity may be bound, thereby disarming the microbe.

2. Opsonization. By coating pathogens, antibodies can enable accessory immune cells that recognize the Fc
regions of the antibodies to ingest and kill the pathogens.

3. Complement activation. Antibodies bound to a pathogen can trigger activation of the innate complement
system that can enhance opsonization and in some cases directly kill bacterial cells.

4. Immune complexes. Antibodies can cross-link antigens, thereby confining them in large immune complexes

that can subsequently be degraded by various mechanisms.

In contrast to the T cells, B cells can undergo somatic hypermutation for improved antigen affinity before

differentiation into plasma cells. This takes place in germinal centers in lymph nodes where follicular DCs and T cells
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stimulate the process by positive selection. The optimized B cells then differentiate into plasma cells and memory

cells that leave the lymph node and migrate to the bone marrow.

In addition to somatic hypermutation, plasma cells may be stimulated by T cells or DCs to undergo class switching, in
which they change the class of their secreted antibody. Antibodies of different classes operate in distinct places and

have different effector functions.
1.2 The induction of a targeted CTL response

Cytotoxic T lymphocytes are an important part of the adaptive immune response by virtue of their capacity to kill
infected cells in an antigen-specific manner. Due to their CD8 phenotype they are restricted to engage only with
MHC-I complexes. The resulting TCR-pMHC-I interaction is both a critical determinant of priming of the naive CD83 T
cells, and of the subsequent activation of effector CTLs by infected cells. In the center of the interaction lies the
presented peptide, being the only element providing information about the antigen within the presenting cell. The
peptide has a dual role: On one side, it must associate with the MHC-I complex; on the other side, it must interact
with the TCR (figure 2). In the following sections, a comprehensive description of the involved molecules, processes
and interactions for the induction of a targeted cytotoxic T-cell response is given. These include the structure,
polymorphisms and peptide binding properties of the MHC-I molecule (section 1.2.1); the molecular processes
involved in peptide loading of the MHC-I complex (section 1.2.2); the interactions and dynamics related to priming of
the naive CD8B T cell (section 1.2.3) resulting in effector CTLs (section 1.2.4), leading to the eventual establishment
of CTL memory (section 1.2.5); and finally, the various determinants of a functional epitope are discussed (section

1.2.6).

CDs8 TCR

Figure 2: Cartoon drawings of the interaction
between a pMHC-I, a TCR and a CD8 molecule.
The peptide (red) is presented by the MHC-I (HC:
orange, 82m: pink) on the surface of the antigen
presenting cell (APC). The a8 T-cell receptor (TCR)
(blue and light blue) on the surface of the
cytotoxic T lymphocyte (CTL) interacts with
residues of the peptide and of the peptide binding
groove. The CD8 dimer (green and light green)
enhances the interaction meanwhile restricting
the TCR to only engage with class | MHCs. The
portions anchoring the proteins to the cell
membranes are shown schematically. Figure
adapted from Goodsell, 2005,
doi:10.2210/rcsb_pdb/mom_2005 3

CTL membrane

APC membrane

MHC Class |
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1.2.1 The MHC Class 1

MHC molecules are unique in the proteome because of their extreme polymorphism, and several thousand human
MHC-I alleles have been identified thus far. Currently, only 216 of the porcine equivalent, SLA-I, have been found, all
of which are published in the Immune Polymorphism Database (http://www.ebi.ac.uk/ipd/mhc/group/SLA). This
comparably small number is likely to be a consequence of scientific focus and limited genetic diversity within the

swine industry, and the true number should be expected to be much higher.

The mature pMHC-I complex consists of 3 molecules: The heavy chain (HC), the light chain beta-2 microglobulin
(B2m), and the peptide to present. The HC is comprised of three immunoglobulin domains: al, a2 and a3. Of those,
al and a2 together constitute two parallel alpha helices resting on a platform of beta-pleated sheet. This structure is
the peptide binding groove. a3 provides a supportive structure anchoring the HC to the membrane, and f2mis a

soluble immunoglobulin domain stabilizing the complex by interacting with the domains of the HC (figure 3A).

A Peptide
al

‘ﬁ cBulgef\IT :

Figure 3: Cartoon drawings of the peptide-MHC-I complex. A: MHC-I is comprised of 3 a-chain domains (a1, a2, and
a3 in blue) and 82m (cyan), al and a2 together constitute the peptide-binding groove formed by two parallel alpha
helices resting on a platform of beta-pleated sheet. a3 provides a supportive structure anchoring the HC to the
membrane, and 82-microglobulin is a soluble immunoglobulin domain stabilizing the complex by interacting with the
domains of the heavy chain. B: Top down view of the MHC-I binding groove demonstrating the closed conformation
of the groove. C: Side view of the pMHC-I binding groove showing how the closed conformation of the groove forces
the central residues of the peptide into a bulge conformation. Figure adapted from Bhati et al., 2014,
doi:10.1002/pro.2412.

The most polymorph region of the MHC is in and around the peptide binding groove. Polymorph residues on top of
the alpha helices interact directly with the TCR and are responsible for the phenomenon that only self MHCs will be
accepted by the T cells. Polymorph residues in the peptide binding groove change the physicochemical properties,

with the effect that only peptides that conform to these properties will be presented by the given MHC allele.

The peptide binding groove is closed in each end, meaning that it can only bind relatively short peptides (8-11
residues). These are fixed by residues of the groove by hydrogen bonds and van der Waals interactions. It has been
shown that most of the energy needed to bind a peptide in the peptide binding groove involves only the main-chain
atoms that are common to all peptides (Fremont et al. 1992; Matsumura et al. 1992; Madden et al. 1992). The

remaining small fraction of the binding energy involves the peptide side-chain atoms and takes place in the so-called
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anchor positions. These are usually located in the ends of the groove, and function as determinants for the peptide-
specificity of the polymorphic MHC. This exposes the middle part of the peptide to the TCR, thereby determining
TCR specificity (Matsumura et al. 1992; Calis et al. 2013) (figure 3B and C).

Three functional loci of SLA-I have been found in pigs (SLA-1, SLA-2, and SLA-3), meaning that any given pig will
inherit and express two alleles from each locus (one allele from each parent). Potentially, this will amount to six
different alleles, while an inbred pig may only express three different alleles. Different alleles have different peptide
specificities, degrees of promiscuity and even levels of expression on the cell surface. Interestingly, the two latter
have recently been shown to be inversely correlated (Chappell et al. 2015). The exact reason for this is still
speculative, but may likely be related to the notion that large amounts of highly promiscuous MHCs would negatively
select more T cells in the thymus, and would thus pauperize the T cell repertoire (Vidovi¢ and Matzinger 1988).
Alternatively, it may function as a regulatory mechanism responsible for balancing the immune response between

resistance to pathogens and autoimmunity (Kaufman et al. 1995).

The high polymorphism of MHCs is a benefit to the individual animal since six different MHC alleles will present a
larger fraction of the universal peptidome, than three alleles. This enhances the chances of the immune system to
identify and attack intracellular pathogens. Likewise on the population level, the number of several thousand alleles
enhances the chances of survival of the population as a whole. Turning this upside-down, an inbred population is
more vulnerable to infection as the risk of a given pathogen to cause havoc is inversely correlated with the number

of endemic alleles.
1.2.2 Peptide processing and loading of the MHC

Two major pathways are responsible for the peptide processing and loading to the MHC-I. During the cross-
presentation pathway, antigen originating from outside the cell is internalized into phagosomes or macropinosomes
(Norbury et al. 1995; Norbury et al. 1997; Shen et al. 1997). Subsequent processing and loading of peptide to MHC-I
can occur via three different cross-presentation pathways, two of which involve proteasomal degradation in the
cytosol followed by transport into membraneous compartments by Transporter associated with Antigen Processing
(TAP) (Kovacsovics-Bankowski and Rock 1995; Rock and Shen 2005), whilst the third bypasses the cytosol and is
independent of the proteasome and TAP (Rock and Shen 2005). Additionally, a “cross-dressing” pathway has been
described where fully assembled pMHC-I complexes are transferred from one cell to another (Yewdell and Bennink
1999; Yewdell and Haeryfar 2005). During the direct presentation pathway, the antigen is synthesized within the cell
and must therefore require the APC to be infected. Here, a constant synthesis and degradation of protein takes
place, and as an integral part of this turn-over, samples from the degradation products are imported to the
endoplasmic reticulum (ER) by TAP, after which the chaperone protein, tapasin, guides the association with nascent
MHC-I complexes. These are subsequently transported in vesicles to the cell surface to present their peptides to
circulating T cells, thereby informing the T cells about the intracellular processes. This direct antigen presentation

pathway is constitutively being carried out by all nucleated cells (figure 4).
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In addition to the MHC being the most critical determinant for pMHC complex formation by virtue of its peptide-
specificities, other processes play a role in peptide selection. Obviously, the cytosolic abundance of a given protein is
related to the amount of degradation products that can be derived from the protein. More than that, the
proteasome is the main provider of degradation products in its capacity of exerting ubiquitin-mediated proteolysis.
Different subtypes of proteasomes exist of which the standard proteasome and immunoproteasome are the best
studied. Intermediate subtypes also exist, and although the distribution of subtypes have shown to be tissue specific,
the general tenet is that the standard proteasome in expressed constitutively, while the immunoproteasome is
induced by inflammatory mediators such as IFN-y or oxidative stress (Heink et al. 2005; Guillaume et al. 2010). The
two types of proteasomes have different substrate preferences and catalytic activities, resulting in the production of
different, yet overlapping, peptide pool. The chymotrypsin-like activity of the immunoproteasome promotes the
generation of peptides favored by the MHC-I binding groove (Cardozo and Kohanski 1998; Chapiro et al. 2006; Lei et
al. 2010).

cps*

T cell
m
~ N}
Cell surface MHC
Pclass |
Cytoplasm
Cytoplasmic
1 protein
Proteasome
Golgi

| [

A
@ oA Peptides
Qo

- %
Q
@f) :a WV} /
Chaperones Endoplasmic
P P reticulum
I i

Figure 4: MHC-I antigen presentation: The direct antigen presentation pathway. Peptides produced by proteasomal
degradation of cytosolic proteins are transported into the ER by TAP, in which they will become associated with MHC-
I molecules guided by chaperones. Mature pMHC-I complexes are transported in vesicles via the Golgi Apparatus to
the cell surface, for the encounter and recognition by cognate CD8’ T cells. Figure adapted from Yewdell and Neefjes,
2003, doi: 10.1038/nri1250
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The following transportation of degradation fragments into the ER lumen by TAP is currently believed to be
functionally indiscriminate to peptides in human. On the contrary, chicken TAP has shown peptide-translocation
specificity matching the peptide-binding specificity of the dominantly expressed MHC-I molecule (Walker et al.
2011). Whether or not TAP has a discriminative role in pigs is to my best knowledge currently unknown, but since
pigs diverged from humans ‘only’ 85 million years, while the divergence from birds dates 320 million years back, the
best bet is in favor of an indiscriminate porcine TAP. However, several human studies have shown that tapasin has a
capacity to skew the antigen presentation profile in favor of peptides with high binding capacities. This is done by
enhancing peptide dissociation without significantly delaying the transit of MHC to the cell surface (Williams et al.
2002; Howarth et al. 2004; Dalchau et al. 2011). This observation is in compliance with another study showing that
the immunogenicity of a peptide is proportionate to the stability of the peptide-MHC interaction (Harndahl et al.
2012). In addition, it provides a solution to the paradox regarding the priming of a given CD8B T cell: On the one
hand, the priming of a CD8B T cell by an APC requires a certain number of TCR-pMHC-I interactions for the threshold
of priming to be reached (this will be discussed in more details in section 1.2.3). On the other hand, the extensive
protein metabolism constitutively taking place in a given cell results in a plethora of distinct peptides that will be
available for MHC-I presentation. Together, these two dogmas represent a paradox since a peptide presenting
profile of many distinct peptides of low abundance is more likely to engage but less likely to trigger a given CD8B T
cell, whilst a profile of a few distinct peptides of high abundance is less likely to engage but more likely to trigger a
given CD8B T cell. The capacity of tapasin thus provides a compromise by lowering the peptide diversity while at the

same time increasing the quality of the nascent pMHC-I complexes.
1.2.3 CD8B T cell priming

Initial priming of a naive CD8PB T cells takes place in secondary lymphoid organs (SLO) to which DCs have migrated
after being activated by antigen uptake or infection (Steinman 1991). This is an important act since the SLOs function
as the main bulletin board for the exchange of antigenic information. Without this SLO-homing function the chances
of encounter between an APC and a cognate T cell would be negligible. Naive T cells exhibit a more repetitive
behavior as they constantly recirculate between blood and SLOs. In humans, one cycle takes about a day of which
the T cell is present in the blood for only about 30 minutes (von Andrian et al. 2000). Once having entered a SLO, the
naive T cell begins its search for antigen by crawling in an amoeboid fashion displaying large-scale random walk-like
behavior (Miller et al. 2003). Upon encounter with an APC presenting the cognate antigen, the naive CD8B T cell
engages in priming. This event can be temporally divided in three phases, of which the first phase of about eight
hours is characterized by short interactions between the DC and the T cell resembling brief random collisions.
However, T cells are clearly activated as evidenced by their expression of the activation markers CD44 and 69. The
second phase is characterized by hour-lasting interactions, during which the T cells begin secreting IL-2 and IFN-y. In
this phase the immunological synapse is formed, being a large scale molecular structure orchestrated by myosin
motor proteins acting on the actin cytoskeleton (reviewed in Dustin & Cooper 2000). The synapse facilitates TCR-
pMHC-I interaction by precisely aligning the opposing membranes at ~15 nm, thus solving the restraints of contact

imposed by large and negatively charged glycocalyx components on the cell surfaces that would normally conflict
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each other at ~50-100 nm. Microclusters of TCRs and signaling molecules form in the periphery and then migrate to
the center of the synapse. These clusters are responsible for T-cell activation through engagement with cognate
pMHC complexes (Yokosuka et al. 2005). The following third phase is characterized by release of partner cells,

proliferation and high motility (Mempel et al. 2004; Rothoeft et al. 2006).

At the end of successful priming, an intrinsic “all-or-nothing” development program is initiated within the CD8B T cell
causing it to divide at least 7 times while differentiating into effector CTLs in a manner optimized by the presence of
IL-2, but independent of continual antigenic stimulation (Kaech and Ahmed 2001). This results in a dramatic
expansion of up to 50.000 fold, after which the fully differentiated CTLs have the capacity to produce pro-
inflammatory cytokines such as IFN-y and TNF-a and to exert their cytotoxic effector functions at peripheral sites

(Butz and Bevan 1998; Murali-Krishna et al. 1998; Doherty 1998).

The dose of antigen is strongly related to several aspects of T cell priming. In a mouse experiment in which the
effects of different doses were monitored, the authors observed that the dose did not affect the expansion of the
recruited CD8B T cells. Instead, the dose was proportional to the number of recruited cell, which was shown to be at
least partly determined by the availability of APCs that were limited in number under low dose conditions (Kaech
and Ahmed 2001). This was supported by another study adding the notion of an upper limit, beyond which larger
numbers of APCs do not have a major impact (Ludewig et al. 2004). This was especially true in cases of high avidity
TCRs, whereas low avidity TCRs required more and longer engagements with APCs. Similarly, increased density of
antigen per APC has also been shown to lead to more efficient priming and effector differentiation (Rothoeft et al.

2006)

In summary, the density of antigen-bearing DCs in the SLOs, the level of antigen per DC, the affinity of the TCR to the
antigen (TCR avidity), and the duration of antigen availability are all parameters that influence the magnitude of the
resulting CTL response. Also the availability of costimulatory signals is essential. CD8B T cells express a variety of
costimulatory receptors of which the most important are CTLA-4 and PD-1, who play a role in suppression of CD83 T
cells reponses; and CD28 and CD137 that are important for the promotion of CD8B T cell responses. | will not go

further into their mode of action but will instead refer to a recent review (Smith-Garvin et al. 2009).
1.2.4 CTL effector functions

At peripheral sites, an effector CTL will become activated upon encounter with a cell presenting the peptide to which
it was initially primed. This is recognized by the TCRs of the CTL in as extremely sensitive process requiring no more
than 1-50 pMHC complexes to trigger target-cell lysis (Eisen et al. 1996; Sykulev et al. 1996; Valitutti and
Lanzavecchia 1997). However, a sustained TCR signaling is necessary for CTL activation, meaning that several TCRs
must be engaged (Valitutti et al. 1995; Valitutti and Lanzavecchia 1997). To obtain this during low density pMHC
presentation, individual pMHCs can serially engage multiple TCRs. As a prerequisite for this, the TCR-pMHC affinity
must be within a narrow range; sufficiently strong to transduce a signal (McKeithan 1995), meanwhile weak enough

to allow serial engagement (Lanzavecchia et al. 1999). In support of this, it has been shown that CTL activation
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correlates with the half-life of the TCR-pMHC interaction (Kersh et al. 1998; Grakoui et al. 1999), and that target-cell

killing is not carried out if TCR-pMHC half-life is either below or above certain threshold (Kalergis et al. 2001).

Once activated, the CTL exerts its effector function by killing the target cell through a polarized secretion of pre-
made granules containing perforin and granzymes. These are released within the boundaries of an immunological
synapse created by the CTL, thereby preventing collateral damage. Perforin is crucial for enabling access of
granzymes into the target cell, which are involved in triggering caspase-dependent and caspase-independent cell
death (de Saint Basile et al. 2010). An alternative effector function can also be exerted by CTLs, namely the induction
of apoptosis of a target cell expressing the Fas receptor by engaging this with the Fas ligand on the CTL surface

(Nagata and Golstein 1995).

1.2.5 CTL memory

The induction of immunological memory is usually the prime target for vaccination. The general concept of CTL
memory is that about 90-95% of the effector cells initially induced during priming will undergo apoptosis once
infection is resolved, while the remaining 5-10% will differentiate into memory CTLs (Kaech et al. 2002). These will be
maintained at stable levels for long periods of time and can provide a rapid recall response following reexposure to
the pathogen, thus enhancing protection to the host. On the basis of several mouse studies, it is now generally
acknowledged that the eventual differentiation into CTL memory cells is programmed within the first 1-2 days of
infection (Mercado et al. 2000; Kaech and Ahmed 2001; Prlic et al. 2006). Furthermore, the development of CTL
memory has in many studies shown to be dependent on help from CD4 T cells (Bourgeois et al. 2002; Janssen et al.
2003; Shedlock and Shen 2003; Sun and Bevan 2003), despite numerous observations that a fully functional CTL
response can be established without the presence of CD4 T cells during acute infections with high levels of
inflammation (Buller et al. 1987; Ahmed et al. 1988; Rahemtulla et al. 1991; Reis e Sousa 2001; Iwasaki and
Medzhitov 2004). In spite of their apparent importance to the induction of CTL memory, the exact mechanisms
whereby CD4 T cells provide help during CD8B T cell priming remains an open question. IL-2 has initially been
thought of as a critical factor produced by CD4 T cells and is still a good candidate due to its proven role in CTL
expansion beyond the pre-programmed proliferation cycles (Kaech and Ahmed 2001). However, this cytokine is also
secreted by the CD8B T cells during the second phase of priming (Mempel et al. 2004), meaning that the potential

importance of CD4 T cells in this respect must be a matter of IL-2 quantities.

The underlying mechanisms of the maintenance and homeostasis of CTL memory are important aspects to the
development of vaccination strategies. Several different subsets of memory CTLs exist, residing in different types of
tissue and responds in different ways to infections. Nevertheless, a more detailed description is out of scope of this

thesis, but can be found elsewhere (Williams and Bevan 2007)
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1.2.6 Determinants of a functional epitope

The term immunodominance is frequently used to describe the focus of the immune system on the recognition of
only a relatively small number of epitopes (Barber and Parham 1994; Fairchild and Wraith 1996). The term dominant
epitope is often used to signify an epitope dominating the response in terms of recognition -magnitude or -
frequency, while a subdominant epitope represents a minor component of the response observed in natural
infections (Frahm et al. 2006). In the course of this thesis, however, another set of definitions inspired by Sercarz et
al. (1993) will be used dividing epitopes into four categories (table 1). A dominant epitope represents a peptide
recognized in the context of a natural infection. A subdominant epitope is defined as an epitope not seen in the
context of natural infection, but which nevertheless can induce a T-cell response that can recognize and kill infected
cells. A cryptic epitope, on the other hand, can induce a T-cell response upon peptide immunization, but is not
generated by natural processes, and can hence not recognize infected cells. Lastly, a negative epitope may or may
not be an MHC-I binder and/or be naturally processed and presented, but is in any case not capable of inducing a T-

cell response.

High affinity Immunogenic
binder upon peptide Naturally Natural inducer of

Category (Kd £ 100 nM) immunization presented cMI
Dominant Yes Yes Yes Yes
Subdominant Yes Yes Yes No
Cryptic Yes Yes No No
Negative Yes/No No Yes/No No
Stepwise frequency 2.5%* 56% 15% 11%

Accumulative frequency** 100% (1:1) 56% (1:2) 8.4% (1:12) 0.9% (1:108)

*of all expressed 9- and 10-mers as estimated by Assarsson et al., 2014.
**of all high affinity binders

High affinity binders (100%)

Cryptic epitopes (56%)

Subominant epitopes (8.4%)

Dominant epitopes (0.9%)

Table 1: The four categories of epitopes and their defining features. Each feature is characterized by a stepwise
frequency related to the previous feature (the stepwise frequency of high affinity binders relates to all expressed 9-
and 10-mers). An accumulative frequency was calculated based on the stepwise frequencies. The relationship
between the four categories is illustrated below. Table adapted from Assarsson et al., 2014.

To which of these four categories a given peptide belongs is of great importance to the development of an epitope-
based vaccine, and by virtue of their capability to induce recognition by CTLs, only dominant and subdominant
epitopes are of interest. In an attempt to quantify the impact of individual determinants involved in

immunodominance, Assarsson et al. (2007) conducted an extensive study with HLA-A*0201 transgenic mice infected
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with Vaccinia virus. They estimated that 2.5% of all 9- and 10-mer peptides expressed by the virus would bind to
HLA-A*0201 with a high affinity of K4 < 100 nM (explained in section 2.3.1). Of these, 56% would be immunogenic
upon peptide immunization, of which 15% would be processed and presented by infected cells. This last subset
represents the pool of dominant and subdominant epitopes, of which an estimated 11% would be dominant.
Conclusively, only 1 out of 108 high affinity binding peptides was an immunodominant epitope with respect to HLA-

A*0201, while this number was estimated to be 1 out of 12 if subdominant epitopes were included.

In practice, the binding capacity is the only feature out of the four categories described in table 1 that can be tested
in vitro. Fortunately, it is the central and most constrictive feature, and binding stability can be tested in bulk and has
in many cases been estimated as a better correlate of immunogenicity than binding affinity (van der Burg et al. 1996;
Slifka et al. 2003; Lazarski et al. 2005; Harndahl et al. 2012). Still, only approximately 8% of these binders will turn
out capable of recognizing and killing a naturally infected cell. Potentially, this number can be raised by accounting
for specificities of the circulating TCR repertoire, as well as the proteins involved in antigen processing and MHC-I
loading, and prediction servers for these aspects are gaining ground. Usually, however, the functional epitopes are
discovered ex vivo using IFN-y enzyme-linked immunospot (ELISPOT) and cytotoxicity assays with lymphocytes from

peptide immunized or virus infected animals.
1.3 The Porcine Reproductive and Respiratory Syndrome Virus

1.3.1 Discovery and taxonomy

In the late 1980s, episodes of undiagnosed reproductive failure occurred in a number of farms in North America
(Keffaber 1989). A few years later, the Dutch pig industry was struck by the so-called mystery swine disease, giving
rise to similar symptoms (Wensvoort et al. 1991). The etiological agents were soon discovered to be viral and were in
1992 named Porcine Reproductive and Respiratory Syndrome Virus (PRRSV). Antigenic studies (Wensvoort et al.
1992) and genomic sequence analyses (Allende et al. 1999) of the North American and European isolates revealed
significant antigenic variations and a genomic difference of about 40% at the nucleotide level. Surprisingly, evidence
suggested divergent evolution on the two continents from a common ancestor centuries ago (Nelsen et al. 1999;
Forsberg et al. 2001; Plagemann 2003; Yoon et al. 2013), which resulted in the taxonomic division of PRRSV into two
distinct genotypes, PRRSV type 1 (European) and PRRSV type 2 (North American). This has recently been updated,
reclassifying the two genotypes into two distinct species: PRRSV-1 (type 1) and PRRSV-2 (type 2) (ictvonline.org).
Both species belong to the Arteriviridae family in the only assigned genus, Arterivirus, together with 11 other species
including lactate dehydrogenase elevating virus (LDV) and equine arteritis virus (EAV), the latter being type species
for the genus. The Arteriviridae family is placed together with Coronaviridae, Roniviridae, and Mesoniviridae in the

order Nidovirales.

