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Abstract
Professional antigen presenting cells (pAPCs) process and present antigens on their cell surface in
association with MHC class I molecules through two general pathways: direct or crosspresentation. The process of antigen presentation by pAPCs to naïve T cells resulting in their
proliferation and differentiation into activated cytotoxic lymphocytes (CTLs) is called T cell
priming.

In these studies, we examine the cross-presentation of antigens from two non-

replicating viruses: inactivated Lymphocytic Choriomeningitis virus (LCMV), and recombinant
baculovirus encoding the LCMV nucleoprotein (NP). Since effective activation of pAPCs is
essential for efficient priming of CD8+ T cells and CTL activation, and because infection with
inactivated viruses generally induces an extremely poor level of CTL activation, we examined the
activation state of pAPCs by measuring their cytokine profiles following infection to help further
delineate their involvement in the CTL response to inactivated viruses. Our results indicate a proinflammatory cytokine mRNA upregulation in pAPCs in response to the inactivated virus, similar
to the cytokine profiles subsequent to live LCMV infection, but to a lesser extent. In these
studies, we also examined CTL activation following infection with inactivated LCMV and bAcNP. We have demonstrated that the presentation of antigens from inactivated LCMV and bACNP results in a low level of CTL activation in vivo, though there is an undetectable level of CTL
activation in vitro, in comparison to activation following infection with the live virus. Ultimately,
the characterization of the cytokine profiles of pAPCs and the CD8+ T cell profiles induced in
response to inactivated LCMV or the baculovirus derived NP may lead to a better understanding
of how cross-presentation of these viral antigens may occur. This information may be applied to
enhance the process of pAPC activation and T cell priming, for the induction of more effective
cellular immune responses and the generation of stronger protective immunity.
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Chapter 1
Introduction
1.1 Introduction
It is well understood that killed intracellular pathogens are inefficient at prompting the cellular
immune response needed for protective immunity [1, 2].

Typically, vaccines that rely on

inactivated pathogens are effective at inducing only a humoral immune response, which is helpful
for preventing infection but is ineffective at clearance of an already established infection [3]. To
activate the cellular immune response to an inactive or non-replicating virus, professional antigen
presenting cells (pAPCs) present foreign antigen on their cell surface to a naïve T cell resulting in
T cell priming and cytotoxic CD8+ T lymphocyte (CTL) activation. Since activation of CTLs is
very poor in response to killed pathogens, we wanted to examine how CTL activation differs in
response to inactivated LCMV or a non-replicating baculovirus encoding the LCMV-NP (bAcNP) at the crucial points of the cellular response. For inactivated lymphocytic choriomeningitis
virus (LCMV), we examined the maturation of pAPCs following uptake of the killed virus, the
overall CTL response, and the changes in response to individual peptides of the virus. We then
determined whether this in vivo activation could be modified depending on the anatomical
location of virus entry. We also examined whether any in vivo CTL priming that occurred
following injection of the inactivated LCMV could alter the CTL response upon challenge with
live virus. For the bAc-NP, we examined the expression of the recombinant protein in infected
cells, and then monitored the level of CTL activation as a result of direct antigen presentation of
this recombinant protein. Overall, these results help to establish the role of cross-priming and
revealing how immune cells differentially respond to a live versus a killed or non-replicating
invader is important in understanding cellular immunity, and to potentiate the design of vaccines
aimed at inducing a strong cellular immune response to non-replicating pathogens.
1

Chapter 2
Literature Review
CTLs are specific effector cells that mediate the cellular immune response against intracellular
pathogens through specific recognition of foreign antigens [4]. For the initial activation of these
effector CD8+ T cells, foreign antigens are presented to naïve T cells in association with MHC
class I molecules on the surface of pAPCs [4].

Upon antigen recognition, naïve T cells

proliferate and differentiate into CTLs, which can then mediate specific killing of infected cells.
This process of T cell activation in response to a foreign antigen is referred to as T cell priming
[5]. Priming is mediated by pAPCs, such as dendritic cells and macrophages [6, 7], which can
process and cross-present foreign antigens on their cell surface.
Upon elimination of the invading pathogen, 90-95% of these antigen specific effector
CD8+ T cells die [8], with only a portion surviving to become long-lived memory CD8+ T cells
[9, 10]. Memory T cells that remain after the primary immune response have the ability to persist
for a long period of time in the absence of antigen, but their effector functions can be reactivated
rapidly and they can undergo extensive proliferation in response to antigenic stimulation [11, 12].
A basic schematic demonstrating this development of effector and memory CD8+ T cells from
naïve T cells is described in Figure 1. These properties of memory CD8+ T cells are the central
premise of their ability to confer protective immunity [12]. Long-term memory can be developed
following a productive primary immune response or after effective vaccination against a
particular pathogen [13].
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Figure 1: Effector CD8+ T cell activation, memory CD8+ T cell development and
reactivation of effector cells upon secondary infection.
Naïve T cells are primed by a mature pAPC presenting foreign antigen in association with MHC
class I molecules.

This priming results in antigen driven naïve T cell proliferation and

differentiation into effector CD8+ T cells, which act to mediate clearance of infected cells. Once
the infection is cleared and the foreign antigen is no longer present, a few of these specific CD8+
T cells enter a non-activated state and remain as specific memory CD8+ T cells. Upon secondary
exposure to the pathogen, these memory cells quickly regain cytotoxic functions and differentiate
into effector CD8+ T cells to quickly clear the infection.
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2.1 CD8+ T Cell Priming
2.1.1 Role of Professional Antigen Presenting Cells in Priming
Dendritic Cells (DC) are considered to be the most important pAPC for priming naïve T cells in
vivo and in vitro [6, 14-18], though macrophages have also proven to be capable of priming in
vitro [7]. DCs reside within virtually all tissues of the body; they function to capture and process
antigens, transport them to nearby draining lymph nodes, and present these antigens to naïve T
cells [16]. In order for T cell priming to effectively occur, pAPCs must be fully active and
mature. The requirements for DC maturation will be described in more detail in section 2.4.1.
2.1.2 Activation of CD8+ T cells Upon Priming by pAPCs
Naïve T cells reside within the lymphatic system, continually circulating between secondary
lymphoid organs through the blood or lymph, regularly encountering APCs [9]. Naïve CD8+ T
cells are activated once they encounter a specific mature pAPC possessing a foreign antigen in
association with MHC class I molecules expressing the appropriate co-stimulatory and adhesion
molecules (described in section 2.4.1) [16, 19, 20]. Co-stimulatory and adhesion molecules may
help to stabilize the CD8+ T cell:APC interaction or to recruit intracellular T cell signaling
molecules to enhance T cell activation [9]. Some co-stimulatory molecules help to induce IL-2
production by the CD8+ T cell once effectively primed, leading to proliferation [9]. Activated
CTLs will produce antiviral cytokines IFN-γ and TNF-α, and cytotoxic molecules perforin and
granzyme [11, 21], allowing them to kill infected cells and thus clear the infection [11, 21]. This
process of CTL killing of infected cells is displayed in Figure 2.
Each CTL recognizes only one specific foreign peptide, and therefore the immune
response to a particular pathogen is controlled by a number of CTLs with varying specificities to
different epitopes. CTLs do not respond to every potential epitope of a given protein, instead
4

Figure 2: Cytotoxic CD8+ T cell activation and cytotoxic killing of infected cells.
CTLs kill infected cells in a highly specific manner that relies on recognition of a specific foreign
peptide. Two essential signals must be received from the infected cell by the CTL in order to
initiate killing; recognition of the foreign antigen in association with MHC class I on the surface
of the infected cell, and costimulatory molecule binding and signaling between the CTL and the
infected cell. Upon recognition of these signals, the CTL will release granules at the site of cell
contact that will initiate apoptosis (programmed cell death) of the infected target cell. The
granules contain cytotoxic molecules; including perforin, which forms pores in the cell
membrane, and granzyme, a protease that enters the cytoplasm of infected cells and induces
apoptosis. These CTLs also produce cytokines, such as IFN-γ and TNF-α, which induce an
antiviral state in nearby cells. [22]

5

they only respond to a few epitopes that are termed immunodominant or subdominant. This leads
to the creation of a hierarchal order of the CTL response to particular antigens of a pathogen, a
phenomenon defined as the immunodominance hierarchy [23, 24]. Immunodominance may be
the result of any number of various interactions occurring during antigen presentation, such as
efficiency of antigen processing, the choice of peptide loaded into the MHC, or the competition
between CD8+ T cells for the interaction with APCs [25]. The level of immunodominance is
measured based on the number of CD8+ T cells that respond to each of the antigenic
determinants [23]. The CTL response is not as effective when generated against only a few
antigens since it is less diverse, leading to the formation of fewer specific memory CD8+ T cell
populations.

Upon secondary encounter with an identical or similar pathogen, the effector

response initiated will be directed towards fewer antigenic determinants, and therefore the
clearance of the pathogen will not be optimal. Eliminating immunodominance to create equal
response to a greater number of antigens on a pathogen could lead to the production of a more
effective memory response, and therefore more successful vaccines.

2.1.3 Pathways of Antigen Presentation on MHC Class I Molecules
Processing of an antigen from an intracellular pathogen by pAPCs can occur through two general
mechanisms: direct and cross-presentation. In the direct presentation pathway, foreign antigens
that become available in the cytoplasm upon infection and replication will be degraded by the
proteasome, transported into the endoplasmic reticulum, and subsequently loaded onto an MHC
class I molecule. This complex is then transported to, and expressed on, the cell surface of the
pAPC (Figure 3a) [3, 26, 27].
In the more recently discovered cross-presentation pathway, a non-infected pAPC
obtains an exogenous antigen that would normally be presented in association with MHC class II,
6

and processes it for presentation on MHC class I through a mechanism that is still not fully
understood (Figure 3b) [28-30]. This pathway may play an important role in activating cellular
immunity against a pathogen that does not infect pAPCs. For instance, a pathogen that only
infects epithelial cells may still have its antigen presented on the MHC class I molecule of
pAPCs, resulting in the induction of a CTL response and clearance of non-pAPC infected cells
[27]. In the absence of this pathway, an effective cellular immune response would not be induced
against an intracellular pathogen that does not infect pAPCs. Knowledge of how this crosspresentation pathway works may lead to the development of vaccines capable of exploiting this
pathway, to induce both a strong humoral and cellular response following presentation of antigens
in association with both MHC Class I and II [26, 28].

2.2 Lymphocytic Choriomeningitis Virus as a Model for Studying Antigen
Presentation
Lymphocytic choriomeningitis virus (LCMV) is an enveloped, single-stranded RNA virus of the
family Arenaviridae [31]. The viral genome consists of two segments (large and small) and
encodes a total of 4 genes, giving rise to 4 primary translation products. The two genes on each
of the segments are arranged in non-overlapping open reading frames in opposite polarities, a
unique feature of ambisense viruses [31, 32]. The large segment is approximately 7.2 kb in size
and carries the genes for the viral RNA-dependent RNA polymerase and the zinc binding protein,
while the ~3.5kb small segment encodes the genes for the structural proteins: the nucleoprotein
(NP) and the glycoprotein (GP) [31]. The nucleoprotein, which is the most abundant viral
protein, associates with the viral RNA to protect it from degradation within the cell upon
infection [33]. The glycoprotein is encoded by a single gene, but is cleaved post-
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Figure 3: Direct and cross-presentation pathways.
a) Direct presentation: endogenous antigen is processed by the proteasome and transported into
the endoplasmic reticulum (ER) where it is loaded onto MHC class I molecules. The MHC class
I:antigen complex is transported through the Golgi apparatus to the cell surface. b) Crosspresentation: exogenously derived antigens that would normally be presented in association with
MHC class II molecules are obtained though phagosome formation and processed through
mechanisms that are still unclear. The antigens are processed and ultimately loaded onto MHC
class I molecules, which are then transported to the cell surface. The peptides loaded onto MHC
class I molecules can therefore interact with naïve T cells, resulting in their priming and the
proliferation and differentiation of effector CD8+ T cells, which can mediate killing of infected
cells. (Modified from [3]).
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translationally to yield two proteins: GP1 containing the transmembrane domain, and GP2
containing the receptor binding site. The GP is essential for viral entry and functions to bind
specific host cell receptors allowing for receptor-mediated entry into the cell [33]. The simplicity
of this virus, coupled with the fact that it is well characterized and induces a very strong CTL
response, makes it an ideal candidate for studying antigen presentation and the cellular immune
response.