1.3.2 Genomic organization and virion structure

The virus is a small enveloped virus containing a positive-sense single-stranded ribonucleic acid (RNA) genome of
about 15 kb that encodes 11 open reading frames (ORFs): ORF1a, TF, ORF1b, ORF2a, ORF2, ORF3, ORF4, ORFS5,
ORF5a, ORF6 and ORF7 (Meulenberg et al. 1993; Wu et al. 2001; Johnson et al. 2011; Fang et al. 2012). The 5'-
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proximal three quarters of the genome comprising ORFla, ORF1b and ORF-TF contain two programmed ribosomal
frameshifting sites (RFS) responsible for the alternating translation of four polyproteins that are co- and post-
translationally cleaved into 16 nonstructural proteins (NSP) in total by four virally encoded proteinases (Fang and
Snijder 2010; Fang et al. 2012). Eight structural proteins (glycoprotein (GP) 2, envelope (E), GP3, GP4, GP5,
membrane (M), nucleocapsid (N) and ORF5a protein) are encoded by the ORFs in the 3’proximal quarter, ORF2a,
ORF2b, ORF3-7, and ORF5a, respectively, and are expressed by a set of subgenomic RNAs (sgRNA) generated
through a negative strand intermediate with the 5’ untranslated region as a leader sequence (van Marle et al. 1999).

Figure 5 illustrates the genomic organization and translation strategy.
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Figure 5: The genomic organization and translation strategy of PRRSV-2. Top panel illustrates the full genome with
open reading frames (ORF) presented as blue boxes. The two ribosomal frameshifting sites (RFS) are presented as red
circles and the possible offsets are given in parenthesis. The middle panel illustrates the four possible polyproteins
(pp) translated from the different RFS combinations. The pps are co- and post-translationally cleaved into functional
non-structural proteins as indicated by lines and the responsible proteinases are indicated with active sites (red
markings) and cleavage sites (arrows). The bottom panel illustrates the six subgenomic RNAs (sgRNA) encoding the
eight structural proteins, including glycoproteins (GP) 2-5, ORF5a, envelope (E), membrane (M) and nucleocapsid (N)
proteins.

The PRRSV virion is a pleomorphic particle with a size ranging from 50 to 65 nm. It has a hollow, layered core
consisting of the genomic RNA bundled up by disulfide-linked homodimers of N protein. The core is covered in a lipid
membrane, the envelope, in which the remaining structural proteins are embedded (figure 6) (Spilman et al. 2009).
GP2, GP3, GP4 and probably also E form a complex that is necessary both for ER-to-Golgi transport before particle
formation (Wissink et al. 2005) and for viral entry via interaction with the CD163 receptor on the target cell (Das et
al. 2010). GP5 and M form a disulfide-linked heterodimer and constitutes the major glycoprotein complex that is

vital for particle formation (Wissink et al. 2005). The exact role of the ORF5a protein is currently unknown, but it has
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been shown to be required for virus viability (Sun et al. 2013). Recently, various isoforms of NSP2 has been detected
in association with the viral membrane, thus raising the number of viral structural proteins from 8 to 10 or more.
Although they have been shown to have membrane-modifying capacities, their exact roles are unclear (Han et al.

2010; Kappes et al. 2013; Kappes et al. 2015).
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Figure 6: Scheme of the PRRSV particle. The membrane contains the major Gp5/M complex (blue and orange), the
minor glycoprotein complex Gp2/3/4 (green, red and purple, respectively), the small hydrophobic E protein (dark
blue) and the ORF5a protein (yellow). Figure adapted from Veit et al., 2014, doi:10.1016/j.virusres.2014.09.010

1.3.3 Origin, phylogeny and diversity

The origin of PRRSV has still not been established, though it is generally assumed to have evolved from the mouse
virus, LDV, based on similarities within the Arteriviridae family. However, LDV does not infect pigs and PRRSV does
not infect mice and no intermediate species has so far been discovered. Because of this and supported by
probabilistic arguments, the appearance of PRRSV is proposed to be the result of a single speciation event from
which the two PRRSV species have evolved on their respective continents (Murtaugh et al. 2010). When and where
this speciation event and the subsequent divergence into separate species occurred is being debated. One study
suggested the speciation event to have occurred as late as in the 1980’s based on molecular evolutionary analyses of
the ORFs 3-6 (Hanada et al. 2005). This was challenged by Forsberg (2005), who reanalyzed the same set of data
using a different methodology and concluded the divergence into separate species to have occurred 100 years
earlier. A few years before, a hypothesis based on historical events and ORF5 alignments was proposed by
Plagemann (2003), suggesting that the speciation event had occurred somewhere in Eastern Europe, whereafter the
virus was introduced to the American continent in 1912 for isolated evolution into PRRSV-2. More recently, Yoon et
al. (2013) estimated the most recent common ancestor to have existed about 790 years ago with subsequent
divergence into subspecies of PRRSV-1 and PRRSV-2 to have occurred 115 and 180 years ago, respectively. The

study was based on full genome sequences from 15 PRRSV-1 and 111 PRRSV-2 strains where known recombinant
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strains had been excluded. Obviously, a simple model for the determination of these events cannot be made as
multiple parameters and variables must be considered. Especially the frequency and impact of recombination events
are hard to estimate, but since recombination is an inherent mechanism of PRRSV replication, by virtue of the
generation of sgRNA and heteroclites, it must be assumed to be partly responsible for the global PRRSV diversity
(Murtaugh et al. 2010). As such, phylogenetic analyses based only on a single ORF may be misleading since the full
scope of recombination events will not be apparent. This was exemplified by a study in which Eurasian PRRSV-1
strains were subtyped according to both ORF5 and ORF7 (Stadejek et al. 2008). The generated phylogenetic trees
were incongruent in the evolutionary relationship between Russian and Western European subtype 1. This
incongruence was verified by Shi et al. (2010b), who further suggested a recombination event to be the most
plausible explanation. In spite of this, it is currently accepted that PRRSV-1 can be divided into three subtypes on the
basis of ORF5 and ORF7, though a fourth subtype is tentative (Stadejek et al. 2013). Of these, subtype 1 is the largest
and can be further divided into 12 clades (Stadejek et al. 2008; Shi et al. 2010b). Even though the majority of its
diversity is in Europe, PRRSV-1 has been introduced to 5 non-European countries, including USA, Canada, South
Korea, China, and Thailand (Shi et al. 2010b).

The diversity of PRRSV-2 has likewise been divided into 9 different lineages and several sublineages based on ORF5
sequence analysis. North American strains dominate most of the lineages except for two, that are specific for Asian
strains (Shi et al. 2010a). However, frequent introductions of various PRRSV-2 strains have been observed in several
European and Asian countries. Especially strains of lineage 5 have been broadly introduced to more than eight
countries outside of the North American continent. This lineage contains the strain used in the Ingelvac PRRS Vet
vaccine that in several cases is likely to have constituted the direct route of introduction (Botner et al. 1997; Cha et

al. 2006; Chen et al. 2006; An et al. 2007; Greiser-Wilke et al. 2010).

1.3.4 Virus attachment, entry, replication and release

Members of the genus Suis (pigs, including wild boars) are the only natural host for PRRSV, which has a tropism for
cells of the monocyte lineage, especially differentiated macrophages such as porcine alveolar macrophages (PAM)
that serve as the primary site of replication. This highly restricted tropism is determined by the presence of specific
receptors in the target cell, which is believed to mediate infection as follows (figure 7):

Early attachment of an approaching PRRSV is aided by sticky interactions between the PRRSV M/GP5 complex and
heparan molecules on the PAM surface (Delputte et al. 2002). This is followed by a gradual increase to the more
stable and intimate binding between sialic acid molecules on GP5 and macrophage-restricted sialoadhesin
molecules, which in turn will induce internalization by clathrin-mediated endocytosis (Vanderheijden et al. 2003;
Delputte et al. 2005; Van Breedam et al. 2010). Subsequent viral uncoating and genome release is mediated by
interactions between the PRRSV GP2 and GP4 proteins and the scavenger receptor, CD163, in the early endosome

(Van Gorp et al. 2008; Van Gorp et al. 2009; Das et al. 2010; Tian et al. 2012).
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Figure 7: PRRSV replication cycle. Following entry by receptor-mediated endocytosis and disassembly, genome
translation yields the polyproteins ppla-nsp2TF, ppla-nsp2N, ppla, and pplab that are cleaved by internal
proteinases to generate at least 14 nonstructural proteins, which are assembled into a replication and transcription
complex (RTC). The RTC first engages in minus-strand RNA synthesis to produce both single-strand full-length and
subgenomic (sg)-length negative-strand RNAs. Subsequently, the sg mRNAs serve as templates for the synthesis of
positive-strand sg mRNAs required to express the structural protein genes that reside in the 3’-proximal quarter of
the genome. Newly generated RNA genomes are packaged into nucleocapsids that become enveloped by budding
into intracellular compartments. The new virions are released from the cell by exocytosis. Figure adapted from
Lunney et al., 2016, doi:10.1146/annurev-animal-022114-111025.

The above model describes the main entry pathway for PRRSV into macrophages, but other pathways and
permissive cells exist and with these, alternative cellular and viral molecules are involved in the entry processes of
PRRSV. The African green monkey line, MA104, and its derivatives, MARC-145 and CL2621 cells, are all commonly
used for virus propagation, but do not express sialoadhesin (Kim et al. 1993; Bautista et al. 1993). Another recently
discovered permissive cell line, SIPL, derived from swine respiratory tract epithelial cells, neither expresses
sialoadhesin nor CD163, but is permissive anyway (Provost et al. 2012). All of these alternative cell lines express the
receptor, CD151, which is also expressed by PAMs. Different silencing experiments in MARC-145 cells have indeed

shown that CD151 is vital for PRRSV infection, which may then also be the case for the SIPL cells (Shanmukhappa et
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al. 2007). Another molecule that was shown to be important for virus entry into MARC-145 cells and interact with
the nucleoprotein is vimentin (Kim et al. 2006; Song et al. 2016). Furthermore, recent experiments with genetic
CD163 knock-out pigs have indicated that PRRSV-1 and PRRSV-2 may differ in their entry pathways and there may

even be differences between individual strains (Wells et al. 2017).

Once the PRRSV genome has been released inside the host cell, replication begins in the cytosol, immediately
translating ORFla, ORF-TF and ORF1b for the generation of the NSPs. These quickly assemble into a membrane
associated replication and translation complex (RTC) containing the two core enzymes, RNA-dependent RNA
polymerase (NSP9) and RNA helicase (NSP10). Infection also triggers the formation of a large number of
interconnected double membrane vesicles (DMV) derived from the ER where subunits of the RTC have been shown
to co-localize (Pedersen et al. 1999; van Hemert et al. 2008). Additionally, EAV double stranded RNA has been
detected within these structures, why it is believed that DMVs function as replication and translation hotspots,
safely shielding the virus from the intracellular PRRs. Progeny virions are generated by budding of pre-formed
nucleocapsids into the lumen of smooth intracellular membranes, after which the virions leave the cell by exocytosis,

determined by the mature M/GP5 complex (Wissink et al. 2005).

1.3.5 Pathogenesis and pathology

PAMs are believed to be the primary target cells, but PRRSV has also been found in interstitial macrophages in
various tissues (listed in Provost et al. 2012) and highly pathogenic strains may have expanded tropism to include
various epithelial cells (Zhou and Yang 2010). PRRSV infects and replicates within macrophages and eventually kills
them. The first cycle of replication occurs in the PAMs, whereupon the virus can spread to other parts of the body
either by means of viremia or inside migrating macrophages. The clinical symptoms appear early after infection and
the most common signs include respiratory symptoms that often leads to fever, lethargy, anorexia and pneumonia.
PRRSV participates as co-factor in polymicrobial syndromes, such as Porcine Respiratory Disease Complex (PRDC)
and Porcine Circovirus Associated Disease (PCAD) (Chand et al. 2012). Studies have shown that infectious PRRSV
could be isolated from lymphoid tissue more than 150 days after infection even after several months of viral absence
in the serum (Wills et al. 1997; Allende et al. 2000). Furthermore, viral replication has been detected for as long as
250 days after infection (Wills et al. 2003). For pregnant gilts and sows infected in late gestation the virus may infect
the endometrium and placenta giving rise to sporadic late-term abortions, early farrowing and birth of litters mixed
with living, stillborn and mummified fetuses (Zimmerman et al. 1997; Rossow 1998; Karniychuk and Nauwynck
2013). Viremia typically peaks after 10-15 days post infection and in most cases the level of virus in serum is below
the detection limit 4 weeks after infection, but the virus may persists in some pigs (Lopez and Osorio 2004). Although

the infection is not persistent per se it is often life-long since the average lifetime of production pigs is 180 days.
1.3.6 Virus transmission and epidemiology

Due to its bilipid envelope, PRRSV is easily inactivated by solvents, heat, drying, and is only viable within a narrow pH
range between 5 and 7 (Benfield et al. 1992). Supposedly for the same reasons, outbreaks have been shown to

follow a seasonal pattern in the Midwest of USA with an onset in October (Tousignant et al. 2015). Nevertheless,

33



PRRSV has spread to every part of the global swine industry, and in many places both genotypes have become
enzootic (Shi et al. 2010). PRRSV can be transmitted by several routes that together with the age of the naive pig are
determinants of contagiousness. Infectious virus has been recovered from nasal secretions, saliva, urine, semen
faeces, aerosols, milk and colostrum (reviewed in Pileri & Mateu 2016), and exposure to PRRSV occurs by the
respiratory and oral routes and through the mucosae. Aerial transmission, direct contact, coitus, insemination,
ingestion and inoculation can all mediate infection, in addition to fomites and vertical transmission during late
gestation. Despite the absence of clinical signs, several studies have shown that transmission is possible for up to
three months under natural conditions from horizontally infected pigs, and for a much longer period from vertically

infected pigs (reviewed in Pileri & Mateu 2016).

Due to the above reasons, the introduction of PRRSV into a naive herd will usually cause a clinical outbreak infecting
all stages of production within 2-3 weeks. Gradual immunization will then lead to a decline in the epidemicin 1-5
months, after which the infection will typically become endemic for long periods of time depending on population
size (Pileri and Mateu 2016). The routes of transmission to the herd are likewise multiple: One common way is the
introduction of infected gilts or sows for which infection was not detected or the proper quarantine measures were
not applied (Mortensen et al. 2002; Kwong et al. 2013; Rosendal et al. 2014). Introduction via infected semen has
also been reported (Botner et al. 1997; Nathues et al. 2014), and several studies have shown that transportation
vehicles, feed, boots and other equipment could transmit disease, especially during the cold season (Dee et al. 2002;
Dee et al. 2003; Dee et al. 2004). Airborne transmission from farm to farm has also been evaluated, and in one study
infectious virus was detected in the exhaust air 4.7 km from the infected farm (Dee et al. 2009). Other studies have
shown that airborne transmission is highly dependent on the strain (Torremorell et al. 1997) and on environmental
factors such as temperature, humidity, sunlight and wind (Torremorell et al. 1997; Dee et al. 2002; Dee et al. 2003;

Otake et al. 2010; Dee et al. 2010).
1.3.7 Prevention and control

Preventive methods are relatively easily applied comprising purchase of animals and semen from PRRSV negative
pigs, decontamination of vehicles and fomites, and filtration of inlet ventilation air. In addition, vaccination of sows
and piglets is a strategy commonly used for the control of PRRSV. On the level of the individual animal, the main
objective of vaccination is to reduce clinical signs and protect pregnant sows from reproductive failures. On the herd
level, the objective is mainly to reduce economic losses associated with disease, to decrease antibiotic use and to

increase animal welfare.

Many attempts have been made to develop an effective vaccine against PRRSV. Various virus attenuation or antigen
selection strategies, adjuvants and delivery systems have been tested including killed virus (KV), modified live virus
(MLV), recombinant protein based, and deoxyribonucleic acid (DNA) vaccines, and their efficacies in terms of viral
clearance and relief of symptoms are diverse (reviewed in Renukaradhya et al. 2015a and Renukaradhya et al.

2015b). Most of these remained unsuccessful and commercial MLV vaccines quickly gained ground due to their
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strong protection against a homologous challenge. Cross-protection against a heterologous challenge, however, has

for most parts remained absent.

In one study it was shown that pigs vaccinated with a PRRSV-2 based MLV significantly reduced viral shedding in oral
fluids and in the air after challenge, although the magnitude and duration of viremia was unaffected compared to
unvaccinated pigs (Linhares et al. 2012). In a similar study, repeated immunization of pigs with a PRRSV-1 based MLV
that were previously infected with a homologous strain both reduced the number of persistently infected pigs and
viral shedding, even though complete elimination of the circulating strain could not be obtained (Cano et al. 2007).
Recently, a new MLV vaccine (Fostera PRRS, Zoetis), based on the PRRSV-2 isolate, P129, showed signs of partial
cross-protection after challenge with a PRRSV-1 virus by significantly reduced levels of viremia and nasal shedding, as
well as a reduced severity of lung lesions (Park et al. 2015). Short after, the same lab presented results from a
challenge study testing the protection against a dual challenge with both PRRSV-1 and PRRSV-2 after vaccination
with either Fostera or a PRRSV-1 based MLV vaccine (Unistrain PRRS, Hipra). Again, Fostera showed significant cross-

protective capacities, while this was not seen for Unistrain PRRS (Choi et al. 2016).

Despite the positive effects of MLV vaccines, a more sinister side revealed itself in 1997 when evidence appeared
describing that an attenuated PRRSV-2 vaccine had reverted back to virulence and started promoting rather than
preventing disease (Botner et al. 1997; Madsen et al. 1998). This marked the introduction of the type 2 PRRSV to
Denmark, which subsequently spread to other parts of Europe. Similar events of MLV strains reverting to virulence
have since been described for a PRRSV-1 based vaccine (Beilage et al. 2009; Frossard et al. 2012; Kvisgaard et al.
2013) and a for a vaccine based on a highly pathogenic Asian versions of a PRRSV-2 strain (Jiang et al. 2015).

Furthermore, the use of MLV in pregnant animals in the last trimester increases the risk of reproductive failure.

In addition to vaccination, numerous field reports and experimental studies of circulating wild type strains provide
evidence that the porcine immune system is indeed capable of mounting a response that will eventually clear the
infection from the animal entirely. In one case it was observed that sows having suffered from PRRSV-induced
reproductive failure could succeed in having a normal litter after rebreeding despite the apparent circulation of the
virus within the herd (Stevenson et al. 1993). Expanding on this, various herd closure and farm stabilization protocols
have succeeded in complete viral clearance of entire herds by selective exposure of live residing virus (Torremorell et
al. 2002; Linhares et al. 2014). Investigating the protective properties of the immune response, one study showed
that protection can be observed for more than 600 days after exposure of a homologous strain (Lager et al. 1997a),
while another study showed that intrauterine exposure at gestation day 1 could provide protective immunity against
subsequent exposure of the same strain at gestation day 90 (Lager et al. 1997b). Collectively, these cases represent a
growing pile of evidence that PRRSV can indeed be controlled by correct manipulation of the immune systems of the

pigs.

In Denmark, the first case of PRRSV (PRRSV-1) was diagnosed in 1992 (Bgtner et al. 1994) and a systematic
monitoring of the national PRRSV status was initiated in 1996, indirectly leading to the introduction of PRRSV-2 to

the Danish swine industry (Botner et al. 1997). In the period from 2010 to 2013, around 35% of all specific pathogen
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free (SPF) herds were infected with PRRSV being generally less than preceding years (Kristensen et al. 2014a). A
standardized herd classification system for describing the PRRSV infection status of herds has been presented by
Holtkamp et al. (2011), defining four categories: 1) Positive unstable herds have positive shedding and exposure to
the virus. This is also the default category for untested herds with unconfirmed exposure status. 2) Positive stable
herds are without clinical signs of PRRSV in the breeding-herd population and viremia has remained undetectable for
a minimum of 90 days. 3) Provisional negative herds have a negative shedding status and introduced animals must
remain seronegative. However, older seropositive animals are accepted. 4) Negative herds have negative shedding

and exposure status.

Depending on the severity of infection and general market demands, positive unstable herds are either completely
or partially depopulated. In a complete depopulation, all animals are culled and new PRRSV-negative animals are
inserted 3 weeks after the farm has been washed and disinfected. In a partial depopulation, only sections with
transmission of virus are emptied, washed and disinfected (Kristensen et al. 2014b). Transmission of virus will often
be seen among the weaned piglets for which reason this section can be depopulated in an action called nursery
depopulation (Dee 2003). Alternatively, positive unstable herds can be stabilized by various methods, such as proper
management of the gilt pool (Dee et al. 1995) and by following the ‘McREBEL’ guidelines (Management Changes to
Reduce Exposure to Bacteria to Eliminate Losses) to limit transmission (McCaw 2003). Under Danish conditions, the
MLV vaccines are used in PRRSV positive herds to stabilize the sow herd by vaccinating gilts prior to first mating,
which optimally leads to avoidance of reproductive problems related to PRRSV infection and weaning of PRRSV

negative piglets.

1.3.8 Immune response and immunoevasion

PRRSV has now been around for almost 30 years. In this period it has spread to all parts of the world causing
wreckage in the pig industry with an estimated annual production loss in the USA worth of $664 million (Holtkamp et
al. 2013). Atypical and highly pathogenic strains have evolved, such as the Belarusian type 1 subtype 3 strain, Lena
(Karniychuk et al. 2010; Van Doorsselaere et al. 2012), the highly virulent MN184 strain in USA (Mengeling et al.
1998; Han et al. 2006), and the Chinese HP-PRRSV (for highly pathogenic) strains, the latter of which resulted in
unparalleled outbreaks in 2006 affecting ~2 million and killing ~400,000 pigs in China (Tian et al. 2007). In addition,
PRRSV has been shown to function as co-factor in disease complexes such as PRDC and PCAD (Brockmeier et al.
2002) and to be involved with a long list of other swine pathogens including Mycoplasma Hyopneumoniae (Thacker
et al. 1999), Bordetella Bronchiseptica (Brockmeier et al. 2000), Porcine Circovirus-2 (Allan et al. 2000), Porcine
Respiratory Coronavirus, Swine Influenza Virus and Haemophilus Parasuis (Van Reeth et al. 1996; Solano et al. 1997).
Obviously, extensive efforts to control end eventually eradicate PRRSV have been made, and until now, this has
resulted in more than 2500 scientific articles written on PRRSV. Nevertheless, eradication or even a fulfilling strategy
to control the virus has not yet been achieved. The vast amount of generated scientific data, however, has shed light
on several aspects of the conundrum, and it is now clear that PRRSV exhibits a multitude of immunoevasive

mechanisms, manipulating both the innate and adaptive immune response on several levels. This will be briefly
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reviewed in the following subsections, including the effects on the innate immune response (section 1.3.8.1), the

humoral adaptive response (section 1.3.8.2) and the cell-mediated adaptive response (section 1.3.8.3).

1.3.8.1 Effects on the innate immune response

The type | IFNs (IFN-a/B) are important antiviral activators for the innate immune response and function by
autocrine/paracrine signaling. Recipient cells will be triggered to express a wide variety of interferon-stimulated
genes (ISG) that function to establish antiviral and immune-regulatory states in the host cells. Not surprisingly,
PRRSV inhibits type I IFN signaling on several levels. PRRSV uses no less than 5 viral proteins as known IFN
antagonists: NSP1, NSP2, NSP4, NSP11 and N. NSP1 and the N protein localize to the nucleus and inhibit the IFN
transcription activation by targeting the interferon regulatory factor 3 (IRF-3) and the NF-kB-responsible promoter
(Chen et al. 2010; Song et al. 2010; Sagong and Lee 2011). NSP2, NSP4 and NSP11 also antagonize type | IFN by
inhibiting the NF-kB signaling pathway in various ways, although the antagonistic effect of NSP2 is less consistent
and seems to vary with different strains (Beura et al. 2010; Sun et al. 2010; Chen et al. 2014; Sun et al. 2014; Huang
et al. 2014). This inconsistency may be related to the fact that the NSP2 sequence varies most among strains. Also in
recipient cells, PRRSV both suppresses the downstream signal transduction of type | IFNs by means of NSP1 (Patel et
al. 2010; Wang et al. 2013), and also interferes with at least one ISG by means of NSP2 (Sun et al. 2012).

TNF-a is also a target for suppression by PRRSV by virtue of its pleiotropic functions attributed to the promotion of
an antiviral state in uninfected neighboring cells, recruitment of lymphocytes to the foci of infection, selective
cytolysis of virus-infected cells, and modulation of apoptosis/survival of cells (Smith et al. 1994; Natoli et al. 1998).
Again, the subunits of NSP1 are responsible by modulating the activities of the transcription factors NF-kB and Sp1,
respectively (Subramaniam et al. 2010). Furthermore, HP-PRRSV strains are more potent repressors of TNF-a than
conventional Chinese strains, which may contribute to the pathogenesis of HP-PRRSV (Hou et al. 2012a).