2.3 Baculoviruses as Antigen Delivery Systems for Cross-Presentation
The

most

commonly

used

baculovirus

is

Autographa

californica

multicapsid

nucleopolyhedronvirus (AcMNPV), the prototypic virus of the Baculoviridae family. The virus
is a large, enveloped, double-stranded DNA virus that infects arthropods and replicates through a
lytic life cycle [34].

Baculovirus expression vectors derived from AcMNPV have been

traditionally used to over express recombinant proteins in insect cells [34], but have more
recently been used extensively as gene delivery and expression systems in a variety of
mammalian primary cells and cell lines. They have been shown to infect many cell types of
various species, including human, rabbit, non-human primate, rodent, porcine, bovine and ovine
cells [35]. Baculoviruses are extraordinarily useful gene delivery vectors in mammalian cells
because they can infect, but not replicate in or spread between, mammalian cells [36]. In order
for the recombinant protein to be expressed within the mammalian cells, the protein must be
coupled with a constitutive mammalian cell active promoter, such as the commonly used
cytomegalovirus immediate early (CMV-IE) promoter [37]. The baculovirus expression system
is advantageous for a number of other reasons including: negligible cytotoxic effects in
mammalian cells, large insertion capacity, simplicity of construction and preparation, the
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production of high viral titres, and the absence of pre-existing baculovirus-specific antibodies
within humans and other animals due to lack of exposure [38].
Baculoviruses are useful tools for studying direct antigen presentation following the
delivery of the recombinant protein into pAPCs, or for examining cross-presentation after
delivery to non-pAPCs and subsequent processing by pAPCs.

One advantage of using

baculoviruses as a model for studying antigen presentation is that they have very pronounced
adjuvant properties [39].

Baculoviruses exhibit their adjuvant properties by inducing the

expression of pro-inflammatory cytokines, both in vitro and in vivo, in a number of mammalian
cells, including dendritic cells and macrophages [39-41]. For example, the expression of Tumour
Necrosis Factor-α (TNF-α), Type I Interferons (IFN-αβ), Interleukin 6 (IL-6), and IL-12 have
been clearly documented in a murine macrophage cell line [40, 41]. Many studies have applied
the baculovirus expression system as a novel vaccine mechanism, wherein a recombinant
baculovirus encoding an immunogenic viral or bacterial protein is administered [38, 42, 43]. This
field of research yields promising applications to the novel design of vaccines targeted towards
inducing a potent cellular immune response.

2.4 T Cell Activation and the Early CD8+ T Cell Response
Many factors influence the outcome of a CD8+ T cell response against a particular antigen. DCs
seem to be absolutely necessary in the activation of naïve CD8+ T cells since, in many cases, no
effector CD8+ T cell response is initiated in their absence [6, 14-18]. Since DCs are the most
potent cells for initiating this response, their involvement in T cell priming will be described in
this section.
Activation of the effector CD8+ T cell response by DCs is critically dependent on a
number of factors, including the maturation level of the DCs, the presence of antigen during
11

proliferation, antigen dose, and length of antigen exposure. Events that occur during the onset of
the adaptive immune response are crucial in determining the magnitude and effectiveness of T
cell activation, and ultimately clearance of the infection.

2.4.1 Dendritic Cell Maturation and T Cell Priming
DC maturation upon antigen acquisition is crucial for effective cross-priming and activation of
naïve T cells, a process called DC licensing [44]. During migration to the nearby lymph nodes,
the DCs mature by upregulating the expression of MHC class I and II molecules, expressing high
levels of the MHC peptide complexes on their surface, and by upregulating adhesion and costimulatory molecule [3, 6, 45, 46]. Upon reaching the lymph nodes, DCs have the capacity to
effectively stimulate naïve T cells. Co-stimulatory molecules, such as CD40 (binds CD40 ligand
on T cells) and CD80 or CD86 (bind CD28 on T cells), provide the necessary secondary signals
that are required for naïve T cell activation and also act to lower the threshold required for
responsiveness and activation of the T cell [17, 47]. DCs also begin to produce pro-inflammatory
cytokines, such as: Type 1 IFN, that induces an antiviral state in nearby cells by preventing viral
replication; TNF-α, that can act to prevent spread of an infection outside of localized areas; and
the cytokine IL-12, which induces T cell proliferation and activates production of IFN-γ from
other cell types [48-50]. The production of Type I IFN is also particularly important in making
the cells competent for cross-priming [51].
In the absence of proper DC maturation, the DC will enter a nonfunctional, anergic state
once it encounters the T cell, resulting in T cell tolerance [44]. Correct T cell priming and
activation will not occur, resulting in a lack of response to the specific antigen and no adaptive
clearance of the pathogen [45].
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2.4.2 Antigen Presence During Priming and Proliferation
Many studies have been conducted to understand how the presence of antigen during CD8+ T cell
priming and proliferation affects the overall CTL response. In vitro studies have shown that T
cell proliferation is induced through programmed differentiation, where the naïve CD8+ T cell
requires antigenic stimulation at the initiation of priming directly before the first division [11].
Following this initial division, the T cells continued to divide approximately 7 to 10 times in an
uninterrupted and programmed manner, without the need for further encounter with the antigen
[11]. Although further antigen presence is not necessary for proliferation, the overall level of
proliferation will be greater when the antigen is available and abundant [11, 47]. Therefore,
signals required for determining the magnitude and specificity of division must be given before
the first CD8+ T cell division occurs [11].

2.4.3 Antigen Dose and Duration of Antigen Exposure
The amount of antigenic stimulation received by a naïve CD8+ T cell determines the magnitude
of clonal expansion, which subsequently influences the final number of specific memory CD8+ T
cell populations [52]. As descried in section 2.4.2, once a naïve T cell receives the signal to
proliferate, it does so in a programmed way and does not stop until 7 to 10 divisions have
occurred [52]. As a result, the signal determining the degree of CD8+ T cell proliferation must be
given prior to the first CD8+ T cell division. As the concentration of the antigen dose is
decreased, the number of T cells induced to undergo proliferation is diminished [52]. Although
fewer T cells proliferate, the average number of divisions per T cell does not change. Therefore,
the antigen dose does not affect the level of proliferation of an individual cell. However, it does
change the total number of cells that are stimulated to undergo proliferation, which in turn affects
the overall effector CD8+ T response [52].
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The duration of interaction between the T cell and APC also has an effect on T cell
activation.

By varying the length of time allowed for this interaction, Lessi et al. (1998)

determined that the period of time given for antigen stimulation is one of the most important
determinants of whether T cells will be activated or deleted.

They observed that a longer

interaction resulted in a stronger CTL response, and that an interaction time of approximately 20
hours is needed for naïve T cells to begin undergoing proliferation [53]. The interaction time
required decreases with a high antigen dose and presence of adhesion and co-stimulatory
molecules, which stabilize the long term T cell-APC association [11, 53].
The abundance of antigen and the duration of interaction influences whether effector
CD8+ T cell activation will be extensive or ineffective. Therefore, to induce a strong effector
CD8+ T cell response and protective memory cell development, the antigen must be available in
a large enough quantity, and the DC must be capable of providing a long enough signal to induce
appropriate proliferation, which would result in an effective CTL response [11, 52].

2.5 T Cell Activation Against Killed Intracellular Pathogens
Generation of effective memory CD8+ T cells is essential for the secondary immune response to
intracellular pathogens upon subsequent exposure; this protective immunity is the basic principle
of how many vaccines function. Generally, vaccination with inactivated intracellular pathogens
initiates a robust humoral immune response, which can be essential for protection against
secondary infections [3]. Unfortunately, this humoral response is not sufficient for pathogen
clearance once the infection has been established. In order to generate protective immunity, a
vigorous cellular immune response must be instigated, but vaccines against inactivated or killed
intracellular pathogens are notoriously inefficient at inducing successful effector CD8+ T cell
activation, resulting in unproductive protective immunity [1, 2]. The goal of developing effective
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vaccines against intracellular pathogens is based around inducing a strong CD8+ T cell response,
leading to the development of effective immunological memory for the protection upon
subsequent exposure to the pathogen [30].
Besides being dependent on the maturation level of the DCs, the antigen dose, and the
length of antigen exposure, the activation of CD8+ T cells and subsequent creation of memory
CD8+ T cells also depends on the form of the activating antigen upon exposure to the DC [1, 2,
45, 54, 55]. In many circumstances, a denatured form of the proteins does not act in the same
manner as the live form in the way that it enters or is processed within the cell, and it therefore
elicits a different immunological response [45, 55]. For instance, live LCMV enters the cell
through membrane fusion. Upon binding of the viral glycoprotein to receptors on the target cell
surface, the viral membrane fuses with the host cell membrane, allowing the viral genome and
viral proteins to enter the cell. The inactivated virus, however, is most likely taken up by the
pAPCs through phagocytosis of viral proteins. This variance in viral uptake may lead to the
induction of a significantly different immune response as a result of differences in activation of
TLRs or pAPC maturation signals upon infection. Also, an infection with live LCMV results in
the stimulation of Toll-like receptor (TLR)-2 (located on the cell surface) and TLR-7 (located
within intracellular compartments), leading to the induction of pro-inflammatory cytokine
secretion from the infected cell, though the cytokine induction profiles have not been yet
examined for inactive LCMV.
A number of studies have been conducted to compare the development of effective
immunological memory upon infection with a live pathogen and a pathogen that has been killed,
by heat treatment for example [1, 2, 45, 54, 55]. Listeria monocytogenes is one pathogen that is
commonly used for these studies since, like LCMV, the live form of the bacteria induces a strong
effector and memory CD8+ T cell response, while the heat-killed form of L. monocytogenes
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(HKLM) does not [45]. This property makes L. monocytogenes ideal for investigating the
efficacy of inactivated vaccines. Through studies on HKLM by a number of different groups, it
was shown that the heat killed bacteria does not behave in the same way as live L.
monocytogenes, since the heat killed bacteria does not escape the lysozome whereas the live form
does. Therefore, the heat killed form elicits a differential immunological response in the APCs
[45, 55]. No functioning memory CD8+ T cells are formed against the inactive bacteria, and
therefore protective immunity is not established [1, 2].
The immunological response against heat killed pathogen was also apparent in a study
conducted using heat killed influenza virus. It was shown that a number of the antigens on the
heat treated virus elicited a CD8+ T cell response in equal measure, as opposed to a live virus
where there are only a select few immunodominant peptides [24].

The variation in the

immunodominance hierarchy between live and dead viral infections could be applied to vaccine
development, since clearance of the pathogen may be more efficient in the presence of a more
robust CD8+ T cell response.

2.6 The Primary and Secondary CD8+ T Cell Response
Protective immune responses, mediated though memory CD8+ T cells, are much more efficient
than the primary responses initiated by naïve CD8+ T cells against foreign antigens for a number
of reasons. Firstly, the precursor frequency of specific memory CD8+ T cells is much greater
than the precursor frequency of naïve T cells [56, 57]. Secondly, naïve T cells require higher
concentrations of antigen and rely more strongly on costimulation for their activation than
memory CD8+ T cells do [53]. Also, memory CD8+ T cells respond to antigen more quickly and
can regain effector functions much more rapidly upon antigen restimulation [56, 58]. When
memory CD8+ T cells are reactivated their cytolytic activity is equally as efficient as effector
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CD8+ T cells and the time requirements for reactivation of memory CD8+ T cells are similar to
those required for the activation of effector CD8+ T cells (approximately 2 to 4 hours of antigenic
stimulation) [59]. Memory cells and effector CD8+ T cells have similar activation times and
cytolytic activity, but the memory response is initiated much more quickly and effectively upon
secondary exposure; therefore the recall response against a specific pathogen is comparatively
more potent than the primary response.

2.7 Hypothesis and Project Aims
2.7.1 Investigation of Antigen Presentation by Inactivated LCMV
Since effective activation of pAPCs is essential to the efficient priming of CD8+ T cells, and due
to the fact that CTL induction is very unproductive following infection with an inactivated
pathogen [1, 2], we have decided to examine the activation state of pAPCs by measuring their
cytokine profiles following infection. We hypothesize that pAPC processing of LCMV that has
been killed through various inactivation protocols will result in a lower level of pro-inflammatory
cytokine mRNA upregulation in comparison with the cytokine profiles produced in pAPCs
following infection with live LCMV.
The cross-presentation pathway plays an important role in the presentation of inactivated
viral components, similar to situations where killed viruses are used as vaccines. Since
inactivated viruses tend to be inefficient at inducing a strong CTL response, and therefore provide
poor protective T cell immunity [1], it is important to understand how cross-presentation of these
antigens occurs, and to define mechanisms that might be applied to enhance this process to induce
better T cell responses. One portion of this project will assess the cross-presentation of antigens
from LCMV that has been killed through various inactivation treatments. We hypothesize that
some aspects of pAPC maturation will be less effective following uptake of inactivated LCMV,
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which will result in a less productive antigen presentation, and therefore a lower CTL activation
when compared with presentation of antigens following infection with live LCMV.
In order to address the above questions, we first needed to determine the level of LCMV
inactivation that qualified as mild but complete inactivation. Monitoring viral NP expression was
used as a measure of viral replication. We then analyzed the cytokine profiles induced in pAPCs
following exposure to the inactivated virus, and then investigated the effect of inactivated LCMV
on CD8+ T cell priming by measuring the level of CTL activation, both in vitro and in vivo. We
also examined the effect of priming with inactivated virus prior to challenge with live LCMV on
immunodominance hierarchies.

2.7.2 Investigation of Antigen Presentation by Baculovirus Encoding LCMV
Nucleoprotein
Baculoviruses can also be used as a system for studying antigen presentation on the basis that
baculoviruses can infect, but not replicate in or spread between, mammalian and other vertebrate
animal cells [36]. Therefore, recombinant baculoviruses expressing the LCMV-NP under the
control of a mammalian cell active promoter can be used to study direct antigen presentation by
infecting pAPCs, or to study cross-presentation by infecting non-pAPC antigen donor cells
(ADCs) and exposing these cells to pAPCs for uptake and cross-presentation of the NP antigens.
Using a recombinant baculovirus encoding the LCMV-NP under the control of the CMV-IE
promoter, we hypothesize that we can employ this system as a vector for antigen delivery that
will effectively infect and induce maturation of pAPCs by inducing pro-inflammatory cytokine
expression and the upregulation of co-stimulatory molecules. We also predict that the bAc-NP
infection will result in the production of antigenic NP peptides, leading to antigen presentation,
and ultimately the stimulation of a robust NP-specific CTL response.
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To use bAc-NP as a model for studying direct antigen presentation, we first wanted to
demonstrate that NP could be expressed following infection of cells with the recombinant virus.
We measured the mRNA levels of NP in a variety of pAPC and non-pAPC cell types, including:
DC2.4 (mouse dendritic cell line); BMA (mouse macrophage cell line); HEK-293 (human
embryonic kidney cell line); and L929 (mouse fibroblast cell line). We then examined whether
the NP being produced from the bAc-NP is capable of activating CTLs following processing and
presentation on the surface of pAPCs.
Following these studies, the characterization of cytokine induction in pAPCs and the
CD8+ T cell activation profiles induced in response to inactivated LCMV or the baculovirus
derived LCMV-NP may lead to a better understanding of how cross-presentation of viral antigens
can result in activation of epitope specific CD8+ T cells. Knowledge of this could ultimately be
applied to augment this process for the induction of better T cell responses and stronger
protective immunity.

19

Chapter 3
Materials and Methods
3.1 Cell Lines, Media and Peptides
The mouse fibroblast cell lines L929 and MC57 [ATTC, Manassas, USA], and the human
embryonic kidney cell line (HEK293) were grown in dulbecco’s modified eagle’s media
(DMEM) [Invitrogen, Burlington] with 10% fetal calf serum (FCS) [Fisher, Whitby]. HEK-NP
cells, derived from HEK293 cells that were stably transfected with LCMV-WE-NP and the
puromycin resistance gene as described by [29], were grown in DMEM with 10% FCS and
2.5µg/mL of puromycin (25mg puromycin powder in dH20) [Sigma-Aldrich, Oakville]. The
dendritic cell line DC2.4 [60] and the macrophage cell line BMA [61], both a gift from Dr. K.
Rock [University of Massachusetts Medical School, Worchester, MA] were both grown in
roswell park memorial institute (RPMI) media [Invitrogen, Burlington] with 10% FCS. Primary
mouse cytotoxic lymphocytes were cultured ex vivo in RPMI containing 10% FCS, 3µg/mL
gentamycin (lot# 390475) [Invitrogen, Burlington], 20U/mL IL-2 supernantant, derived from
L929 cells [gift from Dr. M. Groettrup, University of Constance, Germany], and 50µM 2mercaptoethanol (an antioxidant that lowers the volatility and stabilizes the media, allowing for
optimal T cell survival) [Bioshop, Burlington]. Cells were cultured at 37°C in a CO2 humidified
incubator in 75cm2 canted neck polystyrene flasks [Corning, NY]. Cells were harvested from
flasks when an 80% confluent monolayer was reached, using dulbecco’s phosphate buffered
saline (PBS) solution [Invitrogen, Burlington] with or without 0.5% trypsin [Invitrogen,
Burlington].

Cells were counted following staining with tyrpan blue stain for dead cells

[Invitrogen, Burlinton]. Viable cells were counted using a hemocytometer [Hausser Scientific,
Horsham, PA] under light microscopy, 100x total magnification (TM).
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Four synthetic immunodominant LCMV peptides (>90% purity) were used for T cell
priming experiments; NP396-404 (FQPQNGQFI), NP205-212 (YTVKYPNL), GP33-41
(KAVYNFATC) and GP276-286 (SGVENPGGYCL). Peptides were produced at and purchased
from the Institute for Biological Sciences, the National Research Council [Ottawa, Ontario]. The
pAPCs were incubated with peptides at a final concentration of 0.1µM.

3.2 Mice
C57BL/6 JBOM (H-2b) mice, both male and female, were purchased from Taconic Farms
[Germantown, NY], and were used at 6-8 weeks of age. All mice were kept under pathogen-free
conditions in accordance with the guidelines of the Canadian Council on Animal Care to ensure
mice are free of interfering infections.

3.3 Virus
3.3.1 LCMV-WE
The virus Lymphocytic choriomeningitis virus (LCMV) strain-WE [a gift from F. LehmannGrube, Hamburg, Germany] was used to study cross-presentation and the cellular immune
response. LCMV-WE is a murine virus that causes an acute intracellular infection in mice.
LCMV is a Biohazard Level 2 virus, and is handled in accordance with Biosafety Level 2
protocols. The virus stock used in these experiments was prepared and titrated at a concentration
of 2x106 pfu/mL.

3.3.2 Recombinant Baculovirus (bAc-NP)
The AcMNPV bacmid bMON14272 [Invitrogen Life Technologies], designated bAc, derived
from the AcMNPV strain E2 and maintained in DH10B cells, was used to construct a bacmid
expressing the LCMV-NP gene under the control of a CMV early promoter. Sf21 (Spodoptera
21

frugiperda IPLB-Sf21-AE clonal isolate 21) insect cells were cultured at 27°C in TC100 medium
supplemented with 10% fetal bovine serum. The bacmids and infectious virus were produced in
the laboratory of Dr. Eric B. Carstens by Dr. Mei Yu with the assistance of Maike Bossert.
The LCMV-NP gene was obtained as a clone in plasmid DNA (pCMV-NP) [gift from
Dr. Sam Basta]. A 2.8kb SphI fragment containing the CMV promoter, enhancer and LCMV-NP
gene was purified from pCMV-NP, and inserted into SphI digested pFAcT to produce pFAcTNP. The AcMNPV bacmid bMON14272, designated bAc, was derived from AcMNPV strain E2
and maintained in DH10Bac cells [Invitrogen Life Technologies]. DH10Bac cells containing the
bMON14272 and pMON7124 were transformed with the pFAcT-NP donor plasmid. The
transformed bacterial cells were cultured at 37°C for 4 hours in 1000 µL SOC media and then
plated on agar containing 50 mg/L kanamycin, 7 mg/L gentamycin, 10 mg/L tetracycline, 100
mg/L 5-bromo-4-chloro-3-indolyl-β-D-galactopyrinoside (X-gal), and 40 mg/L isopropyl-βthiogalactopyranoside (IPTG) [Sigma]. Plates were incubated at 37°C for a minimum of 48
hours, and white colonies resistant to kanamycin, gentamycin, and tetracycline were selected.
Phenotypes were confirmed by streaking white, antibiotic resistant colonies onto fresh agar plates
containing the same antibiotics. bAc-NP DNA was purified from isolated colonies.
To prepare infectious recombinant virus carrying the NP gene, Sf21 cells were
transfected with 1 µg bAc-NP DNA. The media containing budded virus was collected 72 hours
post infection, centrifuged at 500xg to remove cells and debris, and stored at 4°C. These budded
virus supernatants were titrated by plaque assays and individual plaques were used to prepare
genotypically pure virus stocks, Passage level 3 virus stocks were titrated by TCID50 and
provided at a concentration of 2.4x108 pfu/mL. The wild type bacmid-derived baculovirus (bAc),
used as a negative control, was provided at a concentration of 3.1x108 pfu/mL.
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3.4 LCMV-WE Propagation and Inactivation
3.4.1 Production of LCMV-WE Stock
LCMV-WE was propagated in the L929 fibroblast cell line according to standard protocol. Cells
were infected at a multiplicity of infection (MOI) – the ratio of virus to target cells – of 0.01 in
3mL of DMEM with 2% FCS for 1 hour at room temperature on a gentle shaker. Following the 1
hour incubation, another 12mL of DMEM with 5% FCS was added and cells were incubated for a
further 48 hours at 37°C in a CO2 humidified incubator. Viral supernatant was collected on ice
and 1mL aliquots were added to 1.5mL microtubes [Diamed, Mississauga].

Flasks were

replenished with 15mL of DMEM 5% FCS and incubated for a further 24 hours. This 72 hour
virus stock was collected and aliquoted into 1.5mL microtubes, which were then frozen and
stored at -80°C.

3.4.2 Production of Mock Virus Stock
As a negative control for all LCMV related experiments, a mock virus was prepared. The mock
virus was produced similarly to the protocol described in section 3.4.1 for the LCMV-WE stock
preparation. To create the mock virus, MC57 cells were treated with media instead of the
infectious LCMV, allowed to incubate for 48 hours at 37°C in a CO2 humidified incubator, and
the cell supernatant was collected and stored in 1mL aliquots at -80°C.