On the other side of the spectrum, IL-4 and IL-10 are both upregulated in PRRSV infected cells (Genini et al. 2008;
Dwivedi et al. 2012; Wongyanin et al. 2012). IL-4 is known in pigs to suppress inflammatory cytokine gene
transcription in macrophages (Zhou et al. 1994), and IL-10 is an anti-inflammatory cytokine important to regulation
of the immune response and can be produced by several cell types, including monocytes/macrophages, DC, T cells
and B cells. It is capable of inhibiting numerous inflammatory cytokines, can counter an adaptive response, and can
induce the differentiation of T cells into Tregs (Moore et al. 2001; Genini et al. 2008; Sabat et al. 2010). At least three
PRRSV encoded proteins have been shown to induce IL-10, comprising NSP1 (Zhou et al. 2012), N protein
(Wongyanin et al. 2012), and GP5 (Hou et al. 2012b; Song et al. 2013).

Besides manipulating expressions and responses to various cytokines, PRRSV also modulates the cells in various
ways. One such way is apoptosis, which among many other roles, is a crucial innate defense mechanism to prevent
viral replication and eliminate infected cells (Thomson 2001). PRRSV is able to prevent apoptosis in early stages of
infection, apparently by means of GP2 (Huo et al. 2013; Pujhari et al. 2014), and to induce it in late stages by means
of NSP4 (Costers et al. 2008; Ma et al. 2013). Interestingly, also neighboring cells become induced to undergo

apoptosis, indicating the secretion of apoptogenic cytokines (Huo et al. 2013).
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Another way to manipulate the infected cells lies in the formation of intracellular DMVs as mentioned earlier. These
are likely to function as a hideout for the virus, where it can replicate freely while shielding itself from intracellular
antiviral PRRs.

A third way was announced in a very recent study, in which Guo et al. (2016) presented thorough evidence that
PRRSV can induce the formation of - and spread through - long membraneous nanotubes. This was done by engaging
the actin cytoskeleton for structural scaffolding and the myosin motor protein for transportation of viral genetic
material and proteins. The nanotubes were able to interconnect cells within a few cell widths, thereby allowing viral
dissemination without the need of an extracellular phase. Viral spread by nanotubes was shown to occur in both
Marc-145 and PAMs, and could transfer infection to otherwise non-receptive cells, such as HEK-293T cells. Viral
spread through nanotubes was shown to be completely unaffected by neutralizing Abs, thus stressing the need for a
cytotoxic response.

In addition to the mentioned manipulations, their effects progress throughout the entire immune response molding
it to the benefit of the virus. The first cells affected are the NK cells that are both reduced in numbers and cytolytic
activity (Shi et al. 2008; Dwivedi et al. 2012; Cao et al. 2013). This allows for unrestrained infection of the
macrophages that will have their normal antiviral response suppressed by the virus. Instead, they will enter a state
characterized by debris clearance and tissue repair and their foremost skill as antigen presenting cells will be
battered by the reduced expressions of MHC | and II.

Besides utilizing the standard pathway for entry into the macrophage, evidence has shown that PRRSV may enter
PAMs by a phenomenon known as antigen-dependent enhancement (ADE). ADE represents a mechanism in which
the attachment of sub-neutralizing antibodies to the viral surface induces Fc receptor-mediated endocytosis, by
which the macrophage becomes infected. Studies have shown that the yield of progeny virus increases significantly
in PAMs in the presence of anti-PRRSV antisera, and that the viremic response in pigs injected with sub-neutralizing
antibodies prior to infection is much more severe, than in pigs injected with normal antibodies (Mateu and Diaz
2008; Halstead et al. 2010). Further evidence suggested ADE to interfere with the innate cytokine responses, since
the pretreatment of PAMs with antibodies blocking the Fc receptor responsible for ADE, FcyRIlb, resulted in
increased transcription of IFN-a and TNF-a, but decreased expression of IL-10 upon PRRSV infection (Zhang et al.

2012).

DCs, being the only antigen presenting cell type superior to macrophages, constitute the main activators of the
adaptive immune response. Obviously, PRRSV has found ways to manipulate these too. One rather straight forward
strategy is to simply kill the infected DC by both apoptotic and necrotic mechanisms (Rodriguez-Gémez et al. 2013).
Another and more sophisticated strategy involves the increased induction of IL-10, the suppression of type | IFN and
the downregulation of MHC-I and -II, and the co-stimulatory molecules CD80/86 (Charerntantanakul et al. 2006;
Loving et al. 2007; Wang et al. 2007; Flores-Mendoza et al. 2008; Chang et al. 2008; Liu et al. 2016).

The general result of the PRRSV-induced compromised antigen presentation is a weak and delayed onset of the
adaptive immunity. T cell responses are reported to appear at 4—8 weeks post infection and CD4"- and CD8"-T cells

remain low and constant (Bautista and Molitor 1997; Lépez Fuertes et al. 1999; Feng et al. 2002; Xiao et al. 2004).
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Additionally, infected DC have been reported to induce the differentiation of T cells into Tregs both in vivo and in
vitro (Wongyanin et al. 2010; LeRoith et al. 2011; Cecere et al. 2012; Manickam et al. 2013). These
immunosuppressive cells have in humans previously been associated with the suppression of antiviral immunity and
in the establishment of chronic persistent HIV, hepatitis C and B viruses, cytomegalovirus and Epstein-Barr virus

hieh T cells

(Cecere et al. 2012). During PRRSV infection, Tregs may be responsible for the observation that CD3'CD8
isolated from peripheral blood mononuclear cells (PBMC) of PRRSV-infected pigs can indeed proliferate upon
restimulation in vitro, but cannot exert cytolysis on PRRSV-infected PAMs (Costers et al. 2009).

The anti-bacterial Th17 variant of the T helper cells has also been shown to play a role in response to infection with
an HP-PRRSV strain. When comparing the number of Th17 cells in infected pigs, the Th17 population was
significantly suppressed in peripheral blood and in lungs of pigs infected with an HP-PRRSV strain (JXwn06), when
compared to pigs infected with either mock or a low pathogenic strain. This correlated with increased bacterial loads

in the lungs of HP-PRRSV infected pigs, thus suggesting a method by which PRRSV may give way for secondary
infections (Zhang et al. 2016).

1.3.8.2 Effects on the humoral adaptive immune response

Humoral immunity has been regarded as the key effective component of PRRSV clearance since Osorio et al. (2002)
demonstrated that passive transfer of antibodies isolated from PRRSV immunized animals could provide sterilizing
immunity in pregnant sows. For many years, focus has been on GP5 as the carrier of the protective PRRSV
neutralizing epitope (Ostrowski et al. 2002; Plagemann 2004a; Plagemann 2004b). By virtue of the previously
mentioned role of the M/GP5 complex to mediate viral attachment and internalization through interactions with
heparan sulphate and sialoadhesin, an antibody that prevents these interactions by binding to the M/GP5 complex
would therefore be expected to contain neutralizing capacities. Several different vaccination platforms have been
engaged in confirming the neutralizing capacities of antibodies induced either by GP5 alone or in complex with the
M protein (Pirzadeh and Dea 1997; Jiang et al. 2007; Zhou et al. 2010; Vanhee et al. 2011; Xu et al. 2012; Kim et al.
2013), and it should now be assumed that the neutralizing epitope(s) on GP5 is conformational (Fan et al. 2015), and
that the M protein contributes to the conformational nature of this epitope when in complex with GP5. The
heterotrimer of the minor envelope glycoproteins, GP2/GP3/GP4, has also been shown to contain epitopes for
neutralizing antibodies, which is in agreement with its interaction with CD163 to initiate infection. In one study,
linear neutralizing epitopes were indeed identified in each of the three minor glycoproteins of the Lelystad strain
using a peptide scanning technology. One epitope located on GP3 was especially potent and the corresponding
epitope on strains other than Lelystad was also able to induce neutralizing antibodies. Interestingly, no linear
neutralizing epitopes were found on GP5, supporting the notion of a conformational nature (Vanhee et al. 2011).
In spite of the confirmed presence of these neutralizing epitopes, the induction of a neutralizing antibody response
following PRRSV infection is typically weak and delayed. Two mechanisms are generally accepted as being
responsible for this immunoevasive behavior. The first is the presence of decoy epitopes luring the immune response
away from the neutralizing epitope(s) (Ostrowski et al. 2002). The second is the mechanism referred to as glycan

shielding by which the presence of glycan molecules attached to specific asparagines in the glycoproteins
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encapsulate the neutralizing epitopes. Several reports involving site directed mutagenesis, reverse genetics and
deglycosylation of the glycoproteins support the concept that glycosylation of especially GP5 renders the virus
resistant to neutralization, while the other glycoproteins are less affected (Vu et al. 2011; Wei et al. 2012a; Wei et al.
2012b). One study showed that inoculation of pigs with virus stripped of GP5-bound glycans gave rise to significantly
higher levels of neutralizing antibodies against the mutant as well as wild-type PRRSV, suggesting that GP5 glycans

are not only relevant to the shielding but also to the immunogenicity of the virus (Ansari et al. 2006).

1.3.8.3 Effects on the cell-mediated adaptive immune response

A functional CMI during a PRRSV infection should be manifested as activated CTLs, having the ability to identify and
induce apoptosis of PRRSV-infected cells. Studies have shown that CTLs are indeed present in high numbers at
infected locations in the lungs of transplacentally infected animals (Tingstedt and Nielsen 2004), and that the influx
of CTLs to the lungs increase during PRRSV infection (Samsom et al. 2000). Although the CTLs are present, their role
in clearing the infection is unclear and controversial.

On the skeptical side, Lohse et al. (2004) showed that acute infection appeared to be unaffected by the presence of
CTLs since temporary depletion of CTLs during the onset of infection with PRRSV-1 virus neither increased disease
nor influenced the ability to clear virus. One study attempted to evaluate the relationship between viral persistence
and the presence of CTLs in blood, tonsils, the spleen and the mediastinal lymph nodes in PRRSV-2 infected animals.
Although a significant correlation between viral clearance and increased CTL counts in the spleen was observed, a
delayed and impaired CMI together with low levels of CTLs were found in the tonsils and lymph nodes, allowing viral
persistence in these organs (Lamontagne et al. 2003). In a last example, the cytotoxic activity of PBMCs isolated from
Lelystad-infected pigs failed to show PRRSV-specific lysis of infected autologous alveolar macrophages until very late

in the experiment. Even following successful expansion of CD3*cD8"e"

cells after a 5-day period of restimulation with
virus, a PRRSV-specific cytotoxic response was not observed until day 56 post infection, suggesting a PRRSV-induced
impairment of the cytotoxic activity (Costers et al. 2009).

On a more optimistic note the CMI against PRRSV-2 was first explored by Bautista (1997), who described a PRRSV-
specific lymphocyte proliferation and delayed-type hypersensitivity response, thereby indicating a T cell specific
memory response. Another study argued that a CMI was responsible for the protective immunity of a PRRSV-1
challenge upon vaccination with an MLV vaccine, since a virus-specific IFN-y response was observed, while no
neutralizing antibodies were present (Zuckermann et al. 2007). An in vitro proliferation assay of PBMCs from PRRSV-
1 infected cells showed that PBMCs could be expanded upon restimulation with virus, and that the cytotoxic activity
against K-562 cells increased along with this expansion (Lopez Fuertes et al. 1999). In a more recent study, a
comprehensive screening for immunogenic T-cell epitopes was performed, restimulating PBMCs from pigs
immunized with either of three PRRSV-1 strains, with 15-mers covering the whole proteome of the Olot/91 strain
(structural proteins) or the closely related Lelystad strain (non-structural proteins). Using IFN-y ELISPOT as readout,
the authors identified several CD8 and CD4 T-cell responses against epitopes from both structural and non-structural

parts of the genome (Mokhtar et al. 2014). The same lab later expanded on this and identified dominant T-cell
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responses directed against NSP5 and the M protein, with indications of both memory and cytotoxic effector

functions (Mokhtar et al. 2016).

1.3.9 Upcoming innovative vaccines

By virtue of the drawbacks associated with MLV vaccines, innovative vaccination strategies have begun to appear,
bringing new hope for the development of a safe vaccine with cross-protecting capacities. In one such study, pigs
were immunized with seven T-cell and two B-cell epitopes, mostly derived from PRRSV-2, and adjuvanted with a
truncated version of the porcine heat shock protein, Gp96. Upon challenge with the HP-PRRSV strain, JXwn06, milder
clinical symptoms, lower viremia and less pathological lung lesions were observed. Long-lasting effects, however,
remained absent (Chen et al. 2013). In another lab, a vaccine-challenge study was performed in which pigs were
vaccinated with a DNA vaccine encoding a truncated version of the N protein. The experiment confirmed the
immunomodulatory effects of the N protein as the vaccinated pigs exhibited increased numbers of PRRSV-specific
activated CD4°CD25" lymphocytes, reduced numbers of PRRSV-specific Tregs, and rapid viral clearance following
infection (Suradhat et al. 2015a; Suradhat et al. 2015b). Finally, an extensive animal trial was described by a third lab,
in which pigs were vaccinated intranasally with the inactivated PRRSV-2 strain, VR-2332, entrapped in poly(lactic-co-
glycolic) acid nanoparticles adjuvanted with Mycobacterium tuberculosis whole-cell lysate. Subsequent challenge
with the heterologous PRRSV-2 strain, MN184, showed an enhanced PRRSV-specific antibody response with
neutralizing capacities, a suppressed immunosuppressive cytokine response, increased frequencies of IFN-y secreting
cells, and most importantly a complete clearance of replicating virus, and a three logy reduction of viral RNA load in
the blood (Binjawadagi et al. 2014a). Also in the lungs, a ten-fold reduction of viral RNA load was observed

(Binjawadagi et al. 2014b).
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2 GENERAL MATERIALS AND METHODS

In this chapter, | will elaborate on the materials and methods used during my studies and provide relevant
information and reflections that were left out in the papers. The various methods are be listed in order of
deployment and are related to epitope prediction (section 2.1); preparation and storage of the peptides (section
2.2); in vitro verification of the epitopes (section 2.3); SLA genotyping of pigs (section 2.4); VRP design, generation
and verification (section 2.5); titration of VRPs and PRRSV (section 2.6); applied diagnostic methods (section 2.7); and

the enzyme-linked immunospot assay (ELISPOT) (section 2.8).
2.1 Epitope prediction

As previously mentioned, the capacity of a peptide to bind to an MHC-I complex is the most critical determinant of a
functional epitope. Because of this, a rational identification and selection of potential epitopes was a central

milestone in the development of the final vaccine and occupied most of my first year as a PhD student.

PRRSV has a genome of about 15 kilobases encoding for several thousands of 9- and 10-mer peptides, so testing
them all in the lab would not only be extremely laborious, but would also pose a risk of the final verified epitopes of
being specific for only a few strains. Instead, a bioinformatic approach was established, providing a strict filtering of
potential epitopes, requiring that successful candidates would be conserved among PRRSV-2 strains, and would be
predicted binders to at least one of five SLA alleles. The bioinformatic pipeline is described in more details in paper 1

and includes the following steps:

1. Selecting, curating and preparing all 9- and 10-mer peptides derived from available PRRSV-2 sequences for
epitope prediction (section 2.1.1).

2. Selecting the relevant SLAs to be applied for epitope prediction (section 2.1.2).

3. Performing epitope prediction of the peptides by combining the two prediction methods, NetMHCpan
(section 2.1.3), and positional scanning combinatorial peptide library (PSCPL) (section 2.1.4). For the latter, |
designed a program that is mentioned in section 2.1.5.

4. Prioritizing the predicted strong binders according to conservation among strains and SLA coverage using the

PopCover algorithm (section 2.1.6).

Several tools for epitope prediction exist for both epitope affinity and stability but most of these are not applicable
to porcine MHCs. In this study, | combined the prediction outputs of the affinity prediction server, NetMHCpan, and
the matrix based method, PSCPL. The output of both methods, given in the form of a percentile rank score, were
combined by calculating the harmonic mean. Peptide candidates with a combined percentile rank score < 2 for at

least one of the selected SLAs, were subsequently passed on for prioritization by the PopCover algorithm.
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2.1.1 Selection, curation and preparation of PRRSV sequences

Initially, it was undecided which of the two PRRSV species should provide the basis of the epitopes. Thus, both
PRRSV-1 and PRRSV-2 strains were curated and prepared for epitope prediction. The procedure was cumbersome
and involved several steps. First, all available full genome sequences were collected and their associated references
were scrutinized in order to verify that each sequence was derived from a wild type strain. Secondly, the sequences
were aligned in two global alignments, one for each species, and were subsequently partitioned in minor alignments
representing each of the virus encoded protein products. This step was complicated further by the presence of two
RFSs resulting in four protein products (ppla, ppla-NSP2-N, ppla-NSP2-TF and pplab) translated from the three
ORFs (ORF1a, ORF-TF and ORF1b) in the 5’-terminal three quarters of the genome (figure 5, page 29). Thirdly, all
alignments were split up in individual nucleotide sequences that were then translated in silico and verified to all start
with methionine and to not contain non-sense stop codons. Strains encoding protein products that did not comply
with these criteria were excluded. At this point it was decided to proceed with PRRSV-2 as only 25 PRRSV-1
sequences had passed the test, while this number was 104 for PRRSV-2. Finally, all protein products were cleaved
according to naturally occurring post-translational cleavage sites before being used as template for the in silico
generation of 9- and 10-mer peptides. Conclusively, 43.634 unique 9-mers and 47.305 unique 10-mers verified to be

a natural part of the wildtype PRRSV-2 panproteome were passed on for epitope prediction.

The curation and preparation of sequences was executed using CLC workbench aided by several small Python scripts

written for bulk handling and processing of sequences.
2.1.2 Selecting the SLAs

Five SLA alleles (SLA-1*0401, SLA-1*0702, SLA-2*0401, SLA-2*0502, and SLA-3*0401) were used for epitope
prediction. These SLAs were chosen since most of them had previously been shown to be common in Danish pigs
(Pedersen et al. 2014) and were all readily accessible for in vitro analysis as recombinant biotinylated HC.
Furthermore, PSCPL matrices were available for all five. Unfortunately, however, a general misconception had led to
the belief that SLA-2*0502 were in fact SLA-2*0501. This meant that all prediction analyses were executed with SLA-
2*0501 as it was believed that the subsequent in vitro analyses should be performed with this allele. The PSCPL
analysis, on the contrary, had unknowingly been performed with the correct allele, since the PSCPL matrix was based
on in vitro experiments with this very same recombinant HC. Conclusively, huge disagreements appeared between
the two prediction methods that probably might have alerted an experienced person. This, however, | was not and

when the misconception was finally acknowledged, the peptides had already been purchased.
2.1.3 Prediction using NetMHCpan

NetMHCpan (Hoof et al. 2009) is a publicly available epitope affinity prediction server based on artificial neural
networks. The version used in this study (version 2.8) has been trained on >150,000 quantitative binding data
covering >150 different MHC-I alleles. NetMHCpan not only accounts for the peptide sequence in relation to a fixed

MHC-I allele, but also for the pseudosequence being the sequence of polymorphic residues in the peptide binding
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groove responsible for interacting with the peptide. Consequently, predictions can be performed for virtually all
species of interest given that the pseudosequence is provided. In case of the five SLAs relevant to the current study,
providing the pseudosequences was not needed as these were already integrated in the prediction server. The
output of NetMHCpan is given as a percentile rank score being calculated from a standard curve of 200,000 random

natural peptides.

The performance of NetMHCpan was recently benchmarked against three other publicly available MHC-I prediction
servers, of which NetMHCpan performed the best (Trolle et al. 2015). It was developed at the Technical University of
Denmark, Center for Biological Sequence Analysis (DTU-CBS), by Morten Nielsen, who is also co-author of paper 1.
He advised me to use NetMHCpan, and further advised me to combine the outputs of both NetMHCpan and PSCPL,
in compliance with previous studies that had shown a better performance for swine MHCs using the combined
method than either method alone (Pandya et al. 2015; Pedersen et al. 2016). This was further confirmed by our own

analyses in paper 1.

NetMHCpan was, together with PSCPL and PopCover, accessed and executed on the DTU-CBS (Technical University
of Denmark, Center for Biological Sequence Analysis) server using UNIX scripts via secure shell client on my laptop

computer.

2.1.4 Prediction using PSCPL

PSCPL is a prediction method that, in contrast to NetMHCpan, is based on binding data obtained from a rationally
selected set of artificially generated peptide libraries. The method was first described in details by Stryhn et al.
(1996) and has since been applied to porcine immunology by Pedersen et al. (2011), who analyzed the binding
affinity of 9x20+1=181 peptide libraries. Each library represented a pool of 9-mer peptides where a specific position
was occupied by a specific amino acid, while the remaining 8 positions contained random out of 19 amino acids
(cystein excluded). As such, the first set of 20 libraries had a fixed amino acid at position one, the second set was
fixed at position two, and so forth to the ninth set fixed at position nine (table 2). An additional library designated X,

contained completely random peptides (cystein excluded) with no fixed position.

Position 1 Position 2 Position 9
AXXXXXXXX XAXXXXXXX XXXXXXXXA
CXXXXXXXX XCXXXXXXX XXXXXXXXC
YXXXXXXXX XYXXXXXXX XXXXXXXXY

Table 2: Positional scanning combinatorial peptide libraries. A total of 9x20+1=181 libraries represent all possible 9-
mer peptides, in addition to a single library of completely random 9-mer peptides (cystein excluded). Twenty libraries
were synthesized to address each of the 20 naturally occurring amino acids in each of the 9 positions of an 9-mer
peptide. The first column indicates the 20 libraries describing the first position, the second column indicates the 20
libraries describing the second position, etc. to the last column indicating the 20 libraries describing the ninth
position. X = a mixture of 19 amino acids (cystein excluded). Underscored amino acids are indicated by their one-
letter code. Table adapted from Stryhn et al., 1996.
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The authors subsequently measured the binding affinity of all 181 peptide libraries to SLA-1*0401 using peptide
affinity enxyme-linked immunosorbent assay (ELISA) as described in section 2.3.1. Based on these measurements, a
matrix was generated representing the relative binding factor (RB) of each individual amino acid (a) at each specific
position (p), defined as RB,;,, = IC50(X9)/ICso(library,,) normalized so that »20, RBg, = 20, 1C5, being the
peptide concentration needed to obtain half-saturation of the SLA (table 3). RB values >2 were considered to
represent a position where the given amino acid was in favor of binding (large and bold), while RB values <0.5 were
considered to represent positions where the given amino acid was detrimental to binding (small and italic)
(thresholds representing 95% confidence intervals). An anchor position (AnP) value was also calculated for each
position as AnF, = égl(RBap — 1)2. In the present example, AnP-values >15 identified anchor positions at p9, p3
and p2 in order of importance. Biologically, an anchor position is defined as a restrictive site in the peptide binding
groove that rejects most and strongly favors only a few amino acids, thus constituting the basis for MHC-specificity.
This is quite well reflected in the strongest anchor of SLA-1*0401, p9, that almost exclusively accepts large and bulky

aromatic amino acids such as tyrosine (Y), tryptophane (W) and phenylalanine (F).

Once the laborious in vitro experiments have been performed and a PSCPL matrix has been established for a given
MHC, the binding capacity of any given peptide can be calculated from this matrix by simply multiplying the RB
values for the corresponding peptide. The product can then be converted to a percentile rank score by the use of a

standard curve, thereby enabling comparison with other prediction servers such as NetMHCpan.

The theory behind the PSCPL method rests on the assumption that MHC-I specificity is the result of an array of
largely independent subspecificities acting in a combinatorial mode. This assumption is probably not completely
correct since it is known that peptide-MHC-I interaction result in conformational changes in the HC that would
undoubtedly affect the pockets of the peptide binding groove (Bhati et al. 2014). Nevertheless, the method has

shown to identify strong binders in cases where other prediction servers have failed.