3.4.3 LCMV-WE Stock Titration
The virus stock was titrated on the MC57 fibroblast cell line [62]. To prepare dilutions of the
virus, 130µL of DMEM with 2% FCS was added to columns 2-11 of a 96 well polystyrene plate
[Sarstedt, Montreal], and 200µL of the virus stock was added to column 1 of row 1 and 2 of the
plate. Serial dilutions were then made by transferring 60µL of the virus from column 1 to column
2 using a multi channel pipette, mixing, and transferring to column 3, and so on until column 12.
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From the odd numbered columns of this 96 well plate, 200µL was added to a 24 well polysterene
plate [Corning, NY] that had been prepared with 1 x 106 MC57 cells in 200µL of DMEM with
2% FCS. Cells were allowed to settle into a monolayer (approx. 2-4 hours), and then 200µL of
an overlay of 1:1 DMEM and 2% methyl cellulose [Fisher Scientific, Whitby] was added to each
well. The plate was allowed to incubate for 2 days at 37°C.
In order to detect for the presence of plaques, the cells were stained for the presence of
LCMV-NP. Firstly, the monolayer was removed from each well and cells were fixed with 200µL
of 4% formalin [Sigma Aldrich, Oakville] in PBS for 30 minutes at room temperature and
permeabilized with 200µL of 0.5% Triton X-100 [Fisher, Whitby] for 20 minutes at room
temperature. Cells were then stained with rat anti-LCMV-NP (clone VL4) primary monoclonal
antibody [62] and then with horse radish peroxidase-conjugated goat anti-rat IgG (H+L)
secondary antibody (Lot# 67165, 0.8 mg/mL) [Cedarlane, Hornby, Ontario]. To visualize the
plaques, a solution containing the following agents was prepared; 12.5mL stock A (0.2M
Na2 HPO42H2 O) [Sigma Aldrich, Oakville] and 12.5mL stock B (0.1M Citric Acid) [J.T. Baker
Chemical Co., Phillipsburg], 25mL of ddH20 [Sigma Aldrich, Oakville], 20mg OrthoPhenylendiamin tablet, and 50µL 30% H2 O2 [Sigma Aldrich, Oakville]. This solution was added
to each well (500µL), and the colour reaction was allowed to develop at room temperature
(approx. 20 minutes). Plaques were then counted, and the number of plaque forming units (PFU)
per mL was calculated to determine the virus titre.
3.4.4 LCMV-WE Inactivation Protocols
LCMV-WE was killed by one of two methods; heat inactivation in a 65°C waterbath, or UV
inactivation in plastic tissue culture dishes [BD Biosciences, Mississauga] on ice by shortwave
UV-irradiation at an intensity of 200 000 µJ/cm3 in a CL-1000M UV cross-linker [Ultraviolet
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Products, Upland, CA]. Protocols were established by varying the length of time of exposure to
the inactivation treatment, and the protocols that provided the mildest heat or UV treatment, but
that still resulted in full virus killing, were chosen. The two protocols that were selected for mild
but complete killing were heat inactivation in a 65°C waterbath for 20 minutes, and UV
inactivation for 9 minutes.

3.5 LCMV-WE and bAc-NP Infection of Cells
Cells were harvested and the number of viable cells were counted (as described in section 3.1),
and then resuspended in the appropriate media. Cells were resuspended at a concentration of
1x106 cells/200 µL or 5x105 cells/200 µL for flow cytometry, 5x106 cells/1000 µL for RT-PCR,
or 1.6x104 cells/1000 µL for fluorescence microscopy. Cells were infected with LCMV-WE or
baculovirus encoding the LCMV-NP at the specific MOI indicated in each experiment (MOI of 1
for LCMV experiments, or MOI of 1,5,10 or 20 for bAC-NP experiments) by combining cells,
the appropriate volume of virus and fresh media. The initial infections were carried out in a 37°C
waterbath for 1 hour, with mixing every 10 minutes. Cells were then plated in a 96 well or 12
well plate and cultured for the required time (6 hours for RT-PCR, 24 hours for flow cytometry
and fluorescence microscopy) at 37°C in a CO2 humidified incubator prior to use.

3.6 Detection of LCMV-NP or bAc-NP Expression
Following infection of cells with either LCMV or the recombinant baculovirus containing the
LCMV-NP, the NP expression was quantified as a measure of viral replication (in the case of
LCMV) or protein production (as with baculovirus). NP expression in infected cells was then
determined by flow cytometry and fluorescence microscopy using anti-NP antibodies (described
as follows).
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3.6.1 Flow Cytometry
Flow cytometry was used to quantify the number of cells where NP was being produced.
Following a 24 or 48 hour infection with either LCMV-NP or bAc-NP, the cells were fixed in
200µL of 4% formalin, then permeabilized in 200µL of 0.5% Triton X-100 (as described in
section 3.4.3). Cells were immunostained for 1 hour at room temperature with rat anti-LCMVNP (clone VL4) primary monoclonal antibody, followed with the FITC-conjugated AffiniPure
F(ab)2 fragment of goat anti-rat IgG secondary antibody (Lot# 66497, 1µg/mL) for 1 hour
[Cedarlane, Hornby, Ontario]. Following resuspension in 400µL of FACS buffer (8g NaCl, 0.2g
KCl, 1.15g Na2 HPO4, 0.2g KH2PO4, 0.13g NaN3 in 1L PBS), cells stained with the NP antibody
were detected using flow cytometry.

Data were acquired using the Epics XL-MCL flow

cytometer, and analyzed using the Expo 32 Advanced Digital Compensation Software package
[Beckman Coulter, Miami, FL].

3.6.2 Fluorescence Microscopy
Fluorescence microscopy is useful in visualizing the relative level of NP production within a
specific cell. This method was used specifically to observe NP expression in HEK cells and L929
cells infected with the bAc-NP. Round sterile glass coverslips (12mm) [Fisher, Whitby] were
added to wells of a 12 well polystyrene plate, followed by the addition of 1.6x104 cells in 1mL of
the appropriate media. Cells were allowed to adhere to plates for 24 hours at 37°C prior to
infection. Media was removed from wells and cells were infected at an MOI of 5 for 1 hour, then
incubated for 24 hours at 37°C. To detect NP expression, cells were fixed, permeabilized and
stained (as described in section 3.6.1), and coverslips were inverted and mounted on a glass slide
[Fisher, Whitby] using a small drop of Dako Fluorescent Mounting Medium [Dako, Mississauga,
Ontario]. Fluorescent cells were observed under a Leitz Aristoplan fluorescence microscope at
100x to 400x TM.
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3.7 Cell Surface Molecule Expression
To measure changes in cell surface molecule expression upon infection with live and inactivated
LCMV, 5x105 pAPCs (either DCs or BMAs) were infected for 24 hours (as described in section
3.5) and stained on ice in the dark for 15 minutes with one of three antibodies against a specific
cell surface molecule: PE-conjugated anti-mouse CD40 Ab (Lot# 3951), PE-conjugated antimouse CD80 Ab (Lot# 8051) or PE-conjugated anti-mouse CD86 Ab (Lot# 8651). Cells were
then washed and fluorescence data was acquired using flow cytometry (see section 3.6.1).

3.8 Measuring Cytokine Profiles Following LCMV-WE Infection or Measuring NP
expression from Cells Infected with bAc-NP
To measure cytokine mRNA levels as an indirect indication of cytokine protein production
following LCMV infection, DC2.4 or BMA cells were infected at an MOI of 1, added to a 12
well plate (5x106 cells/well) and cultured for a total of 6 hours at 37°C. To measure NP
expression from cells infected with the bAc-NP, DC2.4, BMA, HEK or L929 cells were infected
at an MOI of 1, 10 or 20, added to a to a 12 well plate (5x106 cells/well) and cultured for a total
of 6 hours at 37°C. Cells were harvested from plates using PBS with 0.5% trypsin, transferred to
a 1.5mL microtube, and centrifuged for 3 minutes at 13 000 rpm. Supernatant was removed and
the pellet was stored at -80°C.

3.8.1 RNA Isolation
To isolate RNA, the pellet was resuspended in 1mL of Tri reagent [Sigma-Aldrich, St. Louis,
MO] and left for 5 minutes. 200µL of chloroform [Sigma Aldrich, Oakville] was added, tubes
were shaken vigorously for 15 seconds, left at room temperature for 15 minutes, then centrifuged
for 15 minutes, 4°C at 13 000 rpm. The upper aqueous phase containing the RNA was aliquoted
into a new 1.5mL microtube, mixed with 500µL of isopropanol [Sigma Aldrich, Oakville], stored
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for 10 minutes at room temperature, and centrifuged for 8 minutes.

Supernatant was then

removed and pellet was washed in 1mL of 75% ethanol, and pellet was allowed to air dry for
approximately 5 minutes. The pellet was then resuspended in 50µL of nucleus-free water and
frozen at -20°C.

3.8.2 Reverse Transcription
The isolated RNA was quantified using an ND1000 spectrophotometer [NanoDrop Technologies
Inc., Wilmington, DE] and was diluted to a concentration of 1µg/µL to use for reverse
transcription. Once diluted, 10µL of the RNA was added to a master mix containing 1µL random
primers [Integrated DNA Technologies, Toronto], 1µL DNTP nucleotide solution mix (lot# 29)
[Biolabs, Ipswich, MA], 2µL 5x M-MLV RT buffer (lot# 23713905) [Promega, Madison, WI],
1µL RNase inhibitor (lot# 492307) [Invitrogen, Burlington], and 4.5uL of nucleus-free water, all
combined in a 200µL PCR tube [Axygen, Union City, CA]. The reverse transcriptase enzyme MMULV (lot# 24228241) [Promega, Madison, WI] was then added at 0.5µL. The RT reaction was
run using the PCR thermal cycler machine [Thermo Electron Corporation, Milford, MA] with
cycling described as follows; Step 1 (25°C for 15 min), Step 2 (42°C for 1 hour), Step 3 (95°C for
5 minutes). The reverse transcription step is required to convert the RNA into cDNA.

3.8.3 PCR Reaction
Once the reverse transcription step was complete, 2µL of the 10µg/µL cDNA product (a total of
20µg) was added to 0.2µM primer [all primers purchased from Integrated DNA Technologies,
Toronto] and 3µL of Taq 5x master mix (lot# 1) [Biolabs, Ipswich, MA] in a 200µL PCR tube.
The primer used was specific for the cytokine or protein of interest. A list of primers used for
these experiments are shown below in Table 1. The PCR reaction was run using the PCR thermal
cycler machine, with cycling temperatures specific for the cytokine or protein to be amplified.
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Table 1: List of primers for PCR reaction
Cytokine or NP specific forward and reverse primers were used in PCR to amplify specific
mRNA sequences. Each primer has an ideal melting temperature for the specific PCR reaction,
as listed.
Primer
Name
IL-1β

IL-6

IL-10

IL-12p40

IFNα

TNFα
LCMVNP

Forward and Reverse Primer Sequence

Melting
Temperature

5’-CAACCAACAAGTGATATTCTTCATG-3’ (F)

54.2°C

5’-GATCCACACTCTCCAGCTGCA-3’ (R)

59.2°C

5’-CCTCTCTGCAAGAGACTTCC-3’ (F)

54.7°C

5’-GCACAACTCTTTTCTCATTTCC-3’ (R)

52.4°C

5’-ATTTGAATTCCCTGGGTGAGAA-3’ (F)

54.3°C

5’-ACACCTTGGTCTTGGAGCTTATTAA-3’ (R)

56.2°C

5’-GAGGTGGACTGGACTCCCGA-3’ (F)

60.7°C

5’-CAAGTTCTTGGGCGGGTCTG-3’ (R)

58.6°C

5’-TGTCTGATGCAGCAGGTGG-3’ (F)

57.7°C

5’-AAGACAGGGCTCTCCAGAC-3’ (R)

56.3°C

5’-CAGGGGCCACCACGCTCTTC-3’ (F)

63.4°C

5’-TGACCTCAGCGCTGAGTTGGT-3’ (R)

61.1°C

5’-TCCATGAGAGCACAGTGCGGGGTGAT-3’ (F)

65.6°C

5’-GCATGGGAGAACACGACAATTGACC-3’ (R)

60.3°C

Reference

[63]

[63]

[64]

[65]

[66]

[67]

*F indicates forwards, R indicates reverse primers.
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The PCR program was run in a series of heating and cooling steps allowing for denaturation and
separation of the cDNA strand, annealing of primers to a single strand of cDNA, and elongation
of the primer strand, in the three steps described as follows; Step 1 (95°C for 1 minute), 40 cycles
of Step 2 (i. 96°C for 1 minute, ii. melting temperature listed in Table 1 for 1 minute, iii. 72°C for
1 minute), and Step 3 (72°C for 10 minutes).

3.8.4 Visualization of cDNA on Agarose Gel
To visualize the cDNA PCR product, the samples are run on a 1.2% agarose gel, made by
combining 60mL of 0.5% Tris/Borate/EDTA (TBE) buffer (450mM Tris Base, 450mM Boric
Acid, 10mM EDTA in dH2 O) [Reagents obtained from Sigma Aldrich, Oakville] with 0.7g of
agarose powder [Bioshop, Burlington] and 10µL of 500µg/mL ethidium bromide [Bioshop,
Burlington]. Loading dye (2µL) (lot# 0010808) [Biolabs, Ipswich, MA] is mixed with 10µL of
PCR product and loaded to each well. A 100bp ladder (lot# 0670809) [Biolabs, Ipswich, MA] is
run alongside the PCR samples to allow for a relative measure of band size.

The gel

electrophoresis apparatus model B2 easy cast mini gel electrophoresis system [VWR
International, Mississauga] was used to run the gel at 75V for approximately 1 hour. The image
was acquired using a fluorochem HD2 gel imager [Alpha Innotech, San Leandro, CA].

3.9 Measuring CD8+ T Cell Activation in vitro
LCMV specific CD8+ T cells were obtained from mice injected subcutaneously with 200 live
LCMV particles in 500µL of PBS using a 26g5/8 sterile needle [Becton-Dickinson, Rutherford
NJ]. Spleens were removed 9 days post injection and homogenized on a wire mesh. Splenocytes
were treated with lysis buffer (1.66% w/w ammonium chloride) for 5 minutes to lyse red blood
cells. Cells were then resuspended in RPMI with 5% FCS to use for intracellular cytokine
staining. Antigen presenting cells were infected with either live or inactivated LCMV with a
30

MOI of 1, or with bAc-NP at an MOI of 5 or 10, and incubated for 24 hours at 37°C, or with the
specific LCMV peptide for 1 hour at 37°C, prior to mixing with splenocityes.

3.9.1 Intracellular Cytokine Staining
CD8+ T cell activation is determined by measuring IFNγ production by the cells using
intracellular cytokine staining (ICS).

For this protocol, splenocytes (1x106/well) from the

splenocyte population including CD8+ T cells were incubated for 2 hours at 37°C with peptideor virus-loaded APCs (5x105/well) at a ratio of 1:2 (APC:splenocytes), in a 96 well plate. Cells
were then incubated for 4 hours in the presence of brefeldin A [Sigma Aldrich, Oakville], at a
final concentration of 10µg/mL.
To measure the frequency of CD8+ T cells expressing IFN-γ, cells were first stained with
phycoerythrin/Cy5-conjugated anti-mouse CD8 Ab (Lot# B112452, Clone# 53-6.7) [BioLegend,
San Diego, CA] in the dark for 20 minutes on ice.

Cells were then fixed with 1%

paraformaldehyde [Sigma-Aldrich, Burlington], washed twice, then stained in the dark for 20
minutes on ice with FITC-conjugated anti-mouse IFN-γ Ab (Lot# 0604) [Invitroten, Ontario] and
0.1% saponin in PBS [Sigma-Aldrich, Oakville]. After washing, cells were resuspended in flow
cytometry buffer and acquired using flow cytometry, as described above [68].

3.10 Measuring CD8+ T Cell Activation in vivo
Splenocytes were obtained from mice either 30 days post intravenous injection with 200 live
LCMV particles in 200µL of PBS, or 9 days post intravenous, subcutaneous and/or intraperitoneal injection with 2x106 to 3.4x106 inactivated LCMV virus particles. Lymphocytes were
purified by isopaque ficoll gradient centrifugation and used to generate the antigen specific CTL
lines (described below).
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3.10.1 Generation of Epitope Specific CD8+ T Cells (CTL lines)
Splenocytes (5x106) were restimulated ex vivo in CTL media with one of the four specific LCMV
peptide pulsed DCs (1x106) for expansion. For example, in order to produce NP396 specific
CTLs, the splenocytes would be restimulated with NP396 peptide-pulsed APCs. The APCs were
pulsed with peptides for 1 hour, and then gamma irradiated (4000-5000 rads) for approximately 2
hours to inhibit cell division. Splenocytes were cultured with irradiated peptide-pulsed APCs in a
6 well plate [Corning, NY] for 4 days, then isopaque ficoll gradient centrifugation was used again
on day 4 to remove debris, and resuspended in CTL media in a new 6 well plate. CTLs were used
for experimentation on days 7 to 12 post isolation.

3.10.2 Cytotoxic Lymphocyte Priming ex vivo
Once specific CTL cell lines were produced, 5x105 CTLs were combined with 5x105 LCMV
infected or peptide-pulsed BMAs (not the same APC that they were originally restimulated with)
and ICS was used to determine the level of CTL activation by measuring IFNγ production, with
only a slight modification in the protocol described in section 3.9.1. When measuring expanded
ex vivo CTL activation, peptide specific CTLs were incubated with APCs at a ratio of 1:1, in a 96
well plate, and brefeldin A (10µg/mL) was added immediately to wells, and allowed to incubate
for 4 hr, followed by staining.

3.11 Statistical Analysis
Statistical analysis was completed using Microsoft Excel 2004. Data analysis was performed
using paired, two-tailed t tests and differences in results between treatments were considered
significant when p < 0.05.
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Chapter 4
Results
4.1 Investigation of Antigen Presentation by Inactivated LCMV
Cross-presentation plays an essential role in the initiation of an effective cellular immune
response against killed or non-replicating intracellular pathogens. In the first part of this study,
we investigated the cross-presentation of antigens from non-replicating LCMV by measuring
pAPC maturation and the activation of CD8+ T cells in vitro and in vivo. Since vaccinations
using inactivated intracellular pathogens are inefficient at inducing a productive cellular immune
response, we also examined a vaccination strategy that may help to enhance this response; the
injection of inactivated virus at multiple injection sites. Lastly, we decided to study the effect of
priming with inactivated virus on the CD8+ T cell immunodominance hierarchy following
challenge with live LCMV.

Understanding the cellular immune response to killed or non-

replicating viruses may provide key insight into the development of novel vaccination strategies
that enhance cross-priming and result in an improved CD8+ T cell response, and ultimately
protective immunological memory.

4.1.1 Inactivation of LCMV
Before beginning to assess whether cross-presentation of antigens from inactivated LCMV will
induce a strong cellular immune response, we first determined the level of LCMV inactivation
that qualifies as mild but complete inactivation. This was done by monitoring viral replication in
vitro subsequent to the infection of two pAPC cell types, DCs and BMAs, with live LCMV at an
MOI of 1 or equivalent volume of inactivated virus. The LCMV virus stock was prepared and
titrated as described previously, and the virus concentration was titrated at 2x106 pfu/mL.
LCMV-NP expression was measured as an indication of viral replication 24 hours after infection
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by staining cells with rat anti-LCMV-NP primary antibody followed by a FITC-conjugated goat
anti-rat IgG secondary antibody and detection of the fluorescence using flow cytometry. This
allowed us to detect the percentage of cells expression LCMV-NP. As a negative control, the
cells were infected with mock virus (prepared according to section 3.4.2), and live LCMV was
used as a positive control.
Heat treatment and UV irradiation were chosen as the two distinct inactivation
treatments, and by varying the intensity and length of time of each treatment, two protocols were
developed for mild but effective killing of the virus. As shown in Figure 4, heat treatment was
applied at 65°C for 5, 10, 20 and 30 minutes, as well as UV treatment for 9 minutes. Based on
these results, NP expression is still occurring in DCs (Figure 4a) and BMAs (Figure 4b) after heat
treatment at 65°C for 5 minutes (grey line) and 10 minutes (purple line), but is fully abolished
after the relatively mild treatment at 65°C for 20 minutes (blue line), 65°C for 30 minutes (green
line) and UV irradiation (red line) at a radiation intensity of 200 000 µJ/cm2. Therefore, since no
viral replication was occurring following the application of these treatments, these two
inactivation protocols were used for further experimentation on inactivated LCMV. The absence
of NP expression is also seen in the cells infected with the mock virus control (gray filled
histogram), whereas the majority of DCs and BMAs that were infected with live LCMV (black
line) are expressing the NP as indicated by the clear shift in fluorescence intensity for this control
on the histogram.

4.1.2 Co-stimulatory Molecule Expression Levels on pAPCs
The pAPCs play a crucial role in cross-priming of CD8+ T cells in that they process and cross
present antigens from the killed virus on their cell surface. In order to examine pAPC maturation
after infection with live or inactivated LCMV, we measured the co-stimulatory molecule
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Figure 4: Detection of LCMV nucleoprotein expression levels in pAPCs following infection
with live or inactivated virus.
Following a 24 hour infection of pAPCs with live LCMV (black line), virus heat treated at 65°C
for varying periods of time including; 5 (grey line), 10 (purple line), 20 (blue line), and 30 (green
line) minutes, or virus UV irradiated for 9 minutes (red line), at an MOI of 1 or equivalent
volume of inactive virus, cells were harvested, fixed in 4% formalin for 30 minutes and
permeabilized with 1% Triton X-100, then stained with anti-rat VL-4 primary antibody for 1 hour
at room temperature, followed with FITC-conjugated goat-anti-rat IgG secondary antibody for 1
hour at room temperature. Fluorescent cells were acquired using flow cytometry and gated for
live cells to quantify the level of LCMV-NP expression as an indicator for viral replication in
DCs (a) and BMAs (b). Mock virus (grey filled histogram) was used as the negative control.
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expression on the surface of these cells after 24 hours of infection. The live cells were stained
with one of three antibodies against a specific cell surface molecule: phycoerythrin (PE)conjugated anti-mouse CD40 antibody, PE-conjugated anti-mouse CD80 antibody, and PEconjugated anti-mouse CD86 antibody. Once stained, the fluorescence intensity was measured on
live-gated cells using flow cytometry. The expression of these molecules was compared with the
mock infected cells (negative control). Cells stained with an isotype control antibody were also
used to indicate control background fluorescence due to non-specific antibody binding. The DC
(Figure 5a) and BMA (Figure 5b) cell lines infected with live LCMV (positive control) did not
experience a significant shift in the peak of the histogram from cells infected with the mock virus
for the three cell surface molecules tested: CD40, CD80 and CD86. There was also no clearly
defined shift with cells infected with the heat or UV treated cells in comparison to the mock virus,
as depicted in Figure 5. Understanding changes in co-stimulatory molecule expression in pAPCs
upon uptake of inactivated virus helps to identify differences or similarities in the cell maturation
process in comparison to live LCMV infection.

4.1.3 Cytokine Profiles of pAPCs Following Treatment with Inactivated LCMV
As another measurement of pAPC activation following infection with inactivated virus, DC and
BMA cytokine mRNA activation profiles were examined using RT-PCR as an indirect
measurement of cytokine induction in pAPCs.

The upregulation of mRNA levels of pro-

inflammatory cytokines IL-1β, IL-6, IL-12, and TNF-α were measured, as well as the antiinflammatory cytokine IL-10. Here, pAPCs were infected with live LCMV at an MOI of 1 or an
equivalent volume of inactivated virus. The infection was allowed to proceed for 6 hours before
mRNA was isolated from the cells, purified, reverse transcribed into cDNA and amplified for
each of the specific cytokines and the 18s rRNA control using PCR, as described in sections 3.8.1
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Figure 5: Co-stimulatory molecule expression levels on pAPCs after infection with
inactivated virus.
Following a 24 hour infection at an MOI of 1 of live LCMV (black line) or equivalent volume,
virus heat treated at 65°C for 20 minutes (blue line), or virus UV irradiated for 9 minutes (green
line), DCs (a) and BMAs (b) were analyzed for CD40, CD80 and CD86 cell surface molecule
upregulation. Live cells were stained with one of three antibodies against a specific cell surface
molecule: PE-conjugated anti-mouse CD40, PE-conjugated anti-mouse CD80 or PE-conjugated
anti-mouse CD86. Fluorescently labeled cells were acquired using flow cytometry with gating on
live cells to measure cell surface molecule upregulation in infected cells. Isotype staining (grey
line) and mock infected cells (grey filled histogram) were used as negative controls. An overlay
histogram is also shown to demonstrate small shifts in the histograms. (number of repeats
showing similar data (n) =2)
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to 3.8.3. The PCR product was then visualized on an agarose gel in accordance with the protocol
given in 3.8.4. The 18s rRNA control was used to confirm that there are equal amounts of RNA
in each of the loaded samples, demonstrated by the similarities in band intensities. Pro- and antiinflammatory cytokine mRNA levels were very low or non-existent in mock infected cells
(column 1 of Figure 6a and 6b), which were used as the negative control, while all proinflammatory cytokines were significantly upregulated in cells infected with live LCMV (column
2 of Figure 6a and 6b), used as the positive control. When comparing the band intensity of
cytokines produced from pAPCs infected with heat inactivated virus (column 3 of Figure 6a and
6b), UV irradiated virus (column 3 of Figure 6a and 6b) and live virus, it is evident that most proinflammatory cytokines are upregulated in a similar manner upon infection with heat and UV
inactivated virus, but to a slightly lesser extent than the live virus. The trends in band intensity
are very similar for both DCs and BMAs, which helps to further verify these results. Overall,
pro-inflammatory cytokines are significantly upregulated in pAPCs that have taken up the
inactivated virus, to only a slightly lower degree than the live LCMV infection.