SLA-1*0401 Amino acid position in peptide
Table 3: PSCPL matrix based on

! 2 3 4 > 6 ! 8 ° binding affinity data of SLA-1*0401
A 1,7 0,8 1,6 1,1 0,8 04 1,7 0,7 00 providing the relative binding factor
C 0,8 0,2 0,4 2,7 1,1 1,0 0,7 1,7 0,0 : :
5 o 07 77 21 08 o1 05 18 00 (RB) of eacl7 natural am/no. qad
E 1,6 0,0 2,8 0,6 1,0 14 09 0,9 02 corresponding to each position of a 9-
F 0,4 02 0,8 00 1,0 11 11 11 58 mer peptide. Bold and enlarged
G 0,5 03 01 1,5 1,1 1,4 00 1,0 00 . . .
H 05 02 o1 o1 13 2.4 05 07 04 num.befs represe/?t.am/no acids that in
I 0,7 3,4 03 0,8 0,8 0,9 0,7 0,9 03 the indicated positions, lead to
K 11 02 01 04 04 1,2 04 0,9 00 enhanced binding (RB > 2) while
L 0,6 2,1 02 0,6 1,0 1,7 1,0 1,2 0,6 o
M 17 19 1,0 12 14 14 12 14 0.7 italized and small numbers represent
N 1,4 0,5 0,6 1,4 1,9 0,7 1,0 1,9 00 amino acids that in the indicated
P 00 00 01 1,6 0,5 11 19 1,2 11 e -

ly ” ' ’ ’ ’ r 7 '’ <
a 10 09 02 10 05 o 08 07 e position lead to r.e.duced binding (RB
R 2,3 0,0 01 0,6 2,4 0,9 1,0 0,5 02 0.5). Anchor position (AnP) values are
S 18 24 18 11 038 L5 16 07 00 represented on the bottom line,
T 1,4 2,5 1,6 0,7 0,9 0,5 2,0 0,7 00 dentifyi d h
v 11 3,7 03 0.5 07 0.8 0,9 0.6 0,8 identifying p9, p3 and p2 as anchor
w 03 0.0 02 0,6 1,0 0,8 0,6 1,4 5,6 position in order of importance. Table
Y 05 00 05 13 06 02 L6 e 43 adapted from Pedersen et al., 2011.
Sum 20 20 20 20 20 20 20 20 20
AnP-value 7 28 57 8 4 6 5 4 67
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2.1.5 “The Program!” - Python-based program for PSCPL analysis

During the bioinformatics period of my PhD, | attended an introductory course for various bioinformatic tools and
programming languages. To my own great surprise, | discovered that the hitherto black box of computer
programming was actually quite exiting (and | even had a flair for it). | immediately started writing a program in
Python-language that in the end was able to chop up a polypeptide of any given length into 9- and 10-mers, calculate
their rank scores on basis of available PSCPL matrices, and identify relevant anchor positions. | was quite content
with my work, my wife was quite jealous at my computer, and when | eventually presented “The Program!” to
Morten Nielsen, my bioinformatics guru, he gave me a comforting smile and said that he had already developed a
program capable of all that and much more. So | never used it for anything relevant other than having a great time

learning how to code. And for this, it deserved a place in the appendix (appendix A, page 129).
2.1.6 PopCover - prioritizing the epitope candidates

The PopCover algorithm provides a rational epitope selection strategy that accounts for both pathogen variation and
the diversity of the host MHC polymorphisms. The input parameters are the peptides of interest, together with
information about which genomes encode the given peptides, and to what SLAs they can bind. PopCover then
iteratively scores each peptide giving the highest score to the most conserved peptide with the broadest SLA allelic
coverage. Subsequent peptides are scored similarly while also accounting for gabs left by previously prioritized
peptides in relation to both genomic conservation and SLA coverage. Coefficients of impact can be applied to the

included genomes and the relevant SLAs, if needed (Lundegaard et al. 2010).

In my case, the input was 6,140 top candidates with a combined percentile rank score < 2 for at least one of the
selected SLAs, as determined by the combined epitope predictions. Appendix B (page 134) shows the 53 peptides
selected for subsequent in vitro binding assays based on the PopCover output illustrated with PopCover rank,
assigned ID, peptide sequence, locus, SLA coverage and strain coverage. Peptide ID 14 (PopCover rank 14) was
originally also ordered from GenScript, but could not be synthesized and was thus excluded from the list. Among
peptides with PopCover ranks 1-50, four peptides were further excluded as they represented 9-mers nested within
included 10-mers. Peptides with assigned ID 47-49 were included for more representatives of NSP2 and ORF6, and
peptides with assigned ID 50-54 were included as previous studies had provided evidence of their immunogenicity.
Note that SLA-2*0501 was included in the analysis to illustrate that the analysis was performed on the flawed notion

that this was the correct allele.

The outcome of the PopCover analysis was the advent of 142 pSLA combinations to be verified in the lab. 30 for SLA-

1*0401, 26 for SLA-1*0702, 36 for SLA-2*0401, 24 for SLA-2*0501 and 26 for SLA-3*0401.

2.2 Preparation and storage of the peptides

The 53 peptides were delivered from GenScript with purities ranging from 85.6% to 99.9% and masses ranging from

1.6 mg to 4.9 mg. Based on their molecular weights, they were dissolved to concentrations of 500 uM. Dissolution of
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peptides were mostly done in MilliQ water although in some cases other solvents (N-metrhyl-2-pyrrolidone (NMP),
dimethylsulphoxide (DMSO) and 3% NH3) were added in small amounts as recommended by the manufacturer.
Dissolved peptides were aliquoted in screw cap stock vials (830 ul) and working vials (40 pl), and were stored at -20

°C.
2.3 Invitro verification of selected epitopes

True binders among the predicted 142 pSLA combinations were verified by peptide affinity ELISA (section 2.3.1) and
scintillation proximity assay (SPA) (section 2.3.2), measuring the affinity and stability, respectively, using
recombinant biotinylated HCs of the five SLAs. It should be noted here, that no functional assay could be generated

to test SLA-3*401 in vitro, why it was excluded from the project after in vitro verification had ended.
2.3.1 Peptide-SLA affinity determination by peptide affinity ELISA

The affinity of a pMHC interaction is indicative of how likely a binding is to occur and is represented by the
equilibrium dissociation constant K4 = [peptide][MHC]/[pMHC]. This can be approximated by the peptide
concentration needed to half-saturate a significantly lower concentration of MHC molecules. In my studies, this was
measured using a modified sandwich ELISA (Sylvester-Hvid et al. 2002; Pedersen et al. 2011), employing the principle
that the dissociation of B,m from pMHC-I complexes provide an indirect measurement of peptide dissociation
(Parker et al. 1992). Briefly, a series of samples containing incremental concentrations of the target peptide, a fixed
concentration of the target denatured biotin conjugated HC, and a fixed excess of B,m were set to obtain binding
equilibrium before being transferred to a streptavidin coated ELISA plate. Subsequent removal of unbound peptide
and B,m allowed for quantitative analysis of bound complexes using anti-B,m antibodies. The measured data points
representing the concentrations of formed pMHC complexes as a function of peptide concentrations were fitted
using a sigmoidal regression curve. From this, the K4-value was read and normalized using a standard curve based on

the prefolded biotinylated FLPSDYFPSV/HLA-A*0201 (Kast et al. 1994) (figure 8).

During my time in the lab, | conducted several of these plates. Many were for refining the protocol and adjusting the
parameters but mostly for determining the binding affinities of the predicted pMHC combinations. Most of the time,
reproducibility was obtained, but for some pSLA combinations a markedly strong affinity was observed once, after
which no affinity at all could be measured. The protocol was quite strict and detailed, and especially the HCs and B,m
were intrinsically vulnerable and should not be exposed to freeze-thaw cycles and vortexing. Besides, several steps
in the protocol required many logs of dilution, transferring between plates, and changing of pipet tips. Precautionary
measures were of course taken such as aliquoting the sensible reagents and making sure that incubations were kept
safe and untouched, but other things were out of my control, such as seasonal temperature changes affecting
incubation temperatures, available pipets, and the fact that other personel were also using the reagents and
equipment. In summary, many things could go wrong, and some mistakes were inevitable despite my effort to avoid

them.
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Figure 8: Peptide affinity ELISA. A: Setup: Heavy chain (green) in complex with peptide (red) and 8,m (purple)
attached by biotin (pink) to streptavidin molecules (orange) in the well. Bound complexes are detected by a
quantitative enzymatic color reaction (glowing blue) upon binding of primary anti-8,m antibodies (yellow) and
secondary enzyme conjugated antibodies (grey). Figure adapted from the PhD thesis by Lasse Eggers Pedersen, 2012.
B: Sigmoidal curve fitting: Two peptides (white and black circle) exhibiting similar binding affinity with K4;=7. Figure
adapted from Harndahl et al., 2012.

2.3.2 Peptide-SLA stability determination by scintillation proximity assay

The stability of a pMHC interaction is indicative of how long a binding will persist once it has been established. This is
represented by the binding half-life (t;) that can be measured using SPA, which basically employs the same principle
as in the affinity assay, namely that B,m will dissociate from the complex when the peptide falls off. The assay design
is simple, yet brilliant, and relies on the detection of light signals emitted by the scintillation plate upon absorption of
Auger electrons emitted by "*’I-radiolabeled B,m in close proximity. In practice, the target peptide and denatured
biotin conjugated recombinant MHC HC is set to incubate in the streptavidin coated scintillation plate together with
125

I-radiolabeled B,m. Upon steady-state, unlabeled B,m is added and the dissociation rate is monitored by

consecutive measurements resulting in a decay curve from which t,, can be read (Harndahl et al. 2011) (figure 9).
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Figure 9: Scintillation proximity assay. A: Setup: Heavy chain (green) in complex with peptide (red) and **I-

radiolabeled 8,m (purple) attached by biotin (pink) to streptavidin molecules (orange) in the well. Auger electrons
(glowing pink) emitted by %I trigger the emission of light (glowing blue) from the scintillation plate. Figure adapted
from the PhD thesis by Lasse Eggers Pedersen, 2012. B: Decay curve fitting: Two peptides (white and black circle)
exhibiting different dissociation rates. CPM: counts per minute. Figure adapted from Harndahl et al., 2012.

In relation to my studies, the SPA analysis was performed by Michael Rasmussen at the University of Copenhagen,
the Laboratory of Experimental Immunology. | was politely advised not to show up, as my presence would be
inexpedient as only trained personnel should prepare the plates and handle the machine. So | don’t have any hands-

on experience with this method. Instead | put my trust in that Michael did a great job.
2.4 SLA genotyping of pigs

Given that the final epitopes were predicted and verified as binders to a limited number of SLAs, it was of course
relevant to know the SLA profiles of animals used in various experiments. Two methods were applied for this
including a DNA based SLA genotyping (section 2.4.1) and a Next-generation sequencing (NGS) based SLA genotyping
using messenger RNA (mRNA) (section 2.4.2).
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2.4.1 DNA-based SLA genotyping

This method was originally adapted for swine MHC-I by Martens et al. (2003) and subsequently optimized to
comprise a set of 47 sequence specific primer pairs based on the polymorphisms in exons 1, 2 and 3 of published
SLA-I DNA sequences available at that time (Ho et al. 2006; Ho et al. 2009). All primer pairs (listed in Ho et al. 2009)
were designed with similar melting and annealing temperatures enabling a simple polymerase chain reaction (PCR)
setup, where all reactions could be executed simultaneously on genomic DNA from the target animal. This provided
a low resolution SLA genotyping, of which the presence or absence of specific SLA groups could be confirmed by gel
electrophoresis. High resolution typing could subsequently be performed by PCR using more specific primers (table
4), followed by amplicon sequencing and single nucleotide polymorphism (SNP) analysis comparing the obtained

sequences with the sequences of known alleles.

Product

Primer name Direction Sequence (5'-3) size (bp)
SLA-1*04 105-123 Forward GCCTGACCGCGGGGACTCT 641
SLA-1*04 519-499 Reverse CTCATCGGCCGCCTCCCACTT
SLA-1*07 331-353 Forward GCCGGGTCTCACACCATCCAGAT 220
SLA-1*07 550-528 Reverse GGCCCTGCAGGTAGCTCCTCAAT
SLA-2*04 294-314 Forward CCGAGGGAACCTGCGCACAGC 316
SLA-2*04 383-362 Reverse CCCACGTCGCAGCCGTACATGA
SLA-2*05 295-318 Forward CGAGTGAACCTGCGCACAGCTCTT 544
SLA-2*05 612-589 Reverse CTGCAGCGTGTCCTTCCCCATCTC
SLA-3*04 116-135 Forward GGAAGCCCCGTTTCATCGAA 192
SLA-3*04 307-284 Reverse GCAGGTTTTTCAGGTTCACTCGGA

Table 4: Primers used for the generation of amplicons for high resolution SLA genotyping.

2.4.2 Next-generation sequencing-based SLA genotyping

This method was recently developed in Gregers Jungersen’s lab and in contrast to the previous method that can only
provide information about the presence or absence of specific SLA-I genes, this method provides quantitative
information on the expression of these genes by applying NGS of copy DNA (cDNA)-based amplicons. PCR was
performed on cDNA reverse transcribed from SLA-I mRNA using barcoded primers specific for conserved regions in
exon 2 and 3 of all known SLA-I genes. Sequences of the barcoded amplicons obtained by NGS were de-multiplexed,
pair mate joined, quality checked and sorted into clusters showing the expression levels of each allele. The method is
described by lIsge et al., (manuscript in preparation) and was applied by Overgaard et al. (2015), the latter of which |

participated as co-author.

In relation to my own studies, this method was applied once, but did unfortunately not provide any useful data due

to NGS difficulties (data not shown).
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2.5 VRP design, generation and verification

In the following subsections | will describe some basic characteristics of the VRP used as a template for the vaccines
(section 2.5.1). | created a program for the design of the inserted polyepitopes, which is described in section 2.5.2.
Following this, | describe how the final VRPs were rescued and storaged (section 2.5.3). Finally, the resulting VRPs

were verified using flow cytometry (section 2.5.4) and western blot (section 2.5.5) analyses.

2.5.1 The virus replicon particle

From the very beginning, it was intended for the verified epitopes to at some point be integrated in VRPs serving as
platform for the final vaccine. This idea emanated from the collaboration between my supervisors and Nicolas Ruggli
and Artur Summerfield from the Institute of Virology and Immunology (IVI) in Switzerland, who had previously
shown promising results with VRPs based on the Classical Swine Fever Virus (CSFV) (Suter et al. 2011).

In the wild, CSFV is prone to infect cDC where they will prevent maturation and suppress type-I IFN by targeting the
IRF-3 pathway by means of the structural protein, N’ (Bauhofer et al. 2007), which is necessary for type-I IFN
production (Bauhofer et al. 2005). Also pDCs are susceptible, which on the other hand give rise to strong type-I IFN
responses due to their high levels of IRF-7, the master regulator of type-I IFN (Liu 2005; Honda et al. 2005), that is
not targeted by CSFV (Carrasco et al. 2004; Bauhofer et al. 2005).

In the present study, the bicistronic plasmid, pA187-N°"-IRES-C-delE™, was selected as an appropriate vaccine
platform due to its tropism for DCs and to its previously demonstrated capacity to express transgenic proteins with
measurable activities (Suter et al. 2011). The previously mentioned suppression of type-I IFN was abrogated by a
single amino acid substitution in the C-terminal part of N°, thereby eliminating the zinc-binding domain responsible

for the suppression.
2.5.2 “Juncitope” - Python-based program for neoepitope removal between epitopes in a polyepitope

In the process of concatenating adjoining epitopes to a polyepitope, artificial sequences spanning residues of
neighboring epitopes will appear. By chance, some of these sequences may exhibit SLA binding capacities and are in
such cases referred to as neoepitopes. Neoepitopes with strong SLA binding capacities have the potential to
misdirect the immune response by overruling real epitopes competing to bind to the same SLA molecules, or by
priming otherwise anergic self-recognizing T cells, thus triggering autoimmunity. In order to avoid this, | used my
new-found programming skills to create a program named Juncitope with the purpose of minimizing the impact of
emerging neoepitopes. This was done by alternately identifying the neoepitope with NetMHCpan version 2.8 and
subsequently nullifying these by adding/deleting/replacing junctional spacer amino acids and/or by changing the

succession of the true epitopes.

The program was designed to be flexible with regards to defining neoepitopes in terms of length and rank score,
number and impact of relevant SLA alleles, and length and composition of the spacers used for nullification. In
addition, it was designed to be compatible with other prediction tools available at the DTU-CBS servers. In the

settings used for the generation of the polyepitopes relevant to this study, a neoepitope was defined as a peptide
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with a predicted binding affinity to a given SLA leading to a rank score < 1 for 8-mers, < 4 for 9- and 10-mers, or <
2 for 11-mers. Optimally, the algorithm should have been adjusted to account only for SLAs expressed by the animals
ultimately receiving the vaccine, but since the herd from which the experimental animals would come was
undecided when purchase of the polyepitopes was needed, the prevalent SLAs could not be determined. Hence, 19
SLA alleles were included in the analysis as these were estimated to represent a broad diversity of peptide
specificities. These are seen in the output file associated with the generation of the VRP 1 polyepitope, together with
other relevant parameters including input epitopes, initial and final neoepitope distribution, and the final
polyepitope sequence (appendix C, page 135). The program code was written in Python and integrated with a
downloaded version 2.8 of NetMHCpan running in Ubuntu on my laptop. The program code is seen in appendix D

(page 140).
2.5.3 Rescue and storage of the VRPs

All cloning, amplification in XL-1 blue competent E. Coli and transfection of plasmid with subsequent rescue of VRPs

rns rns

from cells of the E™ complemented cell line, SK6-E™, was performed in the lab of Nicolas Ruggli at IVI by Simea
Werder, Marcus Gerber and Matthias Liniger. Occasionally, | was involved in this process, mostly offering a helping
hand while learning the techniques. These are described in more detail in paper 2. The plasmid-transfected cells
yielded the first batch (p0) of VRPs. These were used to infect SK6-E™ cells for the rescue of the next batch, p1,
which again were used for the rescue of the p2 batch that was ultimately used in the vaccines. The p1 and p2
batches were harvested by me. For p0 and p1, the cell lysates containing the VRPs were immediately aliquoted and
stored at -80 °C. During the last day of my 2% month stay at VI, | harvested the p2 VRPs and sealed them in 50 ml
falkon tubes for storage at -80 °C. Once back in Denmark, | had them sent by courier to the biosafety level 3
agriculture (BSL3-ag) facility at Lindholm, which was the only place they were allowed to be opened due to the risk
of FMDV contamination from IVI. Here, they were thawed, aliquoted and stored at -80 °C until later use in the

vaccines. Titration was performed on these aliquots as described in section 2.6.
2.54 Flow cytometry

The forerunner of today’s flow cytometers, the cell sorter, was invented by Fulwyler (1965). Nowadays, the flow
cytometry is a powerful and widely used technique for the rapid analysis and/or sorting of single cells in a
heterogenous mixture by means of light-scattering and fluorescence measurements. It is composed of three main
components: a fluidics, an optics and an electronics component (figure 10). The fluidics component is composed of a
flow chamber that separates and aligns particles, such as cells, by injecting the cells into a flowing stream of sheath
fluid that is stretched by gradual acceleration. The cells then enter the optics component in which they pass by a
laser. Directly opposite to the laser is a photodiode detecting the decrease in light intensity as a cell passes by. This is
referred to as forward scatter (FSC) and is proportional to the size of the cell. Other parts of the light will be
scattered in large angles. This will be detected by the side scatter (SSC) photomultiplier tube (PMT) and is caused by
the granularity and structural complexity inside the cell. Together, the characteristics of FSC and SSC can be used to

identify cell types that differ in size and granularity. For more sophisticated differentiation of cell types, antibodies

52



conjugated with different fluorochromes and with specificities against various intracellular or surface antigens can
be applied. Light from the laser(s) will then excite the fluorochromes that will result in the emission of light of
defined wavelengths. By redirecting this light through a series of lenses, dichroic mirrors and filters, a dedicated
array of PMTs can result in the detection of up to 14 parameters in a single sample. The electronics component
enables the attribution of relevant parameters to the individual cells and facilitates analysis by a wide range of gating

options and visualizations (Rowley 2012).
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Figure 10: Schematic diagram of a flow cytometer, showing focusing of the fluid sheath, laser(s), optics,
photomultiplier tubes (PMTs), and analysis workstation. Dichroic mirrors (DM) only reflect light of wavelengths lower
than the specified long pass (LP) wavelength (i.e. DM 510LP reflects light of wavelengths below 510 while letting light
of higher wavelengths pass). Filters (FL) only allows transmission of the wavelength specified before the dash and
with a transmission band of the size specified after the dash (i.e. 530/30 allows transmission of light within the
wavelengths 515-545 nm). PMT: photomultiplier tube. Figure adapted from Rowley, 2012,
doi:10.13070/mm.en.2.125.

In the current study, flow cytometry was used to verify infectivity and capacity of the rescued VRPs (p1 batch) to
induce polyepitope expression in infected SK6 cells using intracellular antibodies against the CSFV E2 structural
protein (infectivity) and against the FLAG tag expressed immediately downstream of the polyepitope site. Parallel
samples treated with and without the proteasome inhibitor, epoximicin, were conducted in order to verify the
targeted proteasomal degradation of the polyepitopes. The analysis was conducted at IVI with the help and guidance

from Sylvie Python and Carmen-Alexandra Sautter.
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2.5.5 Western blot

Western blot (WB) is a widely used analytical technique to detect specific proteins in a sample. The stepwise

procedure is as follows:

1. Separation of sample proteins using gel electrophoresis.

2. Transfer of proteins from the gel and onto a membrane made of nitrocellulose or polyvinylidene difluoride
(PVDF). Transfer was originally done by simple capillary action but is now mostly done by electroblotting in
which an electric current pulls the proteins from the gel and onto the membrane.

3. Blocking of the membrane in order to avoid unspecific binding of antibodies. This is typically done with non-
fat dry milk.

4. Incubation with antibodies specific for the protein of interest that will either directly or indirectly provide

detection by colorimetry of fluorescence.

In this project, WB was applied twice for the detection of VRP-induced polyepitope expression. The first attempt was
performed by Simea Werder at IVl after | had returned to Denmark. Briefly, 12 samples were prepared using 5E5
SK6-E™ cells pr sample infected with VRPs at a multiplicity of infection (MOI) of 2. The ten generated VRPs from the
pl batch were used (VRP 0-9), in addition to two negative controls comprising mock infected cells and cells infected
with the VRP rescued from the original plasmid, pA187-N""-IRES-C-delE™, being devoid of FLAG-tag and
haemagglutinin (HA)-tag. Another setup was conducted in parallel, in which cells after 2 days of infection were
treated with the proteasome inhibitors epoximicin (Sigma, E3652) and MG132 (Sigma, C2211) at final concentration
of 100 nM and 500 nM, respectively. For both setups, infected cells were incubated for 3 days at 37 °C, 5% CO,, after
which lysates were extracted and subjected to gel electrophoresis. Subsequent transfer to a nitrocellulose
membrane was verified by coomassie staining and bands were developed using primary antibodies specific for both
FLAG-tag (Sigma, F3165) and HA-tag (Roche, 12CA5), and goat anti-mouse IRDye 800CW (Licor, 926-32210) as the

secondary antibody. Bands were read using an Odyssey Scanner (Licor) at 800 nm.

The output of the above was discouraging since no bands were detected (data not shown). The absence of bands
was believed to be due to low concentrations of the target protein. Hence, a second attempt was performed in
which the lysates were extracted from cells infected with a recombinant vaccinia virus, vTF7-3 (Fuerst et al. 1986),
and transfected with the original plasmids encoding the VRPs. This approach should boost T7 promoter based
transcription of the plasmids by the T7 polymerase expressed by the vaccinia virus, which in turn should result in
higher protein yields due to the increased amount of mRNA (Fuerst et al. 1986; Belsham et al. 2008). This was
conducted by me in Graham Belshams lab at Lindholm. Briefly, 2 ug per plasmid were transfected using 3 ul FuGene6
(Promega, E2691) into baby hamster kidney (BHK) cells at 80-90% confluency previously infected with the vaccinia
virus. Plasmids encoding for the 10 VRPs (VRP 0-9) were used for transfection in addition to two negative controls
comprising the parental plasmid, pA187-NP"-IRES-C-delE™, and a sample with only water. After four hours of
incubation at 37 °C, 5% CO,, 2 ml modified Eagles medium (MEM) was added to each well of the 6-well cell culture

plates. Similar to the setup at IVI, an additional 12 samples were run in parallel in which 500 nM epoximicin
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(ApexBio, A2606) was added together with the 2 ml of MEM. After an additional 24 hours of incubation at 37 °C, 5%
CO,, lysates were extracted from all 24 samples and subjected to WB. Briefly, protein bands separated by gel
electrophoresis were transferred to PVDF membranes and developed using a primary antibody specific for FLAG-tag
(ThermoFisher, MA1-91878), and horseradish peroxidase (HRP)-conjugated goat-anti mouse (DAKO) and a

chemiluminescence detection kit (ECL Prime, Amersham) with a Chemi-Doc XRS system (Bio-Rad).

Also in this setup no bands were seen and WB was not pursued further.
2.6 Titration of VRPs and PRRSV

A standard method for virus quantification is the end point dilution assay for calculation of the 50% tissue culture
infective dose (TCIDsg). This is usually performed in microtiter plates with a monolayer of receptive cells coating the
bottom of the wells. A serial 10-fold dilution of the target virus is made and a small volume (typically 50 pl) of each
dilution step is used to infect multiple wells (4-8 wells/dilution step). The plate is then incubated for a period of time
allowing a clear development of cytopathology for cytopathic viruses or until sufficient viral growth can be detected
by immunohistochemistry. Next, the wells are scored for being either positive (infected) or negative (uninfected) and
the scores are then used to tabulate a cumulative infectivity from which a percent infectivity can be calculated (table
5). From this, the 50% endpoint is calculated by the following formula as this gives the proportional distance

between dilutions spanning the 50% endpoint:

o Infectivity at dilution next above 0) — 0 -
(% infectivity at diluti bove 50%) — 50% 78 — 50

= =041
(% infectivity at dilution next above 50%) — (% infectivity at dilution next below) 78 —10

For data in table 5, this value is 0.41, which is then subtracted from the potency of the dilution next above 50%

20412101, This number represents the dilution of the original virus stock needed to give one

infectivity: 10°
TCIDso/50ul (test volume). Divided by 20, this is the dilution needed for one TCIDso/ml, and calculating the reciprocal

of this yields the titer of the virus stock: 5 x 10° TCIDso/ml (Barthold et al. 2011).

Virus Cumulative Cumulative Infectivity Percent
Dilution  Positives Negatives Positives Negatives Ratio Infectivity
1073 8 0 23 0 23:23 100
10 8 0 15 0 15:15 100
10°° 6 2 7 2 7:9 78
107 1 7 1 9 1:10 10
1077 0 8 0 17 0:17 0

Table 5: Table for calculating the endpoint dilution using a serial 10-fold dilution with 8 replicates per dilution step.
Cumulative positive are calculated starting from the highest dilution. Cumulative negatives are calculated starting
from the lowest dilution. Infectivity ratio is calculated for each dilution step taking the cumulative positives divided by
the sum of cumulative positives and cumulative negatives. This ratio converted to percent yields the percent
infectivity from which the 50% endpoint and ultimatively the virus titer can be calculated.
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The titer of the PRRSV-2 strain used for inoculum in paper 2 was determined by Lise Kirstine Kvisgaard in Lars E.
Larsen’s lab. The titers of the VRP batches, p0O and p1, were determined by Simea Werder in Nicolas Ruggli’s lab at VI
using SK5-E™ cells for optimal detection of endpoint dilution wells since cell-to-cell propagation of VRPs could only
occur in this cell line. In contrast, the VRPs of the p2 batch had to be titrated in the BSL3-ag facility at Lindholm, since
no traces of this batch had remained at IVI. This was regrettable as a stable setup for VRP titration was established at
IVI, while in Denmark | neither had the experience, nor the SK5-E™. | attempted to titrate on PK-15 cells. After all,
the exact titers were not that important, whereas the relative titers were important for adjusting the amounts of
individual VRPs in the final vaccines. Titration on PK-15 cells went well. Infected cells were easily identified although
it required some searching in the endpoint dilution wells. Also, the calculated titers were within the expected range
having the titers of the parental p1 stocks in mind. Based on these titers, | decided on a final titer of 1E7 TCIDso/ml in

the vaccines, as this was the lowest common denominator.

At the day of the third vaccination, | had planned to titrate on both the PRRSV-containing and the PRRSV-empty
vaccines directly after preparation, and had prepared an extra of each vaccine type to titrate upon after they had
been in the stables (details of the experimental setup is given in paper 2). My original plan was to titrate this time on
SK6-E™ cells that | had received from IVI for the purpose. However, the cells grew slower than anticipated, so |
ended up titrating on PK-15 cells once again. For the sake of reproducibility, | also titrated on the individual VRPs.
The obtained titers from these experiments were far from the initially determined titers, which obviously caused a

rns

lot of confusion as the samples were theoretically identical. Few days later, | had grown sufficient SK6-E™ cells to

titrate all VRPs upon, but again the outcomes were highly questionable. Colored cells were present in several
samples, but only in wells infected with VRP 6 a pattern indicative of cell-to-cell propagation was observed. This
caused me to speculate that maybe only this VRP was able to reproduce although | could not find a reason why.
After all, the VRPs of the p1 stock had all worked fine. Alternatively, something in the titration setup caused the
problem. Nevertheless, | had lots of other things to be concerned about, and decided that | would await the anti-E2
ELISA (section 2.7.1 and paper 2) to verify if VRP replication had occurred in the animals. This, it had with no marked
differences in anti-E2 responses among animal. The measured titers of the VRPs are presented in table 6. | would
have preferred to show some pictures of my attempts, but unfortunately the camera inside the BSL3-ag facility was

broken and no one wanted to sacrifice theirs, so this could not be done.

po p1 p2 p2* p2**

(SK6-Ems)  (SK6-Ems)  (PK-15) (PK-15)  (SK6-Erns)
VRPO  704E+08  126E+07  1,00E+07  7,50E+06  2,37E+09  Table 6: Calculated titers of VRPs
VRP1  1,26E+06  126E+07  1,00E+08 2,37E+09  1,33E+07  throughout the experiment. Titers
VRP2  3,16E+06  1,26E+07  1,59E+07 237E+09  1,33E+08  of p0and p1 were determined by
VRP3  7,94E+05  126E+07  252E+07  2,37E+09  1,33E+08  Simea Werder at IVI. Titers of p2
VRP 4 7,94E+05 1,26E+07 1,59E+07 2,37E+08 7,50E+04 were determined by the author at
VRP5  794E+05  2,00E+07  1,59E+07  7,50E+06  237E+05  Lindholm, DTU. Titers are given in
VRP6  200E+06  2,00E+07  1,00E+07  4,22E+09  4.22E+09  TCID.,/ml. *Measurements
VRP7  126E+06  316E+07  1,00E+07  422E+09  422E+09  performed at day of third
VRP8  7,94E+05  501E+07  252E+07  4,22E+09  422E+09  qccingtion. **Measurements
VRP9  200E+07  501E+07  1,59E+08  4,22E+09  4.22E+09  performed 4 days after third

PRRSV-positive vaccine before stables 4 22E+09 vaccination.
PRRSV-positive vaccine after stables 4 22E+09
PRRSV-negative vaccine (VRP 0) after stables 4 22E+09
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2.7 Diagnostic methods

Two diagnostic methods were applied during the studies. These are ELISA (section 2.7.1) and quantitative reverse

transcription polymerase chain reaction (qRT-PCR) (section 2.7.2).
2.7.1 ELISA

ELISA is a central biochemical method for a quantitative or qualitative detection of an analyte in solution. The basic
principle relies on the immobilization of the analyte to the well of an ELISA plate with subsequent detection using
analyte-specific immunochromotography. The color intensity that is proportional to the amount of immobilized
analyte can then be read using a spectrophotometer. This yields an optical density value that can be converted to

analyte concentration by the use of a standard curve.

The ELISA principle embraces numerous types, variation and applications, and more details of this can be found in
Crowther (2000). In the current thesis, different ELISA-based methods have been applied serving several purposes.
These include the verification of pSLA affinity using peptide affinity ELISA (described in section 2.3.1); the verification
of a PRRSV-negative herd from which the animals used in the VRP-challenge experiment came (this analysis was
performed by others); the detection of E2 antibodies in pigs following VRP infection; and the detection of PRRSV

antibodies in pigs following PRRSV challenge. The two latter are described in paper 2.
2.7.2 gRT-PCR

PCR provides a fundamental tool for anyone working with nucleic acids. By this simple and easily conducted method,
specific sequences of DNA can be amplified as desired. The basic principle exploits the capacity of the polymerase
complex to synthesize a complementary DNA sequence on the basis of a template sequence. As such, a pair of

primers is used to target a specific site of the template for PCR amplification.

Quantitative reverse transcription PCR (qRT-PCR) is a modified version of PCR in which mRNA (in this case viral RNA)
is reverse transcribed to cDNA, providing the template for subsequent quantitative PCR (qPCR). During qPCR,
fluorescent DNA probes will become activated as PCR proceeds, thus gradually increasing the intensity. This can be
detected in real time, and after a certain number of PCR cycles the fluorescence intensity will reach a given threshold
(cycle threshold, ct). The number of PCR cycles needed for this to happen can be used to calculate the original

amount a template RNA, thus quantifying the original copy number of virus particles.
2.8 ELISPOT

The principle of the ELISPOT assay relies on the general notion that specific cell types in a particular state will secrete
specific molecules under specific stimulations. Briefly, the cells are incubated with the specific stimulation (typically
the presence of an antigen) in the wells of an ELISPOT plate previously coated with capturing antibodies specific for
the secreted molecules. In case of productive stimulation, secretion will occur that will be captured by the

immobilized antibodies in the immediate vicinity of the secreting cells. Subsequent washing and addition of
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detection antibodies capable of mediating a color reaction will form microscopic spots, each representing a secreting

cell.

During the course of my PhD, | used the ELISPOT assay to detect peptide-specific IFN-y secreting cells by
restimulation PBMC from previously immunized animals with selected peptides verified as SLA binders. This was
performed in PVDF-backed ELISPOT plates using secondary antibodies conjugated with either HRP or alkaline
phosphatase (AP) for developing the spots with 3-amino-9-ethylcarbazole (AEC) or 5-bromo-4-chloro-3'-
indolyphosphate p-toluidine / nitro-blue tetrazolium chloride (BCIP/NBT), respectively. The theoretical basis was that
increased spot counts would reflect the presence and numbers of activated peptide-specific CTLs, thus proving that

immunization had induced a CMI response, and that the verified epitopes were in fact immunogenic.

The ELISPOT assay was first described by Sedgwick and Holt (1983), who developed the assay for the detection of
idiotype- and isotype-specific antibody-secreting cells. Since then, it has been widely applied in several fields of
immunology for the quantification of a wide range of cell types secreting various molecules including antibodies and
cytokines (Meier et al. 2005; Streeck et al. 2009; Saletti et al. 2013; Ewer et al. 2013). The broad versatility with
respect to different types of cells, stimulations, and readouts has earned the method a high status. Especially the
strong sensitivity with detection levels as low as one cell in 100,000/1,000,000 has been decisive, since antigen-

specific T cells typically occur in low frequencies in vivo (Zhang et al. 2009).

However, despite the simplicity of the assay design, both assay execution and interpretation are not at all straight
forward. About a decade ago, results from proficiency panels revealed drastic differences in reported results from
panelists testing the same samples using their own protocols for IFN-y ELISPOT (Cox et al. 2005; Britten et al. 2008;
Janetzki et al. 2008). Subsequent rounds of extensive analysis, evaluations and retesting revealed multiple critical
protocol parameters impacting the assay outcome, including medium/serum combinations used, resting status of
cells, assessment of viable cells, training status of executive person, and most profoundly the evaluation of plates.
These findings were summarized and recommended to the field as ELISPOT harmonization guidelines (Janetzki et al.
2008), after which marked improvements in ELISPOT performance, comparability and reproducibility were observed
(Janetzki and Britten 2012). Recently, a protocol for ELISPOT plate evaluation was presented implementing
recommendations obtained from an international ELISPOT plate reading panel comprising >100 scientists from
various immunological backgrounds (Janetzki et al. 2015). Here, the non-parametric distribution free resampling
(DFR(eq)) method is recommended and was thus applied to my analyses (Moodie et al. 2006). In addition to this, |
also applied a method referred to as ratio-2, in which positive calls were identified as being twice the magnitude of

the pig-specific background.
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3 EXPERIMENTAL DESIGNS

In this section, | will give a brief overall description of the courses of experiments conducted during my studies,
including challenges and reflections along the way. The first study described, is the VRP vaccine-challenge animal
experiment (section 3.1), while the second is a preliminary infection study conducted in order to calibrate the

ELISPOT setup prior to being applied in the vaccine-challenge study (section 3.2).
3.1 The VRP vaccine-challenge animal experiment

The VRP vaccine-challenge animal experiment was the conclusive test of everything that | had been working on
during the whole period of my PhD. Preceding this, 53 conserved PRRSV-2 epitopes had been predicted and tested in
vitro for their binding capacities to selected SLA-I alleles (described in paper 1), and 33 epitopes had been
implemented as polyepitopes in VRPs, designed to induce a CMI in pigs of matching SLA-profiles. VRP infectivity and
polyepitope expression in infected cells had been verified in cell culture (this, and the final version of the animal
experiment is described in paper 2). From this point on, the experimental plan was to vaccinate pigs of matching
SLA-profiles with the VRPs and subsequently challenge these with a wild type PRRSV-2 strain. Pre challenge, the CMI
induced by the vaccines should be monitored with IFN-y ELISPOT screening for immunogenic peptides. Positive
immunogens should be characterized further using tetramer-stained flow cytometry for identifying peptide specific T
cell subsets. Plans for executing cytotoxicity assays for verifying peptide-specific CTL activity was also in the pipeline.
Post challenge, the potential protective functions of the found CTLs should be investigated using the above
immunological assays as well as qRT-PCR for the monitoring of viral load in serum. Upon euthanasia, viral loads in
lungs should be characterized with gRT-PCR and peptide-specific cells in the lymph node draining the site of
vaccination should be identified with ELISPOT.

Originally, the plan was to conduct the animal trial at VI, where the VRPs had been generated. IVI provided optimal
conditions for this with every needed assay and equipments available and several clever people to provide a helping
hand and to discuss scientific matters with ad hoc. Then, SLA-typing of the Swiss pigs showed that none of the
relevant alleles were present. We considered the possibilities of importing pigs from Danish herds where the
relevant SLAs were predominant, but the idea was rejected. Besides, my wife had announced that she was pregnant
with delivery of our second son in March 2016, so the whole plan had to be reevaluated. At this point it was clear,
that the animal trial could no longer be performed at VI, and my stay was scheduled to only last for 2% months.
Instead | started seeking opportunities for conducting the experiment in Denmark. Due to the fact that the VRPs
were based on Classical Swine Fever Virus (CSFV) and had been generated in a BSL3-ag facility where live Foot and
Mouth Disease virus (FMDV) was handled routinely, the only possible place was in the BSL3-ag facility at Lindholm.
Thus, after several months of heavy planning and negotiation with the Danish Veterinary and Food Administration,
the Danish Working Environment Authorities, and the Coordination Committee for Animal Experiments at DTU, | was

permitted to conduct the experiment at Lindholm in the period from primo April to medio July 2016.
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These were of course fantastic news to me, but resulted nonetheless in several challenges based on three main
aspects: First of all, Lindholm was sparsely populated and especially within the BSL3-ag facility only one person, Jani
Christiansen, had her daily routine. Jani helped me a lot with various equipments and practicalities and without her
help | would have been lost. At days of PBMC purification and ELISPOT setup, | was favored with the help from the
lab technician, Katrine Fog Thomsen, who often helped me till the late hours. Secondly, due to the sparsely utilized
state of the facility only reagents and equipment relevant to a few tasks were available, mainly related to the

surveillance of FMDV. Thirdly, the facility was located two hours of transport from my front door.

Combined, these aspects meant that | did a lot of careful planning. Partly, in order to be as efficient as possible when
| was there, and partly in order to not forget important materials relevant to my experiments. This however
happened anyway at a single occasion with the result that the first purification of PBMCs the day before first
vaccination went awry due to heavy contamination of erythrocytes afflicting the ELISPOT readouts and leaving no
cells for backup cryopreservation. Furthermore, equipment central to my analyses, such as a flow cytometer and an

ELISPOT reader, were not available inside the facility, so | had to figure out how to circumvent these challenges.

Flow cytometry (FCM) was planned to be applied for the identification of peptide-specific CTLs using relevant cell
surface antibodies and tetramers on PBMCs isolated from the vaccinated animals. Thus, live cells should be exported
from the facility, which for obvious reasons posed a risk of releasing FMDV to the environment. This represented the
first problem with respect to FCM but was however solved with the following work-around: Inside the BSL3-ag
facility, PBMCs stained with antibodies were spun down and resuspended in 4% parafomaldehyde in water in sealed
vials. The vials were fully submerged in 1% VirkonS for 20 minutes in an airlock used for showering out people.
Meanwhile, | showered out, transferred the vials to a sealed box and brought this with me to the BSL2 lab where a
flow cytometer was available. This led to the second problem imposed by the fact that the flow cytometer was not
maintained and had not had service for more than two years. As a consequence, the fluidics system was silted up
with dried out solvents and the support for the sample injection tube crunched when moved. Furthermore, only two
of the lasers were functional thus limiting the assortment of usable fluorochromes. | spent a lot of time trying to get
it up and running, strongly compromised by my own limited experience with regards to FCM troubleshooting and by
the absence of available experts. Also, service was not an option due to budget restrictions. Nevertheless, | managed
to do a few successful pilot trials although the computer crashed at occasions forcing me to abandon the full scope
of my trials in order to catch the last ferry away from the island. In any case, | never applied FCM on real samples,

which was mostly due to the lack of positive results from my pre-challenge ELISPOT analyses.

The challenge imposed by the absence of an ELISPOT reader was also a profound source of frustration. As will be
described in more details below, ELISPOT interpretation relies on the counting of microscopic spot on the bottom of
a membrane-backed microtiter plate. Counting these spots using a microscope inside the BSL3-ag facility would be
highly disadvantageous because of the unavoidable introduction of man-made counting bias, and because of the
multitude of ELISPOT plates generated during the experiment that in itself would take weeks behind a microscope to

count. Consequently, a work-around was made: After the development of spot by immunochromotography, the
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plates were directly and fully submerged in 1% VirkonS for 30 minutes before being exported from the facility. On
the outside, the plates were washed and dried in the dark until being read on an ELISPOT reader at DTU,
Frederiksberg. Although this protocol was relatively easily applied, the quality of the wells and spots were
compromised in terms of raised and uneven levels of background and contamination with debris from the VirkonS.

As a consequence, all wells had to be carefully curated post reading, thus introducing a bias anyhow.

In the end, the experiment was executed as planned, although without conducting flow cytometric analyses and

cytotoxicity assays.
3.2 Exvivo analysis of pigs vaccinated with Ingelvac PRRS Vet (unpublished)

In an attempt to screen for dominant epitopes and at the same time and to test the effects of various ways of

treating the PBMCs prior to ELISPOT analysis, such expansion with IL-2 and treatment with IL-18, six contingency pigs
were vaccinated with Ingelvac PRRS Vet and PBMCs were harvested and cryopreserved at post vaccination day (dpv)
-1, 7,14, 21, 28, 35 and 42. The experiment is described in more details in appendix E (page 153), including materials

and methods, results and discussion.

As discussed in appendix E, more analyses should have been performed in order to verify the presence of
immunodominant epitopes. Unfortunately, | ran out of time and had to move on with more urgent matters, and
eventually a student forgot to lock the rack containing my PBMCs leading them to fall out of the box and into the
liquid nitrogen where the labels fell off. However, even though the experiment was not confirmatory with respect to
the presence of immunodominant epitopes, it was not rejecting it either. The observation that no strong signal
would appear without a combination of expansion and IL-18 treatment prior to analysis was of course a little
unsettling, as this would not be practically applicable in the large setup of the vaccination-challenge experiment. |
appeased myself with the assumption that vaccinating with VRPs would induce a stronger priming of CD8B T cells by
virtue of the VRP characteristics including self-adjuvanting properties, the designed introduction of the polyepitopes

into the MHC-I association pathway, and the lack of immunoevasive mechanisms.

In addition to the described setup, several other setups using the frozen PBMCs were designed and executed to
optimize the signal-to-noise ratio (SEB- vs non-stimulated cells) with respect to various parameters including
different way of resting thawed cells, media, and antibody concentrations (data not shown). Based on these
experiments, | concluded that resting did not significantly change the outcomes to the better, that AIM-V and RPMI-
1640\10%FBS gave the same results and were both superior to Dulbecco’s modified eagle medium, and that the

antibody concentrations should be as described in paper 2.
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4 GENERAL DISCUSSION AND PERSPECTIVES

In the following, | will discuss the results obtained from my studies and set them into perspective with regards to
available literature. It should be noted that none of the papers have currently been accepted, why it is likely that
some parts may be changed later on. Additionally, parts of the following discussion may be written into the papers.
The discussion is divided in three sections. In section 4.1, | discuss the results obtained from my studies; in section
4.2, | evaluate the general approach and suggest how this could be improved; in section 4.3, | provide a summary

and conclusion of the general discussion.

4.1 Discussion of the obtained results

The general objective of this thesis was to develop a vaccine capable of inducing a CMI against PRRSV-2. The applied
platform was an ensemble of CSFV-based VRPs modified to encode for a series of PRRSV-2 derived conserved
epitopes with verified binding to selected SLA-I alleles. The working hypothesis was that DCs of vaccinated SLA-
matched pigs would be manipulated into presenting the VRP-encoded epitopes, hence priming cognate CD8B T cells
for subsequent effector and memory functions upon challenge with a wild-type strain encoding for the same
epitopes (an overview is illustrated in figure 1, page 12). The identification and in vitro verification of the epitopes
used in the final VRP-vaccine are described in paper 1. The design, generation and verification of the VRPs and the
following vaccine-challenge animal experiment are described in paper 2. The progression steps of the epitopes from
the point where they are incorporated into the VRPs and on, are summarized in table 7 together with the tests

applied at the individual steps and their outcomes.

Step Description Appliedtest  Outcome
1 33 epitopes cloned into plasmids Sequencing of midipreps Positive
5 Expression of polyepitopes Flow cytometry Positive
in VRP-infected cells Western blot Negative

Presentation of epitopes on the
3 . Not tested
surface of VRP-infected cells

Replication of VRPs in . .
4 . . Seroconversion for E2 Positive
vaccinated animals

Epitopes from VRPs ]

5 . Pre-challenge ELISPOT  Test failed
recognized by PBMCs
Epitopes from VRPs/PRRSV .

6 . Post-challenge ELISPOT Positive
recognized by PBMCs

. Epitopes capable of gRT-PCR of serum Negative
inducing protection gRT-PCR of lung Positive

Table 7: The progression steps of the epitopes from the point where they are incorporated into the VRPs and until the
point where a protective effect of these are identified.
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In light of the general objective, the outcome was not as successful as | had hoped, but included nonetheless
evidence of a peptide-specific CMI and of lowered virus loads in lungs of PRRSV-VRP vaccinated compared to
control-VRP vaccinated pigs. In the following, | will discuss the different aspects that could be contributing to this
outcome. This includes a discussion of the suitability of the selected epitopes (section 4.1.1); of different conditions
related to CD8PB T cell priming that might have been suboptimal (section 4.1.2); and of the effects of an established

CTL response against a natural infection (section 4.1.3).