4.1.4 Measuring CD8+ T Cell Activation of Heat Inactivated LCMV in vitro
After evaluating pAPC maturation and activation following uptake of inactivated LCMV, we next
wanted to determine how in vitro CD8+ T cell activation would compare with live LCMV. For
this, splenocytes were isolated from C57B/6 mice injected 9 days prior with 200 pfu of live
LCMV intravenously.

These splenocytes were restimulated with pAPCs infected with live

LCMV at an MOI of 1 or an equivalent volume of heat inactivated virus. Cells were stained
using PE/Cy5-conjugated anti-mouse CD8 antibody and intracellular cytokine staining was
performed with FITC-conjugated anti-mouse IFN-γ antibody. The fluorescence data was then
acquired using flow cytometry to identify the percentage of CD8+ T cells that were activated by
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Figure 6: Cytokine mRNA levels in pAPCs following infection with live or inactive LCMV.
Pro- and anti-inflammatory cytokine mRNA levels were assessed in DCs (a) and BMAs (b)
following a 6 hour infection at an MOI of 1 or equivalent volume of live LCMV, virus heat
treated at 65°C for 20 minutes, or virus UV irradiated for 9 minutes. The mRNA levels were
examined using RT-PCR as an indirect measurement of cytokine induction. For this, mRNA was
isolated from the pAPC cell types, reverse transcribed into cDNA, and amplified for specific
cytokines or the 18s rRNA control. Amplified cDNA was labeled with ethidium bromide and
detected on an agarose gel, where band intensity indicates the initial level of mRNA. (n=3)
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the pAPCs and stimulated to produce IFN-γ. The pAPCs infected with mock LCMV (negative
control) displayed no CTL activation, as evidenced by the lack of IFN-γ production by the CD8+
T cells (Figure 7a). As expected, very high percentage of the CD8+ T cells became activated
following exposure to pAPCs infected with live LCMV (Figure 7b) while no significant levels of
CTL activation occurred after CD8+ T cell exposure to pAPCs that had taken up the heat killed
virus (Figure 7c). This finding demonstrates that pAPCs that have taken up the inactivated virus
are not effectively cross-priming T cells, and therefore no measurable levels of CTL activation
are detected using this experimental protocol.
We also measured CTL activation in vitro, epitope-specific CTL lines specific for the
immunodominant LCMV peptide NP396 were used due to the initial low frequency of
responding CD8+ T cells upon direct ex vivo examination (Figure 7). These CTLs are highly
specific and have a far lower threshold of activation than the mixed population of splenocytes
used for the experiment in Figure 7. To culture these CTLs, mice are injected with 200 pfu of
live LCMV and splenocytes are harvested 30 days later, ensuring that the population of LCMV
specific T cells within the mouse have entered the memory phase. These splenocytes are then
purified using isopaque ficoll gradient centrifugation to remove red blood cells and granulocytes,
and cultured in the presence of pAPCs pulsed with a synthetic immunodominant LCMV peptide,
NP396 in this case. The cells are then cultured for a total of 7 to 12 days, allowing time for the
NP396 specific CTLs to proliferate.

These highly specific cells are easily activated once

restimulated with pAPCs infected with live LCMV or pAPCs pulsed with the NP396 peptide.
For this experiment, the splenocytes are also restimulated with pAPCs infected with heat killed
LCMV, to possibly identify activation that may otherwise go undetected. The cells are then
surface stained for CD8 and stained for IFN-γ using ICS as before, to identify the percentage of
activated CD8+ T cells, and analyzed for the percentage of activation of the four previously
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Figure 7: Detection of LCMV specific CD8+ T cell activation following restimulation with
heat inactivated LCMV in vitro.
The percentage of activated polyclonal LCMV specific CD8+ T cells were measured following
restimulation of splenocytes in vitro with pAPCs infected with live LCMV at an MOI of 1 or
equivalent volume of heat treated virus: a) splenocytes restimulated with pAPCs infected with
mock virus, b) splenocytes restimulated with pAPCs infected with live LCMV for 24 hours, c)
splenocytes restimulated with pAPCs infected with virus heat treated at 65°C for 20 minutes. To
measure activation, cells were treated with BFA, then stained with PE/Cy5-conjugated antimouse CD8 antibody, fixed with 1% paraformaldehyde, and ICS was performed to stain with
FITC-conjugated anti-mouse IFN-γ antibody.

Fluorescence was then measured using flow

cytometry, with gating on CD8+ T cells. (n=10)
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Figure 8: Detection of LCMV NP396 specific CD8+ T cell activation following restimulation
of CTL lines with pAPCs infected with heat inactivated or live LCMV.
The percentage of activated LCMV specific CD8+ T cells were measured following restimulation
of splenocytes after ex vivo expansion of CTLs with pAPCs infected with heat inactivated
LCMV: a) splenocytes restimulated with pAPCs infected with mock virus, b) splenocytes
restimulated with pAPCs infected with live LCMV for 24 hours, c) splenocytes restimulated with
pAPCs infected with virus heat treated at 65°C for 20 minutes. To measure activation, cells were
treated with BFA, then stained with PE/Cy5-conjugated anti-mouse CD8 antibody, fixed with 1%
paraformaldehyde, and ICS was performed to stain with FITC-conjugated anti-mouse IFN-γ
antibody. Fluorescence was then measured using flow cytometry, with gating on CD8+ T cells.
(n=2)
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defined epitope-specific CD8+ T cells (section 3.1). As shown in Figure 8b, a large percentage of
the CTLs are activated following restimulation with pAPCs infected with live LCMV. However,
unlike the less specific population of CD8+ T cells used for the experiment in Figure 7, a small
percentage of the specific CTLs are activated following exposure to pAPCs infected with heat
killed LCMV (Figure 8c). This demonstrates that heat killed LCMV taken up by pAPCs was
pulsed into MHC class I and was capable of activating CTLs, but this activation is extremely low
in comparison. Mock infected cells were again used as the negative control, where no CTL
activation occured (Figure 8a).

4.1.5 Measuring CD8+ T Cell Activation of Heat Inactivated LCMV In Vivo
Because a small percentage of CTLs were activated after exposure to heat killed LCMV infected
pAPCs in vitro, we wanted to investigate whether CTL activation was occurring in vivo following
injection of inactivated LCMV. To measure this in vivo activation, splenocytes were isolated
from mice 9 days after injection with heat inactivated LCMV and restimulated directly ex vivo
with pAPCs infected with live LCMV or pAPCS pulsed with one of the four immunodominant or
subdominant LCMV peptides: NP396, NP205, GP33, GP276. Cells were again stained using
surface staining and ICS to measure the percentage of IFN-γ producing CD8+ T cells, and data
was acquired using flow cytometry. From the data depicted in Figure 9, there were no detectable
levels of CD8+ T cell activation after restimulation with pAPCs infected with live LCMV (Figure
9b) or one of the four peptide-pulsed pAPCs (Figure 9c-f), evidenced by the complete lack of
IFN-γ production by the restimulated CD8+ T cells. As expected, CTL activation was also not
seen in the mock infected pAPCs that were used as a negative control to restimulate the
splenocytes (Figure 9a).
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Figure 9: Detection of LCMV specific CD8+ T cell activation in vivo following injection of
heat inactivated LCMV.
The percentage of activated LCMV specific CD8+ T cells were measured following
subcutaneous injection of 1x106 heat treated LCMV particles and restimulation of splenocytes
directly ex vivo with pAPCs infected with live LCMV for 24 hours or pAPCs pulsed with
immunodominant LCMV peptide for 1 hour: a) splenocytes restimulated with pAPCs infected
with mock virus, b) splenocytes restimulated with pAPCs infected with live LCMV, c)
splenocytes restimulated with pAPCs pulsed with immunodominant LCMV epitope NP396, d)
splenocytes restimulated with pAPCs pulsed with subdominant NP205, e) splenocytes
restimulated with pAPCs pulsed with immunodominant GP33, f) splenocytes restimulated with
pAPCs pulsed with subdominant GP276. To measure activation, cells were treated with BFA,
stained with PE/Cy5-conjugated anti-mouse CD8 antibody, fixed with 1% paraformaldehyde, and
ICS was performed to stain with FITC-conjugated anti-mouse IFN-γ antibody. Fluorescence was
then measured using flow cytometry, with gating on CD8+ T cells. (n=3)
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Figure 10: Detection of LCMV specific CD8+ T cell activation in vivo following injection of
live LCMV.
The percentage of activated LCMV specific CD8+ T cells were measured following injection of
live LCMV and restimulation of splenocytes with pAPCs infected with live LCMV for 24 hours
or pAPCs pulsed with immunodominant LCMV peptide for 1 hour: a) splenocytes restimulated
with pAPCs infected with mock virus, b) splenocytes restimulated with pAPCs infected with live
LCMV, c) splenocytes restimulated with pAPCs pulsed with immunodominant LCMV epitope
NP396, d) splenocytes restimulated with pAPCs pulsed with subdominant NP205, e) splenocytes
restimulated with pAPCs pulsed with immunodominant GP33, f) splenocytes restimulated with
pAPCs pulsed with subdominant GP276. To measure activation, cells were treated with BFA,
stained with PE/Cy5-conjugated anti-mouse CD8 antibody, fixed with 1% paraformaldehyde, and
ICS was performed to stain with FITC-conjugated anti-mouse IFN-γ antibody. Fluorescence was
then measured using flow cytometry, with gating on CD8+ T cells. (n=10)

48

As a positive control, splenocytes from mice injected with live LCMV are restimulated ex
vivo with LCMV infected (Figure 10b) or one of the four peptide-pulsed pAPCs (Figure 10c-f)
and activation was similarly measured (Figure 10). These results demonstrate that a population
of LCMV specific CD8+ T cells with a fairly characteristic immunodominance hierarchy expands
within the mouse after infection with live LCMV. Mock infected splenocytes are used to
restimulate the splenocytes as a negative control (Figure 10a).

Overall, this shows that

inactivated LCMV by heat killing was unable to induce a measurable LCMV-specific CTL
response in vivo.

4.1.6 CD8+ T Cell Activation Following Injection at Multiple Sites
The data above show that no measureable levels of CTL activation were detected directly ex vivo
following restimulation of CD8+ T cells from a mouse injected subcutaneously with heat
inactivated LCMV. We therefore aimed to enhance the in vivo CTL response to inactivated
LCMV to detectable levels by injecting the maximum possible amount of virus: 1mL
intraperitoneally, 500µL subcutaneously, and 200µL intravenously.