4.1.1 Suitability of the selected epitopes

The selection of epitopes was based partly on their degree of conservation across PRRSV-2 strains, and partly on
their predicted binding capacities to the selected SLAs. Subsequent in vitro determination of their binding affinity
and stability measures were supposed to provide the basis for their inclusion in the VRPs. Accordingly, peptides for
inclusion should have either a t,, > 0.5 decimal hours (30 minutes) or a Ky < 500 nM. At the time of inclusion,
however, these analyses had only been partially completed, why the inclusion of some peptides cannot be fully
justified on basis of these measurements (table 8). Also, the applied thresholds were rather tolerant compared to
other studies. Thus, Harndahl et al. (2012) suggested a minimum stability threshold for immunogenic epitopes of t,, >
1 hour. This was based on the measured binding stability of known immunogenic and nonimmunogenic epitopes for
which t,, = 1 was the lowest common denominator of the immunogenic epitopes. Applying this threshold to the
peptides included in the VPRs, the SLA-1*0401 and SLA-1*0702 VRPs would contain 4 compliant peptides each and
the SLA-2*0401 VRPs would contain 6 peptides (table 8). In the study performed by Assarsson et al. (2007), the
authors set their threshold for inclusion at K4 < 100 nM to the analysis of immunodominant epitopes recognized in
mice transfected with the human MHC-I, HLA-A*0401, and infected with Vaccinia virus. In addition, the authors
observed that 56% of such high affinity binders were capable of inducing a T-cell response upon peptide
immunization (table 1, page 27). For the peptides included in the PRRSV VRPs, a threshold at K4 < 100 nM would
reduce the numbers of peptides to 6 for SLA-1*0401, 18 for SLA-1*0702 and 6 for SLA-2*0401 (table 8). Assuming
that immunization with VRPs would be equally effective as immunizing with peptides in inducing T-cell responses,
3.4,10and 3.4 (56% of 6, 18 and 6, respectively) of the VRP-encoded peptides should be expected to induce T-cell
responses specific for the three SLAs, respectively. Regarding the animals used in the present vaccine-challenge
experiment, each pig expressed either the SLA-1*0702 or the SLA-2*0401 allele in addition to the SLA-1*0401 that
was expressed by all pigs. As such, the VRP-vaccinated SLA-1*0702 pigs would be expected to present an average of
13.4 VRP-encoded peptides (3.4 + 10), while this number would be 6.8 for the SLA-2*0401 pigs (3.4 + 3.4).
Regardless, this forecast was quite poorly reflected in the ELISPOT analysis of PBMCs isolated from VRP vaccinated
animals at 7 and 20 days post PRRSV challenge (dpc). Here, 14 peptides were used for restimulation of which 2
complied with either the Harndahl or the Assarsson thresholds, while the remaining 12 complied with both. The
group of pigs from the test group with an SLA-1*0702 profile exhibited the broadest diversity of peptide responses,
especially when positive responses were defined by the ratio-2 method. Even then, this group exhibited an average

number of distinct responding peptides per pig of 2.7, which was five-fold less than the expected 13.4 (figure 11).
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ID Sequence Locus| SLA-1*0401 SLA-1*0702 SLA-2*0401 In compliance with thresholds Post-challenge
stab.  aff. stab.  aff. stab.  aff. thz050r ELISPOT
(h)  (nM) (h) (nM) (h)  (nM) Kd < 500 nM* thz1** Kd < 100 nM***
2 YAQHMVLSY nsp9 - - e 09 4 e 11 60 Yes Partly Yes v
4 YSFPGPPFF nsp9 0.2 37t e (0.2 18,708 - - No No No
5 RALPFTLSNY ORF2a e 03 12 0.1 - Yes No Yes
7 QVYERGCRWY nspla |« 0.3 682 e 45 168 e 0.7 209t Partly Partly No v
9 IVYSDDLVLY nsp9 - - e 05 13 - - Yes No Yes
10 KVAHNLGEYF nspll [« 0.3 122 e 03 99 Yes No Partly
11 TRARHAIFVY nspl0 e 03 60 0.2 - Yes No Yes
12 LSFSYTAQF ORF3 e 13 73 Yes Yes Yes v
13 FTWYQLASY nspl2 0.1 92+ e 02 62 e 01 2 Yes Partly Yes v
17 RTAIGTPVY ORF4 | e 05 57 e 02 1,852 . - 385t Partly No Partly
18 YTAQFHPEIF ORF3 - - e 0.2 24378 e 04 - No No No
19 LSDSGRISY ORF7 | e 11 10 e 0.2 383 0.2 4,182t Yes Partly Partly v
21 KVAHNLGFY nspll | e« 15 4 e 28 11 - - Yes Yes Yes v
22 KIFRFGSHKW nsplb | @ 0.2 98 0.1 9t Yes No Yes
23 NISAVEQTYY ORF3 | e 01 413 e 09 6 . - 862 Partly No Partly v
24 RTAPNEIAF nsp2 o 21 4 0.1 - Yes Yes Yes v
25 ASDWFAPRY ORF2a | = 49 2 o 0.2 71 - - Yes Partly Yes v
27 RPFFSSWLV ORF3 e 374 1 Yes Yes Yes v
28 FVLSWLTPW nsps - - e 02 1,372 o 137 3 Partly Partly Partly v
29 MVNTTRVTY nspl0 0.1 206t e 0.2 47 - - Yes No Yes
30 CVFFLLWRM nsp5 o 0.2 283 Yes No No
33 ITANVTDENY ORF4 0.1 - e 03 69 - - Yes No Yes
34 SSEGHLTSVY ORF3 - - e (0.2 12,701t 0.1 1,692t No No No
36 L LNRNRW nsps - - e 36 40 Yes Yes Yes v
38 LSASSQTEY nsp2 0.1 91t e 02 479 0.2 - Yes No No
39 VRWFAANLLY nsp9 e 27 44 Yes Yes Yes v
43 TTMPSGFELY nsp9 | e - 576 e 08 6 0.2 1,838t Partly No Partly
44 MSWRYSCTRY ORF5 - - e 05 87 15 15 Yes Partly Yes v
46 ALATAPDGTY nsp3 - 607t e 01 2,736 No No No
48 WGVYSAIETW ORF6 e 02 21433 No No No
49 FLNCAFTFGY ORF6 - - e 03 20 e 03 2,069 Partly No Partly
50 NSFLDEAAY nspl0 e 01 43 - - Yes No Yes
53 MPNYHWWVEH nsp9 e 06 32 Yes No Yes
# Included in VRPs 10 28 12
#1% 2 0.5 or Kd < 500 nM* 8 22 8
#ih2 1% 4 4 6
# Kd < 100 nM*** 6 18 6

Table 8: Overview of the 33 PRRSV epitopes included in the respective VRPs used for vaccination. The top left side
section provides the basic peptide characteristics: ID, sequence and locus. Note that the peptide 21 is nested within
the peptide 10. The top left-middle section presents the determined binding data for the three SLAs. Left-side columns
represent measured binding stability (average dissociation half-life (t¥%) in decimal hour (h)), right-side columns
represent measured binding affinity (average equilibrium dissociation constant (Kd in nM)). The top right-middle side
section illustrates whether the included pSLA combinations are in compliance with the inclusion thresholds set my
*me; by **Harndahl et al. (2012); and by ***Assarsson et al. (2007). The booleans used in this section (Yes, No and
Partly) only apply to the pSLA combinations included in the respective VRPs (®). The right section indicates which
epitopes were included in the post-challenge ELISPOT. The bottom section sums the numbers of peptides included in
the individual VRPs, as well as the number of included peptides complying with the three different thresholds. T: only
one successful affinity measurement could be obtained. Hyphen (-): no successful measurements could be obtained
(stability or affinity). Empty field: Not tested.
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Figure 11: Response diversity according to SLA profile. Columns represent the average number of distinct responding
peptides per pig of a given group and SLA profile. This is based on the pooled response diversity extracted from the
IFN-y ELISPOT analysis of PBMCs isolated at 7 and 20 days after challenge (paper 2). Responding peptides are define
by either the ratio-2 or DFR method.

Despite this, the ELISPOT observations did provide evidence of a few epitopes induced by the VRPs that could be
recalled upon peptide restimulation. Firstly, in agreement with the calculations above the SLA-1*0702 pigs of the
test group exhibited a broader diversity of peptide responses compare to the SLA-2*0401 test pigs; secondly, the
VRP-immunized pigs of the test group were in general more responsive than pigs of the control group; and thirdly
was is observed that peptide responses at dpc 7 were as frequent as at dpc 20, despite the fact that PRRSV-specific
CTLs are usually not detected within the first 4 weeks after challenge (Bautista and Molitor 1997; Lopez Fuertes et al.
1999; Feng et al. 2002; Xiao et al. 2004). In further support of a VRP-induced CMI was the observation that Toby
responded to peptide 44 (MSWRYSCTRY), being different from the homologous sequence encoded by the PRRSV
challenge strain (MSWRYACTRY). It is unlikely that the peptide-specific response was induced by the challenge
strains, since in that case the A6S polymorphism would introduce a hydroxylic group of Serine in the TCR-binding
middle part of the peptide. This substitution would supposedly be detrimental to the binding of a TCR induced by the
flat and aliphatic Alanin-containing challenge version, thus indicating that the response originated from the VRP
encoded peptide. Furthermore, the response was observed already at dpc 7, and was hence unlikely to be induced
by the challenge. For Tyra, a difference between recall peptide and challenge homologue was also detected in the
form of a V71 polymorphism with respect to peptide 24 at dpc 20 (challenge: RTAPNEVAF; peptide 24: RTAPNEIAF).
Since both polymorphic residues are aliphatic and of similar size, a challenge-induced CTL could also be expected to

recognize peptide 24 and convincing arguments for a VRP-induced response can thus not be given in this case.

In conclusion, the VRPs partly fulfilled their purpose of inducing a CMI via encoded PRRSV-2 polyepitopes. According

to the ratio-2 method, responses towards all 14 peptides included in the post-challenge ELISPOT were observed. As
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such, these peptides can be assumed to be cryptic epitopes as a minimum and in this regard, the selection of these
epitopes was appropriate. Additionally, it can be seen that these epitopes are widely spread across the whole
genome, which is in accordance with similar observations of the PRRSV-1 genome (Mokhtar et al. 2014). This justifies
that | did not favor specific ORFs for the initial selection of epitopes although differences in their degree of
expression have been estimated as a result of the RFSs (Kappes and Faaberg 2015). On that note, | will proceed to
the next section for the discussion of the conditions related to CD8B T cell priming, as | believe this to be responsible

for the five-fold reduction of the expected response diversity.

4.1.2 Compromised CD8f T cell priming

Several processes are involved in the VRP-induced priming of CD8B T cells for their differentiation into effector CTLs.
The translation, processing and loading of epitopes to SLAs within infected DCs are evident prerequisites (section
1.2.2), but also the activation of infected DCs leading to their migration to lymph nodes where priming takes place is
important (section 1.2.3). By virtue of the VRP’s natural tropism for DCs in addition to the conclusions of the
previous section, it must be assumed that the VRPs are capable of both infecting DC and expressing the
polyepitopes. In support of this, the intradermal route of administration used in the present study has previously
been shown superior to intranasal administration with regards to the induction of both humoral and cell mediated
responses (Frey et al. 2006). Supposedly, the problem of a low response is more of a quantitative nature than of a
qualitative one, why focus should be on 1) the number of APCs during priming (section 4.1.2.1) and 2) the
abundance of expressed and presented epitopes (section 4.1.2.2). The effects of the two are not easily separated

with the obtained data but | will try anyway to elaborate them individually in the following subsections.

4.1.2.1 Density of APCs

Initially, the difficulties with the determination of VRP titers led to speculations that the injected VRPs had been
inert. The observations of a slight increases in rectal temperatures following second and third vaccination and the
observed seroconversion against the VRP-specific E2 protein before the third vaccination, indeed confirmed the
induction of an inflammatory response and that the VRPs had replicated within cells, both of which are prerequisites
for T cell priming. It can therefore be assumed that at least some on the infected cells were DCs that subsequently
migrated to the SLOs. On this note it should be mentioned that three pigs contained PRRSV-specific IFN-y secreting
cells in the lymph node draining the area of vaccination. Since all three were test pigs, it is tempting to interpret this
as an effect of vaccination, although it remains unclear whether these cells have remained in the lymph node since

vaccination or were randomly passing through at time of excision.

However, the data obtained from the flow cytometry analysis of SK-6 cells infected with VRPs (figure 3 in paper 2,
page 110; and supplementary data 2, page 128), indicated that only a fraction of the successfully infected cells
expressed the polyepitopes. Accounting for the titer adjustments of the individual VRPs administered in the final
vaccine, only about 10% of cells successfully infected by the vaccine could be expected to express the polyepitopes.

The remaining 90% would still contribute to temperature rise and seroconversion, however, and would also give rise
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to DC migration to the SLOs where they would dilute the density of PRRSV-presenting APCs. This provides a

reasonable explanation for the low diversity of responsive peptides per pig as described in the section 4.1.1..
4.1.2.2 Density of presented epitopes

The abundance of translated polyepitope within the cytosol of a VRP-infected cell must be presumed to be
proportional to the density of individually presented epitopes on the surface. In turn, this density has shown to be
proportional to the probability of T cell recognition and the duration needed for T cell priming (section 1.2.3). In the
light of this, the results obtained from the flow cytometry analysis of SK-6 cells infected with VRPs were reassuring.
Not only did VRP-infected cells express the FLAG tag downstream of the polyepitope, but this was also detected only
in the presence of proteasome inhibitor, indicating that the polyepitopes were degraded as planned. However, the
distinction between FLAG-positive and FLAG-negative populations was blurred and was only detected as a common
density reaching across the threshold set for FLAG-detection (figure 3 in paper 2, page 110; and supplementary data
2, page 128). How to interpret this in terms of expressed amounts is difficult as it can either represent varying levels
of expression or residual proteasomal activity. Besides, no positive FLAG reference with known level of expression

was included.

The subsequent absence of bands in the two attempted western blots was further unsettling as this confirmed the
suspicion of very low expression levels. Due to time restraints, however, and to the fact that the outcome wouldn’t
influence the course of the ongoing experiment, further analyses for the quantification of polyepitope expression

was not conducted.

The conversion efficiency of translated polyepitope to presented individual epitopes must also be assumed to be
substantially less than 100%, although an exact estimate is hard to give. This is due to the many intracellular
processes involved in polyepitope degradation and peptide loading as described in section 1.2.2. In conclusion, the
density of presented epitopes on the surface of VRP-infected APCs can in general be thought of as low, being the
cumulative result of low polyepitope expression and low conversion efficiency to presented epitopes. This has

supposedly contributed to the low response and efficiency of the vaccine.
4.1.3 Effects of an established CTL response against a natural infection

The results from the qRT-PCR revealed that no effect of vaccination was seen in the viral load in serum, while slight
indications of an effect were seen in the viral load in the lungs (figure 4 in paper 2, page 112). On this note it should
be mentioned that viral load in serum was measured at dpc 5 and 13, while the lungs were excised upon euthanasia
at dpc 26/27. This could indicate that the effects of vaccination were present but nevertheless delayed until several
weeks after challenge. This is in accordance with the established literature on the subject, describing a delayed
adaptive response as a result of modulations of the innate response (section 1.3.8). Specific causes of this may
include the PRRSV-induced suppression of TNF-a normally aiding in the recruitment of lymphocytes to the site of
infection; the upregulation of IL-4 in infected macrophages suppressing the inflammatory cytokine response; and the

downregulation of MHC-I on infected cells. Additionally, PRRSV has been shown to induce the differentiation of T
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cells into Tregs that are capable of suppressing the cytolytic activities of CTLs otherwise responsive to restimulation
in vitro. In concert, these PRRSV-induced modulations of the immune response in addition to other modulations
described in section 1.3.8 may explain the low effects of vaccination, even though a proper priming of CD8p cells

may have occurred in the first place.

Virus load in the lungs
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Figure 12: Virus load in the lung tissue from cranial, middle and caudal parts of the lung prepared from cutouts of
0.2-0.4 gram and normalized to TCID50 equivalents to 1 gram of tissue. Color codes indicate pigs with DFR-
interpreted ELISPOT responses at dpc 7 (red) and dpc 20 (green). Among test animals a trend is apparent since dpc 7
responders are more represented below the median, indicating an effect of vaccination in these pigs. P-values are
calculated using Mann-Whitney. All measurements were performed in duplicates and were converted from ct values
using a standard curve based on a purified 10-fold dilution series of the challenge isolate. Group medians are
indicated with a line.

Interestingly, however, a weak correlation was seen for pigs of the test group exhibiting peptide responses at dpc 7
with their viral loads in lungs (figure 12). Here, test pigs who responded to peptides in ELISPOT at dpc 7 according to
the DFR method (Toby, Trisha, Thomas and Tina colored red in figure 12) (see figure 7 in paper 2, page 115 for
further details), all had titers below the median in all parts of the lungs (except for Tina, who was above the median
in the caudal part). For test pigs responding to peptides at dpc 20 (Tyra, Tania and Tyson colored green in figure 12),
no such trend could be observed. As previously mentioned, a CTL response induced by challenge would not be
detectable already at dpc 7, why the observation of this indicates that the response was induced by the vaccine. As
such, the notion that this coincides with a noticeably lowered viral load could indicate that the vaccine actually had a
significant effect in these four animals, while the remaining animals were unaffected by the vaccine. On this note it
should be mentioned that these four pigs came from four different litters and were equally represented with regards

to day of euthanasia/box number. A potential confounder could however be that all had the SLA-1*0702 profile,
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except for Tina who had the SLA-2*0401 profile and were the only of the four that was not consistently below

median in all lung parts.
4.2 Discussion of the applied approach

Obviously, several things have happened differently than originally planned, or haven’t happened at all. That's just
part of doing research in general, and for a PhD in particular a relatively broad margin of deviation must be
expected. Having worked my way through the whole process, | now realize that several things could or should have
been done differently. This, | will elaborate on in the following sections with regards to the processes related to the
curation and selection of PRRSV sequences (section 4.2.1); the preparation of strains prior to epitope prediction
(section 4.2.2); the process of selecting and identifying the epitopes (section 4.2.3); the vaccine platform (section
4.2.4); the experimental conditions (section 4.2.5); the challenge strain (section 4.2.6); and the readouts (section

4.2.7).
4.2.1 Curation and selection of PRRSV sequences

| spend an enormous amount of time curating the strains prior to epitope prediction. The main purpose for this was
to ensure that the actual diversity of PRRSV-2 in the field was reflected in the degree of conservation of the final
epitopes. To obtain this, | only accepted wild type strains. In principle, | think this was a reasonable approach, but in
effect | failed to acknowledge that the actual field diversity of PRRSV was not reflected in the publicly available wild
type sequences either. As such, the curation of strains was mostly a waste of time. A better estimate of
conservation could probably be obtained by a simple whole-proteome phylogenetic analysis including all strains
indiscriminately. From this, strains being too similar would be easy to identify and could thus be excluded
accordingly. Eventually, the outcome of this would represent truly conserved areas in which epitopes could be

sought.

4.2.2 Prerapation of selected strains prior to epitope prediction

In parallel with the curation of strains, these were prepared for epitope prediction by generating all naturally
occurring 9- and 10-mer peptides as described in section 2.1.1. This was a relatively daunting process and had to be
executed in bulk since the procedure was based on alignments to which new sequences could not be easily added.
Meanwhile doing so, | considered developing a bioinformatic pipeline that could do it automatically on the basis of
full genome nucleotide sequences. In spite of the numerous epitope prediction servers available, | have not found a
single service capable of doing this. | think it could be a very useful tool for the development of epitope vaccines in
general, and could probably quite easily be applied to several other vira in which RFSs and post-translational
cleavage sites are present. However, | never pursued this idea but focused instead on developing “The Program”,

which turned out to be completely redundant.
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4.2.3 Identification and selection of epitopes

The identification and selection of epitopes is the most central part of
developing a vaccine for inducing a CTL response. Several approaches for
this exist with varying significance of outcome. These will be described in the
following and are summarized in table 9. A good place to start is to take
advantage of the multiple available services for the prediction of several
relevant aspects related to epitope presentation. Alone on the DTU-CBS
server, prediction services are available for proteasomal cleavage (NetChop);
pMHC-I binding affinity combined with proteasomal C terminal cleavage and
TAP transport efficiency (NetCTLpan); pMHC-I binding affinity (NetMHCpan
and PickPocket); and pMHC-I binding stability (NetMHCstabpan). These
services are based on either artificial neural networks (ANN), position
specific weight matrices (PSWM), or a combination of the two. Most of them
are based on human binding data, but some can be applied to the prediction
of porcine MHCs. A prediction service also exists for the prediction of
immunogenicity (Immunogenicity predictor). This is based on the
observation that large, aromatic and acidic residues are more frequently
represented in the central 4-6 positions of peptides with known
immunogenicity than in non-immunogenic peptides. On this, a PSWM has
been established from which the immunogenicity of natural peptides can be

predicted with a significant accuracy (Calis et al. 2013).

Even though predictors can significantly refine the pool of potential epitopes,
no predictor is completely accurate, why some sort of verification is needed.
This can be done in several ways depending on timeframe, budget and
information demands. The simplest of these are based on molecular assays
and provide information on the binding strength of a pMHC. In addition to
the two methods used in the present study (peptide affinity ELISA and SPA),
a third method for determining pMHC affinity should also be mentioned. This
is called Luminescent oxygen channeling immunoassay (LOCI) and is based
on the principle of a donor bead that produces singlet oxygen upon

illumination at 680 nm, and an acceptor bead that emits light at 520-620 nm
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Table 9: Methods for selection and identification of epitopes. PSCPL: position scanning combinatorial peptide
library. ELISA: enzyme-linked immunosorbant assay. SPA: scintillation proximity assay. LOCI: Luminescent oxygen
channeling immunoassay. ELISPOT: enzyme-linked immunospot assay. ANN: artificial neural network. PSWM:
position specific weight matrix. PBMC: peripheral blood mononuclear cell. MHC: major histocompatibility complex.
TAP: transporter associated with antigen presentation. [1]: www.cbs.dtu.dk/services. [2]:

tools.iedb.org/immunogenicity/
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upon activation by the singlet oxygen that will decay to its ground state within 4 ps. As such, the affinity of a pMHC
complex conjugated to a donor bead can be determined, since a specific antibody conjugated to the acceptor bead
will only recognize correctly folded, hence peptide-bound, pMHC. This method is superior to the peptide affinity

ELISA with regards to speed, sensitivity and hands-on time needed (Harndahl et al. 2009).

An interesting technology was described by Reinhold et al. (2010), who infected culture cells with Influenza virus,
harvested the presented pMHC complexes and subsequently identified and quantified the presented peptides using
mass spectrometry (MS). This technology has the advantage that only presented epitopes will be identified, thus
accounting for the intracellular processes regarding protein abundance, degradation, ER import and MHC binding
and loading. However, in order for detection to be possible, the MS spectrum for the given peptide must be

determined in advance.

Verification of the immunogenicity of potential epitopes can unfortunately not be performed without the
identification of an epitope-specific CMI, which again requires immunization of living animals. ELISPOT represents a
widely used method for this and can be adapted in several ways as explained in section 2.8. This method does
however not provide information on the MHC alleles on which the epitopes are presented although it can be
narrowed down to the limited number of MHCs expressed by the animal by genotyping this. A different approach for
the verification of cognate CD8 T cells is by the use of flow cytometry in combination with multimer staining. For this,
multimers of a specific pMHC-I combination are conjugated with an identifier tag and incubated with PBMC or
purified CD8 T cells from immunized animals. The multimers will thus associate with the TCRs of a cognate CD8 T
cells and can subsequently be identified by flow cytometry. The avidity of these multimers is determined by the
number of monomers, but a widely used multimer is the tetramer in which biotin-conjugated monomers are linked
together by fluorescently labeled streptavidin molecules. Using this setup, the availability of fluorochromes, filters
and lasers of the machine limits the screening to distinguish 10-100 distinct TCR specificities. Recently, however, a
novel technology was developed at DTU-Vet in which >1000 peptide specificities could be distinguished in a single
sample by combining flow cytometric cell sorting with subsequent amplification and sequencing of DNA-based
barcode tags specific for the individual pMHC complexes (Bentzen et al. 2016). This significantly increases the
applicability of multimer staining. In addition to the identification of peptide-specific T cells, indicators of cell
effector functions could also be applied when using flow cytometry. This could be done by the simultaneous staining
against intracellular IFN-y, perforin or CD107a, the latter being presented on the cell surface only following the

release of cytotoxic granules.

Despite having identified epitopes as immunogenic, the cognate CD8 T cells may not necessarily be cytotoxic, which
for instance could be due to a state of anergy induced by present Tregs. Conclusively, this can only be determined
using a cytotoxicity assay. The general principle for this is to evaluate the rate of killing executed by effector CTLs on
target cells presenting the peptide in question on a relevant MHC allele. The target cells can either be pulsed with
the peptide or be infected with the pathogen encoding the peptide. The former will only provide information about

epitope-specific CTL cytotoxicity, while the latter will also provide evidence that epitope-specific killing will indeed be
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possible of naturally infected cells. As a control, the killing of non-pulsed/non-infected target cells should also be

assessed.

Different versions of cytotoxicity assays exist. The classical assay is the **Chromium (Cr) release assay, in which the
target cells expressing the epitope of interest are labeled with >'Cr. During in vitro incubation with effector CTLs, >'Cr
is released from the target cells when killed. The amount of supernatant >*Cr can subsequently be measured by
liquid scintillation from which the rate of killing can be calculated. The drawbacks of this assay are the use of

radioactive material, spontaneous release of the isotope and the fact that only fresh cells can be used.

A different approach to measure cytotoxicity has been developed for flow cytometry in which peptide-positive
target cells are stained with carboxyfluoroscein succinimidyl ester (CFSE), while peptide-negative target cells are
stained with Far Red. Both peptide-positive and -negative cells are then incubated with CTLs and are subsequently
analyzed by flow cytometry gating for CFSE and Far Red. The rate of killing can then be determined from the ratio
between CFSE and Far Red stained cells (Stanke et al. 2010). This method has several advantages as it is highly

sensitive, easily executed and does not contain radioactive material.

Approaches for determining the in vivo cytotoxicity have also been developed in which the peptide-positive and -
negative cells are transferred into immunized animals. By analyzing blood extracted at different time points after
transfer, the in vivo cytotoxic rate can be determined accordingly (Regoes et al. 2007). This method has the obvious
advantage of not being bias by in vitro conditions. A pilot study for this was recently performed in pigs in Gregers

Jungersens lab at DTU-Vet, showing promising results.