This resulted in a total

amount of 3.4x106 pfu of injected inactivated LCMV. After 9 days, splenocytes were again
isolated and restimulated directly ex vivo with pAPCs pulsed with live LCMV (Figure 11b) or
one of the four immunodominant or subdominant LCMV peptides (Figure 11c-f). As expected,
there was no observable CD8+ T cell response measured over the negative control after surface
staining for CD8 and ICS for IFN-γ and flow cytometry analysis, indicating that the CTL
response in vivo was below detectable levels for this experiment.
We then expanded the CTLs ex vivo, as described in section 3.10, to increase the number
of peptide specific CD8+ T cells allowing for a more significant detection system. These CTL
lines were then restimulated with LCMV infected (Figure 12b) or peptide-pulsed pAPCs (Figure
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Figure 11: Detection of LCMV specific CD8+ T cell activation directly ex vivo following
injection of heat inactivated LCMV at multiple sites; s.c. i.p, and i.v.
Measure of the percentage of activated LCMV specific CD8+ T cells following injection of heat
treated LCMV at multiple sites and restimulation of splenocytes directly ex vivo with pAPCs
infected with live LCMV for 24 hours or pAPCs pulsed with immunodominant LCMV peptide
for 1 hour: a) splenocytes restimulated with pAPCs infected with mock virus, b) splenocytes
restimulated with pAPCs infected with live LCMV, c) splenocytes restimulated with pAPCs
pulsed with immunodominant LCMV epitope NP396, d) splenocytes restimulated with pAPCs
pulsed with subdominant NP205, e) splenocytes restimulated with pAPCs pulsed with
immunodominant GP33, f) splenocytes restimulated with pAPCs pulsed with subdominant
GP276. To measure activation, cells were treated with BFA, stained with PE/Cy5-conjugated
anti-mouse CD8 antibody, fixed with 1% paraformaldehyde, and ICS was performed to stain with
FITC-conjugated anti-mouse IFN-γ antibody.

Fluorescence was then measured using flow

cytometry, with gating on CD8+ T cells. (n=3)
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Figure 12: Detection of LCMV specific CD8+ T cell activation of CTLs expanded ex vivo for
each of the four imunodominant LCMV peptides following injection of heat inactivated
LCMV at multiple sites; s.c, i.p, and i.v.
Measure of LCMV specific CD8+ T cell activation following injection of heat treated LCMV at
multiple sites and restimulation of splenocytes after ex vivo expansion of CTLs for each of the
four immunodominant LCMV peptides: a) CTLs restimulated with pAPCs infected with mock
virus, b) NP396 specific CTLs restimulated with pAPCs pulsed with NP396 epitope, c) NP205
specific CTLs restimulated with pAPCs pulsed with NP205 epitope, d) GP33 specific CTLs
restimulated with pAPCs pulsed with GP33 epitope, e) GP276 specific CTLs restimulated with
pAPCs pulsed with GP276 epitope. To measure activation, cells were treated with BFA, stained
with PE/Cy5-conjugated anti-mouse CD8 antibody, fixed with 1% paraformaldehyde, and ICS
was performed to stain with FITC-conjugated anti-mouse IFN-γ antibody. Fluorescence was then
measured using flow cytometry, with gating on CD8+ T cells. (n=2)
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12c-f) to detect the presence of low levels of LCMV specific effector CD8+ T cells that would
have proliferated in vivo upon injection of inactivated virus. After surface staining and ICS, then
acquiring the data using flow cytometry, it was obvious that CTL activation was occurring after
the injection of heat inactivated LCMV at multiple sites, due to the relatively high percentage of
CTLs expressing IFN-γ, though these activation levels are so low that they were not detected
directly ex vivo. The immunodominance hierarchy was consistant with previous studies [68] with
a very strong response to NP396 and GP33 and a less pronounced response to NP205 and GP276.
Further to this, we also examined the CTL response after the injection of inactivated
LCMV at each site individually: intravenously, intraperitoneally and subcutaneously (Figure 13).
For all figures, the CTLs were restimulated with pAPCs infected with mock virus (Figure 13a), or
pAPCs pulsed with one of the four immunodominant or subdominant peptides (Figure 13b-e).
The CTL response from mice injected intravenously was surprisingly still highly robust, though
only a very low amount of 4x105 pfu inactivated virus particles were injected. CTLs from mice
injected intraperitoneally (2x106 pfu) also displayed a very strong response, to a similar level as
the intravenous injection, though far more inactivated virus particles were injected. The response
from subcutaneous injection of 1x106 pfu, however, was significantly lower than intravenous or
intraperitoneal injections, indicating that in this experiment this route of administration was the
least effective at leading to effective cross-priming and inducing a productive CTL response in
vivo.

The data demonstrate that, despite the anatomical location of injection, the

immunodominance hierarchies remain consistent for each of the four LCMV epitopes examined.
Furthermore, the immunodominance hierarchy from intravenous and intraperitoneal injection
sites still follows the same characteristic pattern as a live virus injection and the injection at all
three anatomical locations. The immunodominance hierarchy for the subcutaneous injection site
was leveled for all four peptides. This data is preliminary and must be repeated for optimization
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Figure 13: Detection of LCMV specific CD8+ T cell activation of CTLs expanded ex vivo for
each of the four imunodominant LCMV peptides following injection of heat inactivated
LCMV at each site individually; intravenious, intraperitoneal, or subcutaneous.
Measure of LCMV specific CD8+ T cell activation following injection of heat treated LCMV
intravenously, intraperitoneally, or subcutaneously, and restimulation of splenocytes after ex vivo
expansion for each of the four immunodominant LCMV peptides: a) CTLs restimulated with
pAPCs infected with mock virus, b) NP396 specific CTLs restimulated with pAPCs pulsed with
NP396 epitope, c) NP205 specific CTLs restimulated with pAPCs pulsed with NP205 epitope, d)
GP33 specific CTLs restimulated with pAPCs pulsed with GP33 epitope, e) GP276 specific
CTLs restimulated with pAPCs pulsed with GP276 epitope. To measure activation, cells were
treated with BFA, stained with PE/Cy5-conjugated anti-mouse CD8 antibody, fixed with 1%
paraformaldehyde, and ICS was performed to stain with FITC-conjugated anti-mouse IFN-γ
antibody. Fluorescence was then measured using flow cytometry, with gating on CD8+ T cells.
(n=1)
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of the positive control for the CTL lines and to verify its significance, however, it demonstrates
that an intravenous or intraperitoneal injection of inactivated virus effectively stimulates a CD8+
T cell response with a characteristic immunodominance hierarchy through cross-priming,
whereas a subcutaneous injection was significantly more inefficient. These data will be useful to
establish a definitive relationship between vaccination site and cross-priming for the initiation of
protective cellular immunity.

4.1.7 Immunodominance Hierarchy Following Priming with Inactivated LCMV
After establishing that a low level of CTL activation could be detected in vivo following the
injection of inactivated LCMV, we decided to examine whether this activation may alter the
immune response to a live LCMV challenge. Since the inactivated LCMV can only be crosspresented for the activation of CD8+ T cells, any changes in immunodominance would be due to
cross-priming. Mice were therefore primed with 4x105 pfu of inactivated LCMV intravenously
and challenged 7 days later with 500 pfu live LCMV subcutaneously (Figure 14 i). Splenocytes
were then isolated 7 days after the challenge injection and restimulated with pAPCs pulsed with
each of the four immunodominant or subdominant LCMV epitopes. The CTL response was
measured directly ex vivo using surface staining and ICS to quantify the percentage of IFN-γ
producing CD8+ T cells after restimulation with mock infected pAPCs (Figure 14 ia), or CD8+ T
cells restimulated with pAPCs pulsed with each of the four immunodominant or subdominant
LCMV peptides: NP396 (Figure 14 ib), NP205 (Figure 14 ic), GP33 (Figure 14 id), GP276
(Figure 14 ie). These results were compared to mice receiving the same challenge injection but
with a priming injection of only PBS (Figure 14 ii), where CD8+ T cells were restimulated with
pAPCs infected with mock virus (Figure 14 iia) or peptide-pulsed pAPCs (Figure 14 iib-e). The
CTL activation trends seen in Figure 14 indicate that there was no significant (p < 0.05) shift in
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Figure 14: LCMV specific CD8+ T cell activation directly ex vivo following priming with
heat inactivated LCMV or PBS, and challenge with live LCMV.
Measure of LCMV specific CD8+ T cell activation following a priming injection of heat
inactivated LCMV (i) or a priming injection of PBS (ii), and a challenge injection of live LCMV
7 days later, then restimulation of splenocytes directly ex vivo with pAPCs infected with live
LCMV for 24 hours or pAPCs pulsed with immunodominant LCMV peptide for 1 hour: a)
splenocytes restimulated with pAPCs infected with mock virus, b) splenocytes restimulated with
pAPCs pulsed with immunodominant LCMV epitope NP396, c) splenocytes restimulated with
pAPCs pulsed with subdominant NP205, d) splenocytes restimulated with pAPCs pulsed with
immunodominant GP33, e) splenocytes restimulated with pAPCs pulsed with subdominant
GP276.

To measure activation, cells were treated with BFA, then stained with PE/Cy5-

conjugated anti-mouse CD8 antibody, fixed with 1% paraformaldehyde, and ICS was performed
to stain with FITC-conjugated anti-mouse IFN-γ antibody. Fluorescence was then measured
using flow cytometry, with gating on CD8+ T cells. Statistical analysis of shifts in epitope
specific CTL activation indicated that shifts were not significant (p < 0.05) between priming with
inactivated LCMV and priming with PBS before challenge.. (n=4)
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epitope specific CTL activation between priming with inactive LCMV and priming with PBS
before challenge. Therefore, we can conclude that priming with inactivated LCMV does not play
a significant role in protection upon live viral challenge, since there were no significant shifts in
the immunodominance hierarchy or the overall level of the cellular immune response from mice
that were primed with heat inactivated LCMV and those that were not primed. These results
must be further repeated to reduce error.

4.2 Investigation of Antigen Presentation by Baculovirus Encoding LCMV-NP
For the second aspect of this study, we aimed to examine antigen presentation from a second nonreplicating virus: a recombinant baculovirus encoding the NP of LCMV under the control of a
mammalian cell active promoter. After demonstrating NP expression within various pAPC and
non-pAPC cell types, we examined the effectiveness of baculovirus derived NP presented on the
surface of pAPCs to activate CD8+ T cells.