In summary, several methods are available for the identification and selection of functional epitopes with required
workloads spanning widely. If | was to redo my selection of epitopes, | would still combine NetMHCpan and PSCPL,
since this provided a better prediction than either of the methods alone. Preferably, | would use the NetMHCstabpan
but this service is currently not applicable to porcine MHCs. | used a threshold of a combined percentile ranks score
< 2 for selecting peptides for PopCover analysis, since this was considered a good compromise between having
enough epitope and still having a relatively broad allelic coverage. In the light of two of the five SLAs being excluded
for various reasons, a lower threshold could have been applied. It would have been interesting to include results
from the immunogenicity predictor prior to PopCover analysis, since this represents the TCR-pMHC interaction,
which is otherwise not represented in the predictions. Supposedly, this would have changed the final ensemble of
epitopes considerably. Finally, | would not conduct the peptide affinity ELISA, since this was rather cumbersome and

moreover inferior to the SPA stability assay with respect to predicting immunogenicity.
4.2.4 The vaccine platform

Ever since | read the initial project description for the present PhD, my mind was set on a future in which the final
vaccine product was applied in the field. | envisioned a library of VRPs, each encoding conserved epitopes specific for

a given SLA allele, from which a customized vaccine could be made to any given swine population by mixing VRPs
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representing predominant alleles. The VRPs generated in this study should hence provide the cornerstones of the

library, and for this reason, | designed three VRP-families representing the three SLAs.

In reality, however, the present study only provides a proof-of-concept that VRPs can be applied as a platform for
the induction of a CTL response through expression of polyepitopes. Yet, the final aim of presenting a mature
technology still lies far ahead. Besides, the present VRPs would never be authorized for being released in the field,

since they are only one structural protein short of encoding for a fully virulent CSFV.

So instead of designing three VRP-families, | should have designed just one VRP-family encoding for all epitopes.
After all, each test pig was administered with the same VRP mix regardless of SLA profile. As such, | would have had
only three PRRSV-encoding VRPs instead of nine, which would obviously have saved me a lot of time and resources.
This would apply to polyepitope design; cloning; VRP rescue; titration; batch generation; verification; aliquoting;
storage; and vaccine mixing. Besides, | didn’t even live up to my own vision since the epitopes were selected based
on the PopCover output, which by definition prioritized epitopes on the basis of several SLAs. Had | been true to my
vision, the PopCover output should have been completely disregarded, and the SLA-specific VRPs should have

contained epitopes prioritized according to binding characteristics specific for the given SLA, exclusively.

The VRP as a platform for the induced expression of epitopes must be regarded as functional. Nevertheless, several
improvements could be made for improved T cell priming. First of all, it should be a more potent inducer of
polyepitope expression. Not least to ensure that a larger fragment of infected cells would also express the
polyepitope, but the general level of expression should also be higher. Secondly, a means for targeting the VRPs to
the DCs would also aid in the potency of the vaccine. In this regard it is important to mention that the DCs must be
infected in order for intracellular translation to occur. This excludes the use of DC-specific antibodies conjugated to
the VRP surface, since this would induce opsonization and cross-presentation, after which only preformed structural

rns

proteins - and not encoded peptides - would be presented. Recently, a study using the same delE™ replicon
framework as applied in this PhD, showed that different chitosan-based nanoparticulate vehicles were able to
deliver the replicating RNA to DCs both in vitro and in vivo, in which cytosolic translation could be confirmed for a
period of 96 hours (McCullough et al. 2014). This plasform would be an obvious alternative to VRPs as it is

independent of a packaging cell line.
4.2.5 The experimental conditions

Despite feeling really happy and privileged that | was able to conduct the animal trial, | still think that the conditions
were worse than anticipated as explained in section 3.1 and that this lowered the general standard of the outcome.
This especially relates to the lack of easily available reagents and equipment, the long distance from my home, and
the limited presence of people with immunological experience that | could discuss matters with ad hoc.
Furthermore, the large number of animals resulted in extensive workloads in the lab, which limited my focus on the
big picture. A smaller setup could for instance have prevented the lack of attention on the unresponsive pre-

challenge ELISPOT, why this could have been rectified in due time. | am not saying this in an attempt to evade
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responsibility but more for the acknowledgement of my own limitations. | think that the general outcome would
have been better, had it been conducted at IVI. Alternatively, it should have been conducted at a lower biosafety
level, preferably at Frederiksberg campus where the relevant equipment and expertise was readily available. At
some point it was considered to export the original plasmids from IVl and then rescue the VRPs in Denmark, but at

rns

that point there was not enough time to establish the needed SK6-E™ cell line, rescue and titrate the VRPs. Besides,
it would probably still require some level of biosafety due to nature of the VRPs with regards to gene manipulation

and CSFV origin.
4.2.6 The challenge strain

In the present setup, the challenge strain used to inoculate the pigs did not result in any clinical symptoms. While
this was a good thing for the pigs, it concealed a potential effect of the vaccine in lowering clinical signs. As such, this

still remains unknown and it could be argued to use a strain of higher pathogenicity in future studies.
4.2.7 Thereadouts

The immunological effects of the vaccine were almost exclusively monitored with IFN-y ELISPOT. Originally, it was
planned to use ELISPOT only for the narrowing down of responsive epitopes. The combination of 18 pigs that should
be screened for 33 peptides was an extensive task to perform and as a compromise, the pre-challenge setup
described in paper 2 was established. This was simply too deficient as only 300,000 cells/well were used and each
sample was only analyzed in doublicates. In addition, the stimulations were pools of 6 peptides. Looking back, | really
cannot grasp that | didn’t recognize the weakness of this setup to begin with but | guess that’s just how it feels
getting wiser. In any case, | never came to the point as planned where | should characterize the responsive epitopes

further with tetramer staining and cytotoxicity assays.

Tetramer staining of all pSLA combinations was considered, but the idea was dismissed since it would be too
daunting, especially because of the general problems with the available flow cytometer, the numerous samples

required to include all pSLA combinations, and the procedure for exporting samples out of the BSL3-ag facility.
4.3 Summary and conclusions

During the course of this PhD, | have identified and verified SLA-I epitopes conserved across PRRSV-2 strains;
incorporated these into VRPs and used these to vaccinate pigs of matching SLA profiles. The pigs were subsequently
challenged with a Danish PRRSV-2 field strain and the effects of vaccination were monitored in terms of IFN-y recall
ELISPOT and changes in viral load. On this basis, | have discussed aspects including the suitability of the selected
epitopes; the components involved in priming of CD8B T cells; the limitations imposed by low expression of

polyepitopes; the induction of a CTL response; and the effects of the applied vaccine in context of challenge.

From that | conclude that at least the 14 epitopes analyzed in post-challenge ELISPOT were suitably selected; that a

CTL response was established although not as strongly as anticipated, which is supposedly related to poor
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polyepitope expression in VRP-infected cells; and that an effect of vaccination was seen in viral load after challenge,

although this was only weak and limited to just a few of the test pigs.

The VRP as a platform for epitope vaccination can be concluded as functional although advancements must be made
for an increased polyepitope expression, and a means of targeting it to DCs would be an advantage. However, its
natural adjuvanting effect in addition to its continuous expression of polyepitope, promotes the VRP to yield a highly

suitable platform for vaccination.

Apart from the presence of an elegant connecting thread of the general approach, many loops and leaps were also
present that should preferably have been straightened out in due time. These encompass the inclusion of peptides

in the VRPs despite their lack of confirmed binding; the below-detection of expressed polyepitope in VRP-infected
cells; and the difficulties with determining the VRP titers. While these all represent matters that were rushed
forward without the confirmatory data being at hand, other things were done with exquisite attention to detail
meanwhile completely ignoring the big picture. This, for instant, led to the development of two bioinformatic
programs of which the first, “The Program”, was completely redundant, while the second “Juncitope” for the
riddance of neoepitopes within the polyepitopes was indeed applied, although its biological significance in context of
the vaccine is highly dubious. However, | really learned a great deal from this and was pleasantly entertained. Finally,

| founded the central immunological monitoring on a blatantly bad setup.

In light of it all, | regard the present PhD in general as being a great success.
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EPILOGUE

Ever since | began this project | was intrigued by the innovative and rational approach of it. How cool was it not to
deliberately design a vaccine from scratch assembling it piece by piece including only functional epitopes. | was

convinced that it would work.

When | received the gRT-PCR data, however, it hit me that none of this had worked. This was embarrassing and
depressing, but nonetheless it was results were worth publishing. With this set of mind | started writing paper 2,
which also has a rather humble/pessimistic sound to it. However, during the process of writing the thesis, | delved
deeper into the analyses and this led to a kind of revelation that my data maybe wasn’t that bad after all. As a
matter of fact, | ended up concluding that it had worked, although not as profoundly as | had hoped for. But who

was | anyway to expect that | could revolutionize 25+ years of hardcore scientific dissection of PRRSV.

The whole period of my PhD has been a fantastic journey with extraordinary experiences and lots of exciting
learnings. | have presented my work at international conferences and have studied abroad. | have received
scholarships and have been corresponding with the Danish authorities. | have been locked up with some of the most
dangerous animal viruses and have showered enough for a lifetime. | have gotten to know so many great and
interesting people and | have even learned a new language, Python. | have grown with the project and have
acknowledged my own not so few limitations in respect to the huge complexity of the PRRS virus, the porcine
immune system, and the interaction of the two. All of which | have developed a profound interest of. | have been
taken really good care of by my supervisors, who have supported me and guided my training as a scientist. | have

now become a scientist.

It is therefore with both sadness and joy that | will now end this wondrous time. | am deeply grateful.
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PUBLICATIONS

In addition to the two accompanying papers presented in the following with me as a first author, | have contributed

as co-author on one paper:

Overgaard NH, Frgsig TM, Welner S, Rasmussen M, llsge M, Sgrensen MR, Andersen MH, Buus S, Jungersen G.
(2015) Establishing the pig as a large animal model for vaccine development against human cancer. Front
Genet. 6:286. doi: 10.3389/fgene.2015.00286.
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PAPER 1

Submitted to Immunogenetics

PREDICTION AND IN VITRO VERIFICATION OF CONSERVED PRRSV-2 CTL EPITOPES

ABSTRACT

Porcine Reproductive and Respiratory Syndrome Virus (PRRSV) is the causative agent of one of the most important
porcine diseases with a high impact on animal health, welfare and production economy. PRRSV exhibits a multitude
of immunoevasive strategies that in combination with a very high mutation rate, has hampered the development of
safe and broadly protective vaccines.

Aiming at a vaccine inducing an effective cytotoxic T cell response, a bioinformatics approach was taken to identify
common PRRSV epitopes predicted to react broadly with common swine leukocyte antigen (SLA) class | alleles.
Briefly, all possible 9- and 10-mer peptides were generated from 104 complete PRRSV type 2 genomes of confirmed
high quality, and peptides with high binding affinity to five common SLAs were identified combining the NetMHCpan
and Positional Scanning Combinatorial Peptide Libraries binding predictions. Predicted binders were prioritized
according to genomic conservation and SLA coverage using the PopCover algorithm. From this, 53 peptides were
acquired for further analysis. Binding affinity and stability of a subset of 101 peptide-SLA combinations were
validated in vitro for 4 of the 5 SLAs. Eventually, 23% of the predicted peptide-SLA combinations showed to form
complexes with a dissociation half-life > 30 minutes. Additionally, combining the two prediction methods proved to
be more robust across alleles than either method used alone in terms of predicted-to-observed correlations. In
summary, our approach represents a finely tuned epitope identification pipeline providing a rationally selected

ensemble of peptides for future in vivo experiments with pigs expressing the included SLAs.

78



AUTHORS

Simon Welner: Email: siwel@vet.dtu.dk, Institutional address: Section of Virology, National Veterinary Institute,

Technical University of Denmark, Blilowsvej 27, 1870 Frederiksberg C, Denmark.

Morten Nielsen (Corresponding author): Email: mniel@cbs.dtu.dk, telephone: +45 45 25 24 77, fax: +45 45 93 15 85,

Institutional address #1: Center for Biological Sequence Analysis, Department of Bio and Health Informatics,
Technical University of Denmark, Kemitorvet, building 208, 2800 Lyngby, Denmark. Institutional address #2: Instituto
de Investigaciones Biotecnolégicas, Universidad Nacional de San Martin, Av. 25 de Mayo y Francia, 1650 San Martin,

Cdad. Autéonoma de Buenos Aires, Argentina.

Michael Rasmussen: Email: michaelrasmussen1978@gmail.com, Institutional address: Laboratory of Experimental

Immunology, University of Copenhagen, Blegdamsvej 3B, 2200 Copenhagen N, Denmark.

Sgren Buus: Email: sbuus@sund.ku.dk, Institutional address: Laboratory of Experimental Immunology, University of

Copenhagen, Blegdamsvej 3B, 2200 Copenhagen N, Denmark.

Gregers Jungersen: Email: grju@vet.dtu.dk, Institutional address: Section of Immunology and Vaccinology, National

Veterinary Institute, Technical University of Denmark, Blilowsvej 27, 1870 Frederiksberg C, Denmark.

Lars Erik Larsen: Email: Lael@vet.dtu.dk, Institutional address: Section of Virology, National Veterinary Institute,

Technical University of Denmark, Bilowsvej 27, 1870 Frederiksberg C, Denmark.

79


mailto:siwel@vet.dtu.dk
mailto:mniel@cbs.dtu.dk
mailto:michaelrasmussen1978@gmail.com
mailto:sbuus@sund.ku.dk
mailto:grju@vet.dtu.dk
mailto:Lael@vet.dtu.dk

INTRODUCTION

Porcine Reproductive and Respiratory Syndrome (PRRS) is one of the most important porcine diseases in all swine-
producing countries and has a high impact on animal health, welfare and production economy (Nieuwenhuis et al.
2012; Holtkamp et al. 2013). The causative agent, the PRRS virus (PRRSV), is a member of the Arteriviridae family,
Rodartevirus genera together with lactate dehydrogenase elevating virus (Kuhn et al. 2016). The clinical signs of
infected pigs vary from subclinical to fever, lethargy, anorexia and pneumonia. For pregnant gilts and sows the virus
may infect the endometrium and placenta giving rise to late-term abortions, early farrowing, return to oestrus and

birth of litters mixed with living and stillborn piglets (Karniychuk and Nauwynck 2013).

Many attempts have been made to develop an effective vaccine against PRRSV. Various virus attenuation or antigen
selection strategies, adjuvants and delivery systems have been tested including killed virus, modified live virus (MLV),
recombinant protein based, and DNA vaccines, and their efficacies in terms of viral clearance and relief of symptoms
are diverse (reviewed in Renukaradhya et al. 2015a and Renukaradhya et al. 2015b). In broad terms, they all succeed
to amend the immune response by raising the levels of virus-specific antibodies and/or increasing the cell-mediated
immune response (CMI). Commercial MLV vaccines provide moderate to strong protection against a homologous
challenge, but none of them seem to be capable of providing cross-protection against heterologous challenges with
a sustained protective effect. In addition, the use of MLVs has an immense disadvantage that the attenuated vaccine
strain may revert to virulence and start promoting rather than preventing viral infection (Botner et al. 1997; Madsen
et al. 1998; Beilage et al. 2009; Jiang et al. 2015). Furthermore, the use of MLV in pregnant animals in the last

trimester increases the risk of reproductive failure.

Ideally, a vaccine against PRRSV should induce neutralizing antibodies capable of clearing the virus in its extracellular
phase, while a CMI should eliminate infected cells as fast as possible to reduce tissue damage and viral transmission.
A key effector cell for this latter task is the cytotoxic T lymphocyte (CTL), having the ability to identify and induce
apoptosis of PRRSV-infected cells. Studies have shown that CTLs are indeed present in high numbers at infected
locations in the lungs of transplacentally infected animals (Tingstedt and Nielsen 2004), and that the influx of CTLs to
the lungs increase during PRRSV infection (Samsom et al. 2000). Although the CTLs are present, their role in clearing
the infection is unclear and controversial.

On the skeptical side, Lohse et al. (2004) showed that acute infection appeared to be unaffected by the presence of
CTLs since temporary depletion of CTLs during the onset of infection with PRRSV-1 (PRRSV type 1) virus neither
increased disease nor influenced the ability to clear virus. One study attempted to evaluate the relationship between
viral persistence and the presence of CTLs in blood, tonsils, the spleen and the mediastinal lymph nodes in PRRSV-2
(PRRSV type 2) infected animals. Although a significant correlation between viral clearance and increased CTL counts
in the spleen was observed, a delayed and impaired CMI together with a low level of CTLs was found in the tonsils
and lymph nodes, allowing viral persistence in these organs (Lamontagne et al. 2003). In a last example, the

cytotoxic activity of peripheral blood mononuclear cells (PBMCs) isolated from Lelystad-infected pigs failed to show
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PRRSV-specific lysis of infected autologous alveolar macrophages until very late in the experiment. Even following

"eh cells after a 5-day period of restimulation with virus, a PRRSV-specific cytotoxic

successful expansion of CD3°CD8
response was not observed until day 56 post infection, suggesting a PRRSV-induced impairment of the cytotoxic
activity (Costers et al. 2009).

On a more optimistic note the CMI against PRRSV-2 was first explored by Bautista (1997), who described a PRRSV-
specific lymphocyte proliferation and delayed-type hypersensitivity response, thereby indicating a T cell specific
memory response. Another study argued that a CMI was responsible for the protective immunity of a PRRSV-1
challenge upon vaccination with an MLV vaccine, since a virus-specific interferon-gamma (IFN-y) response was
observed, while no neutralizing antibodies were present (Zuckermann et al. 2007). An in vitro proliferation assay of

PBMCs from PRRSV-1 infected cells, showed that PBMCs could be expanded upon restimulation with virus, and that

the cytotoxic activity against K-562 cells increased along with this expansion (Lopez Fuertes et al. 1999).

The observations and conclusions put forward in the literature of CMlI responses in relation to PRRSV are thus in
many cases contradictory, and it is obvious that more knowledge is needed for a better understanding of the
importance of CMI against PRRSV. In this study, a rational approach has been taken to identify major
histocompatibility complex (MHC) class | restricted epitopes that are conserved among PRRSV-2 strains. Potential
epitopes restricted by five swine leukocyte antigen (SLA) class | alleles, SLA-1*0401, SLA-1*0702, SLA-2*0401, SLA-
2*0502 and SLA-3*0401, were identified using bioinformatics tools, and subsequently verified in vitro as SLA-binders

by affinity and stability assays.

MATERIALS AND METHODS

Sequences
Verification of genomic data

All available full genome sequences (access date: September 24", 2014) of PRRSV-2 were evaluated and excluded if
they failed the criteria of 1) being a wild type strain, 2) being published, 3) having methionine begin all protein

products, and 4) being without non-sense stop codons.

Phylogenetic tree

A phylogenetic tree was created in order to illustrate the diversity of the strains used for the prediction. Briefly, for
each strain, all naturally occurring protein products (nspla, nsplb, nsp2, nsp2TF, nsp3-6, nsp7a, nsp7b, nsp8-12,
ORF2a, ORF2b, ORF3, ORF4, ORF5a, ORF5, ORF6 and ORF7) were concatenated and aligned in CLC (workbench v7.0).
The tree was subsequently generated in CLC using the integrated neighbor joining algorithm with a bootstrap of

1000 replicates.
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Peptide generation

For each verified strain, all possible 9- and 10-mer peptides were generated in silico from all naturally occurring

protein products, excluding peptides spanning post-translational cleavage sites.

Swine Leukocyte Antigen

Five SLA class | alleles were used: SLA-1*0401, SLA-1*0702, SLA-2*0401, SLA-2*0502 and SLA-3*0401. Most of these
alleles have been shown to be common in Danish pigs (Pedersen et al. 2014) and were readily accessible for in vitro

analysis as recombinant biotinylated heavy chains as previously described (Pedersen et al. 2011).

Epitope Bioinformatics

NetMHCpan

NetMHCpan (Hoof et al. 2009) version 2.8 was used to predict the binding affinity of the peptides against the five
SLA alleles. Version 2.8 has been trained on more than 150,000 quantitative binding data covering more than 150
different MHC-I molecules. The output, being a measure of the binding affinity of a given peptide to a given SLA
allele, was converted to a percentile rank score, using SLA-specific standard curves based on the prediction of
200,000 random natural peptides, e.g. a percentile rank score of 2% indicated that the given peptide was among the

top 2% best binders to the given SLA out of the 200,000 random natural peptides used for the standard curve.

Positional Scanning Combinatorial Peptide Library

The Positional Scanning Combinatorial Peptide Library (PSCPL) method was first described in details by Stryhn et al.
(1996) and has since been applied to porcine immunology by Pedersen et al. (2011). Briefly, an SLA specific scoring
matrix providing the average contribution on binding of any amino acid at each position in a 9-mer peptide is used to
calculate the overall binding score of a given peptide. The PSCPL experiments providing the scoring matrices for the
five SLAs have been performed previously (SLA-1*0401: Pedersen et al. 2011, SLA-2*0401: Pedersen et al. 2013, SLA-
3*0401: Pedersen et al. 2014, SLA-1*0702 and SLA-2*0502: Lasse Eggers Pedersen — personal communication, April
2014). The matrices for SLA-1*0401, SLA-2*0401 and SLA-3*0401 were based on affinity measurements, while the
matrices for SLA-1*0702 and SLA-2*0502 were based on stability measurements (shown to give very similar
outcomes by Rasmussen et al. (2014)). Since the matrices are based on the binding of 9-mers only, an extrapolation
was performed to obtain estimates of 10-mers as described by Lundegaard et al. (2008). The output was converted

to a percentile rank score, similar to the above.
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Combining the methods

Due to the limited amount of porcine MHCs binding data available for training of NetMHCpan, the two methods,
NetMHCpan and PSCPL, were combined as this has been shown previously to provide more exact predictions than
either method alone (Pandya et al. 2015; Pedersen et al. 2016). A combined rank score was determined for each
individual peptide-SLA (pSLA) pair by calculating the harmonic mean of the two method-specific percentile rank
scores. Only peptides with a combined rank score < 2% for at least one of the five SLAs were selected as epitope

candidates.

Prioritizing the epitope candidates

The PopCover algorithm was used to rank the epitope candidates by iteratively prioritizing the peptides with the
broadest SLA allele and strain coverage, while covering the gaps left by previously chosen peptides (Lundegaard et

al. 2010; Buggert et al. 2012).

In vitro verification of predicted epitopes

Based on the bioinformatics described above, 53 peptides (purity > 85%, GenScript) were acquired for in vitro
verification. Stability and affinity assays were performed on each pSLA with a predicted combined rank score < 2%

using recombinant biotinylated heavy chains of the five SLAs.

Stability assays

The stability of the pSLA complexes was determined in vitro using a scintillation proximity assay (SPA) employing the

f °|-radiolabeled B,m dissociation as a measure of pSLA complex stability (Harndahl et al. 2011; Parker et

principle o
al. 1992). Briefly, denatured biotinylated recombinant SLA heavy chains were refolded with ***|-radiolabeled B,m
and the peptide to be tested in streptavidin coated scintillation 384-well FlashPlate PLUS microplates
(SMP410A001PK, Perkin EImer). In case of a binding peptide, a scintillation signal was observed and the off-rate was
subsequently determined by the addition of excessive amounts of unlabeled 3,m while monitoring the scintillation
signal in a liquid microplate scintillation plate reader (Topcount NXT, Perkin Elmer). The off-rate is equivalent to the

peptide-specific dissociation rate and serves as a good measure for pSLA complex stability. The stability values

reported are the averages of duplicates in half-life (t4) decimal hours.
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Affinity assays

Binding affinity of pSLA complexes was determined in vitro using a modified enzyme-linked immunosorbent assay
(ELISA) (Sylvester-Hvid et al. 2002; Pedersen et al. 2011). Briefly, 1-2 nM denatured biotinylated recombinant SLA
heavy chains were refolded with 15 nM human B,m (h[3,m) and eight 5-fold incremental concentrations of the
peptide to be tested spanning from 0-13 uM. Following obtained equilibrium after two nights of incubation at RT the
samples were transferred to a streptavidin coated 96-well capture plate (436014, Thermo Scientific) for 1% hour of
incubation. Mouse-anti-h[3,m, BBM1, and horseradish peroxidase-conjugated goat-anti-mouse IgG (A9917, Sigma
Aldrich) were used as primary and secondary detection antibodies, respectively. Washing steps were performed with
0.05% Tween 20 in PBS. The color reaction of TMB Plus2 (4395A, Kem-En-Tec Diagnostics) was stopped with
equivalent amounts of H,SO, (0.5 M, cat 30144.294, VWR International) and the plates were read at 450-650 nm
using a Multiskan EX ELISA reader (Thermo). OD values were converted to measures of affinity (equilibrium
dissociation constant, Kp) using the prefolded biotinylated FLPSDYFPSV/HLA-A*0201 as standard (Kast et al. 1994),
and were again converted to percentile rank scores by the same SLA specific standard curves that are integrated in
NetMHCpan. A minimum of two reliable measurements were aspired for each pSLA combination, and in most cases
this was obtained. The results are presented as the range between the minimum and maximum measurements

converted to rank scores.

RESULTS AND DISCUSSION

Sequence selection and Epitope Bioinformatics

Initially, 334 PRRSV-2 full genome (~15.1 kb) sequences were included. Of these, 104 sequences were accepted in
accordance with the described verification criteria. Figure 1 illustrates their evolutionary relatedness, while Table 1
shows the year and country of isolation. Out of the 104 accepted strains, 90,939 unique 9- or 10-mer peptides were
generated in silico. Binding of each peptide to each of the five SLAs was predicted using the two methods,
NetMHCpan and PSCPL. By excluding peptides with a combined rank score > 2% with all of the SLAs, the number of

unique peptides was reduced to 6,140 that were subsequently prioritized using PopCover.
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Figure 1: Phylogenetic tree of the 104 strains based on their full proteome. Isolation data (country and year) and

CN-11-JQ308798
CN-11-JN662424

accession number is indicated in the legend for each strain, country as a two-letter ISO country code, and year as the

last two digits. NA: no information about isolation year available. Scale bar indicates the number of amino acid

substitutions per site.
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Country of isolation

Year of isolation

NA '92 '94 '95 '96 '97 '01 '02 '03 '04 'O6 '07 '08 '09 '10 '11 '12| %

Canada CA 1 1
China CN 8 1 1 2 1 6 8 1 3 23 7 1|60
Denmark DK 1 1 2 1 5 2 1]13
Japan JP 1 1
Laos LA 7 6,7
South Korea KR 1 1 3 4,8
Thailand TH 1 1
USA us 1 1 1 2 2 1 2 1 11
Vietnam VN 2 1 2,9
% 7,7 1,9 1 1 1948 1 48 1 29 6,7 13 3,8 29 36 8,7 1,9|100

Table 1: Distribution of the 104 strains according to isolation year and country. NA: not available

Among the top-50 on the PopCover output, four 9-mer peptides nested within top-50 10-mer peptides were

excluded, and three peptides further down the list (top-70) were included to give a more even distribution along the

genome. In addition, six peptides were included as they have previously been described in the literature in various

restimulation studies of PBMCs from pigs immunized with live or attenuated PRRSV-2 virus: Four 17-mers containing

the peptides D43 (TTMPSGFELY), ID50 (NSFLDEAAY), ID53 (MPNYHWWVEH) and ID54 (EVALSAQII), respectively,

were found to induce both T-cell proliferation and IFN-y secretion in a screening study of NSP9 and NSP10 (Parida et

al. 2012); 15-mers containing peptide ID51 (RGRLLGLLHL) and ID52 (LYRWRSPVI) were found to induce spots in IFN-y

ELISPOT assays when screening GP5 (Vashisht et al. 2008) and the M protein (Wang et al. 2011), respectively.

Furthermore, the same ID52 containing 15-mer as above, was included in a peptide-based vaccine with the N-

terminal part of the heat chock protein Gp96 as adjuvant. Restimulation with this peptide of PBMCs from the

immunized animals was shown to induce lymphocyte proliferation with a Th1-type cytokine bias, and the immunized

piglets exhibited milder clinical symptoms, lower viremia and less pathogenic lesions than non-immunized piglets

upon challenge with a highly pathogenic PRRSV strain (Chen et al. 2013). Unfortunately, none of these studies had a

clear phenotypic description of the responding cells, nor had their test animals been haplotyped.

In total, 54 peptides were ordered from Genscript, but only 53 were received as peptide ID14 could not be

synthesized (table 2).
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ID Sequence Locus Cons. SLA-1*0401 SLA-1*0702 SLA-2*0401 SLA-2*0502
104 strains stab. aff. PSCPL NMP comb stab. aff. PSCPL  NMP comb. stab, aff. PSCPL  NMP comb. stab. aff, PSCPL  NMP comb
(%) (h) (nM)  (rank) (rank) (rank) (h) (nM)  (rank) (rank) (rank) (h) (nM)  (rank) (rank) (rank) (h) (nM) (rank) (rank) (rank)
1 RTILGTNNF nsp9 98 01 1,030t 3 15 2 32 [ 101 01 - 15 15 1.5 50 4 74
2 YAQHMVLSY nsp9 100 - - 32 04 08 0.9 4 1.5 0.03 0.1 11 60 15 1 1.9 50 4 74
3 PAIVRWE nspg a7 01 - 0.25 3 05 50 32 38 - 0.8 4 13 50 10 167
4 nsp9 7 0.2 37t 0.8 0.5 0.6 0.2 18,708 8 1 18 - 0.5 15 0.8 01 50 0.17 0.3
5 ORF2a %6 9 1.5 26 0.3 12 2 1.5 1.7 01 15 15 1.5 50 15 231
6 nspS 95 0.1 50 1 2 50 7 123 7 3 4.2 50 32 39
7 nspla 100 0.3 682 2 2 2 4.5 168 5 0.8 1.4 0.7 209t 4 017 0.3 50 32 39
8 ORF3 99 10 5 6.7 50 4 7.4 02 1827 15 3 2 50 15 231
nsp9 99 - - 6 0.8 14 0.5 13 0.5 0.1 0.2 - - 15 1 1.2 50 9 15.3
nspll 95 03 122 15 04 08 2 4 2.7 10 4 5.7 50 4 74
nspl0 95 50 15 231 0.3 &0 0.25 15 0.4 02 - 7 0.8 14 50 50 50
ORF3 99 5 3 3.8 32 1.5 29 13 73 3 03 0.5 50 0.8 16
nspl2 97 0.1 9zt 8 0.8 15 0.2 62 4 015 0.3 91 2 0.025 025 0.0 50 7 123
ORF2a a7 - 15 15 15 0.3 29,504 1 15 12 - 15 1 19 32 50 39
nsp9 9 10 4 5.7 9 4 5.5 - - 15 0.8 1.5 50 15 231
ORF4 9% 05 57 1 0.25 04 0.2 1,852 4 1 16 - 385t 1 0.8 09 50 10 1.7
YTAQFHPEIF ORF3 98 - - 3 1 15 9 2 33 04 - 0.1 2 0.2 0.2 555+ 32 05 1
19 L RISY ORF7 95 11 10 0.8 0.12 0.2 0.2 383 15 0.3 0.6 02 4182% 1 15 1.2 50 15 231
20 7 VELTW nsp3 B8 4 3 34 50 4 7.4 01 17,142 2 05 0.8 50 3 5.7
21 KVAHNLGEY nspll a5 15 4 50 0.2 04 28 11 0.5 15 0.8 - - 6 0.5 09 50 16 24.2
22 KIFRFGSHKW nsplb 88 5 2 29 50 4 7.4 01 at 15 1 1.9 50 & 10.7
23 NISAVFQTYY ORF3 93 0.1 413 2 1.5 1.7 0.9 6 50 0.3 0.6 - 862 15 2 1.7 50 15 231
24 RTAPNEIAF nsp2 66 21 4 0.125 04 02 9 6 7.2 01 - 0.8 4 13 32 4 7.1
25 ‘APRY ORF2a 92 4.9 2 0.8 0.05 0.1 0.2 71 9 017 0.3 - 3 0.8 1.3 50 32 39
26 RMMGHAWTPL nsp5 99 5 2 29 32 15 204 50 4 74 15 3 5
27 RPFFSSWLV ORF3 100 50 50 50 374 1 0.15 5 0.3 50 32 39 32 3 5.5
28 FVLSWLTPW nsp5 90 - - 3 1.5 2 32 2 3.8 13.7 3 3 0.8 1.3 50 04 0.8
29 MVNTTRVTY nspl0 a1 01 2067 3 0.8 13 0.2 47 15 017 0.3 - = 4 1 16 32 9 14
30 L nspS 100 50 15 231 0.2 283 0.8 5 14 50 8 138 15 7 9.5
31 nsp2 85 3 0.8 13 50 6 10.7 01 50,000t 5 1 1.7 50 2 3.8
32 nspll 95 16 4 64 3 3 3 50 4 74 50 2 38
33 ORF4 B9 0.1 5 0.8 14 03 69 7 0.8 14 - - 04 0.8 0.5 50 6 10.7
34 ORF3 88 0.25 012 0.2 0.2 12701+ 32 0.8 1.6 01 1,692% 2 0.05 01 50 15 231
35 nspS 94 15 4 6.3 50 32 38 15 4 6.3 03 60 5 04 0.7
36 nsp5 85 2 1.5 1.7 50 3 5.7 36 40 08 1 0.9 - - 50 0.5 1
37 nsp3 a3 15 15 2.7 50 15 231 3 4 4.8 32 08 16
38 Y nsp2 79 0.1 91t 3 05 09 0.2 479 50 0.5 1 0.2 0.5 1 0.7 50 & 10.7
39 VRWFAANLLY nsp9 93 50 16 24.2 2.7 44 0.8 1 08 7 3 4.2 50 50 50
40 RMT nspla 100 0.25 0.8 04 15 4 6.3 El 8 85 50 7 123
41 A LSAIFE nspla 99 0.8 6 14 32 15 204 7 3 4.2 50 15 231
42 SAIPFRAPFF nsp2 68 8 3 44 4 3 3.4 - - 3 0.8 13 32 15 29
43 TTMPSGFELY nsp9 75 576 0.8 0.25 04 0.8 6 0.5 0.05 0.1 02 1,838t 04 0.2 0.3 50 0.25 0.5
44 MSW TRY ORF5 74 - 7 0.8 14 0.5 87 8 0.1 0.2 15 15 0.8 0.05 0.1 50 4 74
45 SSAFFLRYF nsps 66 50 2 3.8 15 5 7.5 01 - 08 05 0.6 50 4 74
46 RLATAPDGTY nsp3 100 607t 50 0.5 1 0.1 2,736 0.8 1.5 1 7 3 4.2 50 32 39
47 nsp2 99 32 7 115 50 16 24.2 - - 15 3 2 50 32 39
48 ORF& 97 32 32 32 50 10 16.7 0.2 21433 05 5 0.9 50 7 123
43 FLNCAFTFGY ORF6 97 4 0.8 13 03 20 1 0.25 0.4 2 3 24 50 15 231
50 NSFLDERAY nspl0 96 2 3 24 0.1 43 9 0.5 0.9 5 04 0.7 50 15 231
51 RGRLLGLLHL ORF6 100 32 50 39 50 50 50 32 15 204 50 50 50
52 LYRWRSPVI ORF5 94 50 50 50 50 50 50 50 32 39 15 50 231
53 MPNYHWWVEH nsp9 100 50 50 50 06 32 0.5 3 09 10 32 15.2 50 32 39
54 EVALSAQII nsp9 89 15 32 204 32 32 32 15 15 15 183 2 05 15 0.8

Table 2: Overview of the results obtained from the in vitro studies. Left section lists the individual peptides

represented by ID, sequence, locus of origin, and percent conservation among the 104 ancestry strains. Right section
presents the measured and predicted values for the respective peptide-SLA combinations. Only combination predicted
to have a combined rank score < 2% were measured. From left to right the columns represent measured stability
(average dissociation half-life in decimal hour (h)), measured affinity (average equilibrium dissociation constant
(nM)), predicted binding by PSCPL (rank), predicted binding by NetMHCpan (rank), and combined predicted binding
by calculating the harmonic mean of PSCPL and NetMHCpan (rank). T: only one successful affinity measurement
could be obtained. Hyphen (-): no successful measurement (stability or affinity) could be obtained. Empty field: Not
tested due to a predicted combined rank score > 2% for the given peptide-SLA combination.

Due to internal errors, the NetMHCpan prediction was performed on SLA-2*0501 instead of the correct SLA-2*0502.

Even though the two alleles are genetically very similar, their peptide binding specificities are only partly

overlapping. Unfortunately, the mistake was not discovered before the peptides were purchased and as a

consequence, only 9 out of the 53 peptides were predicted as binders to SLA-2*0502 while this number was formerly

believed to be 24. For obvious reasons, this insight would have resulted in a different PopCover output and hence a

different choice of peptides for purchase.
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Experimental verification of predicted pSLA complexes

For each of the 53 peptides, each pSLA combination that was predicted to have a combined rank score < 2% was
tested in vitro for their individual binding characteristics in terms of affinity and stability. The results are presented in
table 2. Note that only SLA-1*0401, SLA-1*0702, SLA-2*0401 and SLA-2*0502 were included in this experimental
validation, as no functional assay could be generated for SLA-3*0401.

While the affinity represents the strength of a peptide-MHC (pMHC) interaction, the stability represents the
longevity of this interaction once established. The two properties are mechanistically interrelated but are not
mutually redundant, meaning that a peptide having a strong affinity will not necessarily form a highly stable
complex, and vice versa. Obviously, the probability of a pMHC complex on the surface of a given cell to encounter
and be recognized by an extremely rare circulating CTL with a cognate receptor is proportionate to how long this
peptide is being displayed on the cell surface - the stability. Likewise, this probability is also proportionate to the
number of successfully formed pMHC molecules in the first place - the affinity. Factors other than affinity and
stability may also play a role, such as the level of protein being expressed in the cytosol from which the peptide is
derived, and the rate at which the MHC molecule is internalized after peptide presentation on the cell surface.

In the earliest works of characterizing the pMHC interaction, both affinity and stability was given considerable focus
(Buus et al. 1987; Parker et al. 1992). Regardless, the vast majority of available pMHC binding data is in the form of
affinity data since the acquisition of stability data has previously been cumbersome and laborious. Recently, the SPA
method used in this study, being a high-throughput one-step method for measuring pMHC stability was developed
by Harndahl et al. (2011), and shortly after, Harndahl et al. (2012) showed that immunogenic peptides tend to be
more stably bound to MHC-I molecules than non-immunogenic peptides, suggesting to focus on stability rather than
affinity as a determinant for peptide immunogenicity. In the wake of this, the NetMHCstab and NetMHCstabpan
servers were recently established (Jgrgensen et al. 2014; Rasmussen et al. 2016). Unfortunately, these servers have
so far only been trained with human data, and could therefore not be implemented in this study.

In the light of the indicated proportionality between immunogenicity and stability, it has become convenient to
define a threshold separating binders from non-binders. While the NetMHCstab server defines the thresholds for
weakly and strongly stable pMHC complexes to be a t% 2 2 hours and t% 2 6 hours, respectively, other studies have
been less strict and included pMHCs with t% > 30 minutes. Out of the 101 pMHC complexes tested in this study, 23
of these exhibited a t% > 30 minutes (5/30 pSLA-1*0401, 10/26 pSLA-1*0702, 7/36 pSLA-2*0401 and 1/9 pSLA-
2*0502). 10 of these had a t% > 2 hours, and 4 had a t% = 6 hours. Interestingly, peptide ID54 (EVALSAQII), that was
included due to its previous mention in the literature was measured to bind very stably to SLA-2*0502 (t% = 18.3 h),

hinting that the responsive animals used by Parida et al. (2012) could have expressed this particular allele.

Correlations between predicted and measured values

To quantify the performance of the three prediction strategies employed for peptide selection, a correlation analysis

between the predicted rank score and the measured binding affinity and binding stability values was performed. The
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analysis was limited to the molecules SLA-1*0401, SLA-1*0702, SLA-2*0401, and SLA-2*0502, and the results are
displayed in figure 2. From this analysis, it is apparent that none of the two methods, NetMHCpan and PSCPL,

consistently outperformed the other.

Correlation with affinity Correlation with stability
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Figure 2: Correlation analysis between measured binding affinity/stability and predicted rank values for the three
methods NetMHCpan, PSCPL, and combined prediction. Correlations were quantified in term of Spearman rank
correlation. ALL gives the correlation values for the combined data set of the four SLA molecules.

The PSCPL method achieved the highest performance of the two methods for 50% of the SLA alleles on the binding
affinity data and for 75% of the alleles in the stability data. Each method performed very poorly with close to zero or
negative correlations in at least one case each. In contrast to this, the performance of the combined method was
consistently high across all 4 SLA alleles, thus achieving the highest performance of the three methods on both the
affinity and stability data when evaluated on the data set combined of all SLA measurements. This finding thereby
confirmed the earlier finding that combining prediction of NetMHCpan and PSCPL leads to a superior performance
for identifying peptide binders to MHC molecules characterized by limited or no binding data (Rasmussen et al. 2014;
Hansen et al. 2014).

We next extended this analysis to include an evaluation of the sensitivity (true positive rate) and specificity (true
negative rate) of the respective methods. Due to the inconsistencies between the SLA allele used to selected
peptides and the allele actually used in the study for the SLA-2*¥*0501/02, the SLA-2*0501 allele was excluded from
this analysis, which was hence limited to SLA-1*0401, SLA-1*0702 and SLA-2*0401. The results are given in figure 3,
depicting the sensitivity and specificity as a function of the prediction rank threshold for the three respective

methods for the three different SLA molecules.
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Figure 3: Analysis of sensitivity and specificity of the three methods with relation to the three alleles: SLA-1*0401,
SLA-1*0702 and SLA-2*0401. Values of sensitivity and specificity were calculated based on four different values of
prediction rank against a constant observed rank of 1. kD values in nM corresponding to rank=1 are stated for each
allele.

Due to the fact different MHC molecules display very different binding potential when it comes to both affinity (Paul
et al. 2013; Nielsen and Andreatta 2016) and stability (Rasmussen et al. 2016), an allele specific affinity threshold
was identified to define peptide binders. This threshold was defined from the 1% percentile affinity score obtained
by predicting binding to 200,000 random natural peptides using NetMHCpan (version 2.9).We are aware that using
this approach might introduce a bias in favor of the NetMHCpan prediction. Nevertheless, we regarded this as a
better estimate and representative of the individual alleles, than the hitherto general definition of a uniform
threshold at 500 nM that does not account for any allele specific-variation (Yewdell and Bennink 1999). As expected,
the obtained affinity thresholds demonstrated substantial variations with values spanning 546 nM for SLA-1*0401 to
3415 nM for SLA-2*0401.

In general, a high performance method should have a point on the graphs with high sensitivity and specificity values.
Given this, the value corresponding to the cross-point of the sensitivity and specificity curves can be taken as a
measure of predictive performance of a given method. Using this performance measure, NetMHCpan demonstrates
a general very high performance, with cross-point values for the three SLA molecules in the range 0.64 —0.75,
meaning that on average 70% of the binding peptides are captured at a false positive rate of 30% (figure 3). For the
PSCPL method these values are substantially lower and in two of the three cases no cross-point is identified in the
rank score range included in the analysis, suggesting a low sensitivity of this approach. However, even in this
situation, the combination of the two approaches leads to an overall improved performance, with a substantially

improved cross-point (0.86 compared to 0.68) value for SLA-1*0702. These findings thus consolidate the earlier
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conclusion that integrating PSCPL and NetMHCpan predictions lead to overall superior performance compared to

any of the individual methods alone.

Perspectives of an epitope based vaccine strategy

The central concept of vaccinology is defined by the proper presentation of antigen to the immune system. For a
vaccine to induce a CMI, more specifically, the antigen is presented on a MHC-I molecule as an 8-10-mer epitope for
subsequent recognition by a cognate cytotoxic T cell. Applying this to a real life vaccine trial, this concept splits up
into three cardinal points that should be considered during the development of an epitope-based vaccine: 1)
Pathogen diversity. While it would be very unlikely to identify a single immunogenic epitope expressed by all
circulating strains of the target pathogen, the epitopes included in the vaccine should reflect the diversity of the
circulating target pathogen. Choosing conserved epitopes must be regarded as the only rational approach, as this
would not only ensure the highest degree of pathogen coverage attained by the lowest number of epitopes, but
would also exclude epitopes that are dispensable for the pathogen. It is likely, however, that a higher selection
pressure on conserved epitopes may lead to the employment of mechanisms to prevent these epitopes from being
immunogenic. Such mechanisms could result in a level of surface display sufficiently low to avoid CTL priming and
activation. If this is the case, one could speculate that an artificially raised level of display in terms of a vaccine could
activate cognate CTLs to such an extent that they would recognize and kill cells displaying an otherwise negligible
level of epitopes, i.e. cells infected with wild type virus. 2) Herd diversity. Currently, 216 SLA class | alleles are known,
including 62 SLA-1, 61 SLA-2, and 32 SLA-3 alleles. The majority of the SLA alleles are published in the Immune
Polymorphism Database (http://www.ebi.ac.uk/ipd/mhc/sla/). This number is relatively small compared to the
known human MHC-I diversity counting several thousand proteins and is likely to be a consequence of scientific
focus and limited genetic diversity within the swine industry. Although their peptide specificities overlap to some
extent, the limited number of epitopes included in a vaccine should be selected to match the allelic diversity of a
target population. 3) Epitope immunogenicity. While the notion of being immunogenic is not synonymous with
providing protection, it is definitely a prerequisite. Beyond epitope abundance, the underlying mechanisms of
epitope immunogenicity involve six steps: i) cleavage of a cytosolic protein into smaller fragments by the immuno- or
conventional proteasome; ii) transportation of these fragments into the endoplasmic reticulum by TAP; iii) N-
terminal trimming of the fragments by aminopeptidases (Serwold et al. 2002) iv) association of the peptide to the
MHC-I molecule; v) vesicular transportation of the pMHC complex to the cell surface; and vi) recognition of the
pMHC by a CTL with a cognate T cell receptor. The steps i-iii relate to the preprocessing of the peptides, and even
though information can be gained from the specificities of the involved enzymes and transporters, this information
has no impact on the NetMHCpan predictions used in this study (Peters et al. 2003; Nielsen et al. 2005).
Consequently, it was decided not to take this into account. The steps iv and vi, however, represent the most

selective steps in the MHC-I presentation pathway and recognition by circulating T cells, respectively.
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In this study, we have defined and characterized an ensemble of conserved PRRSV-2 CTL epitopes for the future
development of an epitope-based vaccine. The abovementioned three cardinal points have been met by 1) deriving
all 9-10 mer peptides from a database of 104 wild type strains; 2) designing an ensemble of 53 epitope candidates
predicted for an optimal representation of antigen to a fictive target population expressing the five SLAs in question.
This was done by the use of bioinformatics tools for epitope prediction (NetMHCpan and PSCPL) and subsequent
ranking of epitope candidates (PopCover); and 3) verification of MHC binding of the 53 selected epitopes candidates
to the five SLAs using in vitro pMHC stability and affinity assays. In addition to this, the correlation between
predicted and observed binding data was analyzed for NetMHCpan, PSCPL and the combination of the two. In
accordance with earlier studies, none of the individual methods consistently outperformed the other, and the

combination of the two performed a robust prediction across all SLA with a relatively high correlation.

CONCLUDING REMARKS

In order to obtain an ensemble of epitopes that can provide protection to a population of diverse haplotypes, the
ensemble must consist of epitopes that collectively will bind to the majority of haplotypes present in the population.
The PopCover algorithm was employed in this study to prioritize between the peptides based on both their degree of
conservation and their ‘promiscuity’ with regards to SLA binding. While these two factors are central in the definition
of a peptide ensemble, weight coefficients could be adjusted in relation to the individual strains, peptides, and SLA
alleles, in order to fine-tune the definition of the ensemble. Weight coefficients related to the individual strains
should be set to compensate for a bias induced by an overrepresentation of similar strains in cases where this would
reflect an intensely sequenced incidence of disease rather than reflecting the actual diversity of the strains. As an
example, this study includes 7 viruses isolated in Laos in 2010. As seen in figure 1, these strains are very closely
related and do most likely represent 7 variants of the same strain rather than 7 different strains. Consequently, the
weight coefficients of these should be adjusted to make them have a collective impact corresponding to a single
strain. For the individual peptides, weight coefficients should be given to reflect their relative levels of expression. In
case of PRRSV, the expression levels differ substantially between loci, strongly influenced by the programmed
ribosomal frameshifting sites. According to Fang et al. (2012) only about 15% of the translation initiated at the
beginning of ORF1a will proceed to ORF1b. As a result, peptides derived from ORF1b will be much less abundant
compared to peptides derived from ORF1a, and should be reflected accordingly by their weight coefficients. Also for
the MHC alleles a weight coefficient could be implemented to reflect their relative levels of expression. On that
node, we have observed that the average level of cDNA derived from SLA-3 mRNA was less than 10% of the overall
SLA cDNA. The remaining 90% were more or less evenly distributed between SLA-1 and SLA-2 derived cDNA
(unpublished data). This may, however, stand in contrast to the abundance of a given MHC allele in the herd in
general, which in case of SLA-3 was indeed found to be quite abundant in some populations (Pedersen et al. 2014).
Thus, two weight coefficients could be given for the MHCs, reflecting both the relative levels of expression in the

individuals, and levels of abundance in the population.
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It is obvious that the definition of an optimal epitope ensemble for the induction of an immune response against a
pathogen on the population level is not straight forward. In the current study, none of the abovementioned weight
coefficients have been used to balance the epitope candidates. Because of this, and because of confusion regarding
SLA-2*0501 and SLA2*0502, the presented ensemble of 53 peptides is most probably different from how it would be
composed otherwise. Nonetheless, 53 conserved peptides have been analyzed in vitro for their binding capacities to
five different SLAs. The biological significance of these results are yet to be tested, and may ultimately aid in the

development of a CTL-activating vaccine against PRRSV.
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