4.2.1 Analysis of NP Expression Following Infection with bAc-NP
Our first goal was to establish a high level of bAc-NP infectivity that resulted in a large
percentage of cells being infected with the production of high levels of NP within infected cells.
To demonstrate this, we infected two mammalian pAPC cell types (DCs and BMAs) and two
non-pAPC cell types (HEK and L929 cells) and examine NP expression using flow cytometry.
NP expression was measured 24 hours after infection with the recombinant bAc-NP at an MOI of
5 by staining with rat anti-LCMV-NP primary antibody and then with FITC-conjugated goat antirat IgG secondary antibody. The percentage of fluorescent cells was then acquired. An infection
of each cell type with wild type baculovirus was used as a negative control for these experiments.
The results shown in Figure 16 indicate that there was an extremely low level of NP expression in
DCs (Figure 15a) and BMAs (Figure 15b) as detected using this protocol. However, a greater
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Figure 15: Detection of nucleoprotein expression levels from baculovirus-NP in various
pAPC and non-pAPC cell types using flow cytometry.
The expression of NP from the recombinant baculovirus carrying the LCMV-NP was measured
following a 24 hour infection (MOI of 5) of a number of cell types including the pAPC cell types
DCs (a) and BMAs (b), and the non-pAPC cell types HEK cells (c) and L929 cells (d). Cells
were harvested, fixed in 4% formalin for 30 minutes and permeabilized with 1% Triton X, then
stained with anti-rat VL-4 primary antibody and goat-anti-rat IgG secondary antibody.
Fluorescent cells were acquired using flow cytometry with gating on live cells to quantify the
level of LCMV-NP expression. Wild type baculovirus was used as the negative control, while
live LCMV was used as the positive control.
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Figure 16: Detection of nucleoprotein expression levels from baculovirus-NP in HEK and
L929 cells using fluorescence microscopy.
The expression of NP from the recombinant baculovirus carrying the LCMV-NP was measured
following a 24 hour infection on glass coverslips at an MOI of 5 of the non-pAPC cell types HEK
cells (a) and L929 cells (b). Cells on coverslips were fixed in 4% formalin for 30 minutes and
permeabilized with 1% Triton X, then stained with anti-rat VL-4 primary antibody and goat-antirat IgG secondary antibody. Fluorescent cells were observed using fluorescence microscopy
(200x TM) to view the intensity of LCMV-NP expression in each cell. Wild type baculovirus was
used as the negative control, while live LCMV was used as the positive control.
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number of the non-pAPC cell types, HEK (Figure 15c) and L929 cells (Figure 15d), expressed
the NP following bAc-NP infection.
Fluorescence microscopy was also used to examine NP expression from within the nonpAPCs (Figure 16). The cell confluence was observed under bright light microscopy in each of
the figures, putting in perspective the percentage of cells in each field that were infected. These
results clearly indicated that HEK cells were the most susceptible to allowing for bAc-NP
infection. Though NP was expressed in many of the HEK cells (Figure 16a), protein was only
being expressed in a very high abundance in a few of the cells, while many were only moderately
fluorescent. While NP was also expressed in the L929 cells (Figure 16b), the protein was present
in fewer cells in comparison.
To confirm that the low level of NP expression in each of the cell types was truly a
representation of what was occurring within the cells and not just a limitation of the experimental
design such as low levels of viral entry, we also attempted to examine NP expression levels
indirectly by measuring mRNA expression levels of the NP using RT-PCR. Each cell type was
infected with bAc-NP for 6 hours at an MOI of 1, 10 or 20, with wild type baculovirus as the
negative control and live LCMV as the positive control. The mRNA was then isolated, reverse
transcribed into cDNA, and amplified using PCR for 18s rRNA (control) and the LCMV-NP.
From these results, depicted in Figure 18, it was obvious that the NP mRNA was expressed at
relatively high levels in DCs (Figure 17a), BMAs (Figure 17b), and L929 cells (Figure 17d), and
that expression increases in a dose dependent manner as the MOI was increased. The mRNA
expression levels were highest in HEK cells (Figure 17c) in comparison to the other three cell
types, and the expression seems to be at maximum levels even at the lowest MOI used. These
data clearly demonstrate that the recombinant bAc-NP was effectively infecting each cell type
tested and that the NP mRNA was being transcribed in abundance.
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Figure 17: Detection of nucleoprotein mRNA levels from baculovirus-NP in various pAPC
and non-pAPC cell types using RT-PCR.
The mRNA levels of NP from the recombinant baculovirus carrying the LCMV-NP were
measured using RT-PCR as an indication of NP expression levels following a 6 hour infection
(MOI of 1, 10 and 20).

The mRNA levels were examined using RT-PCR as an indirect

measurement of cytokine induction. For this, mRNA was isolated from the pAPC cell types,
reverse transcribed into cDNA, and amplified for specific cytokines or the 18s rRNA control.
Amplified cDNA was labeled with ethidium bromide and detected on an agarose gel, where band
intensity indicates the initial level of mRNA. The mRNA levels were assessed in a number of cell
types including the pAPC cell types DCs (a) and BMAs (b), and the non-pAPC cell types HEK
cells (c) and L929 cells (d). Wild type baculovirus was used as the negative control and live
LCMV was used as the positive control. (n=3)
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4.2.2 Measuring CD8+ T Cell Activation of bAc-NP in vitro
After confirming that NP was being produced within both DCs and BMAs following infection
with bAc-NP, we next wanted to determine whether antigens from the NP were being effectively
processed and presented to T cells. To determine this, we measured effector CD8+ T cell
activation from splenocytes isolated from mice that had been injected with live LCMV 9 days
prior. These splenocytes were restimulated with pAPCs infected with bAc-NP at an MOI of 10
and the percentage of activated CD8+ T cells was determined using cell surface staining for CD8
and ICS for IFN-γ.

This experiment revealed that there were no detectable levels of CTL

activation from splenocytes primed directly ex vivo with bAc-NP infected pAPCs (Figure 18c).
Wild type baculovirus infected pAPCs were used as a negative control for CTL activation (Figure
18a), while live LCMV infected pAPCs were used as a positive control (Figure 18b).

4.2.3 Measuring Specific Activation of bAc-NP with Expanded CTLs
Since no CTL activation could be observed using direct ex vivo CTLs, we therefore used NP396
specific expanded CTLs (described in section 3.10) to identify whether very low levels of
activation were occurring that were undetectable directly ex vivo, as examined in Figure 18.

The

NP396 specific CTLs were restimulated with DCs infected with bAc-NP at an MOI of 5 (Figure
19c) and 10 (Figure 19d), and data was acquired using flow cytometry after surface staining and
ICS were performed to quantify the percentage of IFN-γ specific CD8+ T cells. Wild type
baculovirus infected DCs (Figure 19a) and live LCMV infected DCs (Figure 19b) were again
used as controls. DCs infected with bAc-NP were very effectively presenting NP epitopes,
resulting in a highly productive CTL response that rivaled the CTL activation induced in response
to the live virus and was therefore physiologically relevant. These experiments must be repeated
to optimize the positive control for the CTL lines, but still clearly displays the strength of the
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CTL response to bAc-NP following in vitro antigen presentation. Overall, these data demonstrate
that recombinant baculovirus encoding the LCMV-NP under the control of a mammalian cell
promoter effectively infects and allows for the expression of NP in a variety of mammalian cell
types. Coupled with its innate adjuvant properties, recombinant baculoviruses may have potential
as a vehicle of vaccine administration.
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Figure 18: Detection of LCMV NP396 specific CD8+ T cell activation following
restimulation with baculovirus-NP infected pAPCs in vitro.
The percentage of activated LCMV specific CD8+ T cells were measured following restimulation
of splenocytes in vitro with pAPCs infected with baculovirus-NP: a) splenocytes restimulated
with pAPCs infected with wild type baculovirus for 24 hours, b) splenocytes restimulated with
pAPCs infected with live LCMV for 24 hours, c) splenocytes restimulated with pAPCs infected
with baculovirus-NP at an MOI of 10 for 24 hours. To measure activation, cells were treated
with BFA, then stained with PE/Cy5-conjugated anti-mouse CD8 antibody, fixed with 1%
paraformaldehyde, and ICS was performed to stain with FITC-conjugated anti-mouse IFN-γ
antibody. Fluorescence was then measured using flow cytometry, with gating on CD8+ T cells.
(n=2)
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Figure 19: Detection of LCMV specific CD8+ T cell activation following restimulation of
CTL lines with baculovirus-NP infected pAPCs.
The percentage of activated LCMV specific CD8+ T cells were measured following restimulation
of splenocytes after ex vivo expansion of NP396 specific CTLs with DCs infected with
baculovirus-NP: a) splenocytes restimulated with DCs infected with wild type baculovirus for 24
hours, b) splenocytes restimulated with DCs infected with live LCMV for 24 hours, c)
splenocytes restimulated with DCs infected with baculovirus-NP at an MOI of 5 for 24 hours, d)
splenocytes restimulated with DCs infected with baculovirus-NP at an 10 for 24 hours. To
measure activation, cells were treated with BFA, stained with anti-mouse CD8 antibody, fixed
with 1% paraformaldehyde, and ICS was performed to stain for anti-mouse IFN-γ. Fluorescence
was then measured using flow cytometry, with gating on CD8+ T cells. (n=2)
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Chapter 5
Discussion
Since cross-priming occurs when a pAPC presents exogenous antigen through MHC class I to a
naïve T cell resulting in effector CD8+ T cell activation, we wanted to investigate the response of
both the pAPC and the CD8+ T cell to two types of non-replicating virus: inactivated LCMV and
recombinant baculovirus expressing the LCMV-NP.

5.1 Cross-Presentation of Antigens from Inactivated LCMV
Since pAPCs are essential for cross-priming, we examined the role of pAPC maturation and
subsequent CD8+ T cell priming following uptake of heat inactivated or live LCMV. Crosspriming plays a critical role in activating the cellular immune response to inactivated pathogens,
such as when killed viruses are used as vaccines. Since inactivated LCMV cannot replicate
within the pAPCs, antigens from this virus can only be cross-presented for the activation of
CD8+ T cells. By assessing pAPC maturation and epitope-specific CD8+ T cell activation, we
were able to quantify the overall cellular immune response to inactivated LCMV in comparison to
live LCMV.
Firstly, the LCMV inactivation protocols of 65°C for 20 minutes or UV irradiation for 9
minutes were chosen as mild but effective treatments that resulted in full virus killing. The heat
treatment that was chosen is less severe than common inactivation treatments used in the
literature.

For example, the inactivation treatment of 100°C for 10 minutes was used for

influenza virus, an enveloped, negative sense, single stranded RNA virus similar to LCMV in
structure and size [24]. We aimed to have very mild inactivation treatments as an attempt to
conserve as much of the original characteristics and structure of the virus as possible. We then
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used this inactivated virus to examine the pAPC maturation following infection of pAPCs, and
the subsequent cross-priming and CD8+ T cell activation in response to inactivated LCMV.

5.1.1 Maturation of pAPCs Following Uptake of Inactive LCMV
After characterizing inactivation treatments for the virus that resulted in a mild but complete
killing, we were then able to assess various aspects of pAPC maturation following uptake of
inactivated virus, including cell surface molecule upregulation and the mRNA expression of proinflammatory cytokines. Co-stimulatory molecule upregulation is an essential step in pAPC
maturation for effective antigen presentation. Some degree of activation or maturation of the
pAPCs is essential for “licensing” the cells for effective cross-presentation and activation of T
cells [44].

Without this maturation, the T cells become anergic and are deleted once they

encounter an APC, which will ultimately result in T cell tolerance, wherein the cellular immune
response is silenced [69]. These co-stimulatory molecules, CD40, CD80 and CD86, provide the
necessary secondary signals and lower the threshold of activation for naïve T cells upon priming
[17, 47]. In our study, we found that there was no significant level of co-stimulatory molecule
upregulation over the negative control in pAPCs that had been infected with live LCMV or
pAPCs that had taken up the inactivated LCMV.

We would have expected co-stimulatory

molecule upregulation to be similar between live and inactivated virus infected cells, based on
evidence reported by Feng et al., where their model of heat killed Listeria monocytogenes was
able to induce CD40, CD80 and CD86 co-stimulatory molecule upregulation over infected cells
in bone marrow-derived DCs (BMDCs) to the same extent as cells infected with live L.
monocytogenes [55]. The cell surface molecules were upregulated drastically in the results
shown by this group, which is likely due to their use of primary cells instead of the DC and BMA
cell lines used in our study.
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As another method for monitoring pAPC activation, we examined cytokine mRNA
expression levels of DCs and BMAs pulsed with live or heat killed LCMV. We measured the
mRNA levels of a variety of cytokines including the pro-inflammatory cytokines IL-1β, IL-6, IL12 and TNF-α, as well as a key anti-inflammatory cytokine of pAPCs, IL-10. As expected, all
pro-inflammatory cytokines were upregulated 6 hours after infection with live LCMV, while the
anti-inflammatory cytokine was not expressed.

Our findings also indicate that all pro-

inflammatory cytokine levels were amplified in both types of pAPCs that have taken up the
inactivated virus, though the upregulation was more pronounced with the heat killed virus than
the UV inactivated virus. Though upregulation of cytokine mRNA levels occurred, the mRNA
expression levels have not been enhanced to the same degree as the live virus, indicating that
pAPC maturation was still induced, but not to the extreme of the live virus infection. High levels
of pro-inflammatory cytokine production from heat killed pathogen in relation to the live
pathogen have also been shown by Feng et al., where the pro-inflammatory cytokines IL-6, IL-12
and TNF-α were released to a slightly lower, but still highly significant, degree in BMDCs pulsed
with heat killed L. monocytogenes [55]; in this case, cytokine protein levels were measured 16
hours after exposure to the bacteria. From these results, the authors concluded that, because the
production of the cytokines tested was similar for the live and heat killed infection, none of these
cytokines were responsible differences in T cell priming [55].
Overall, these results indicate that pAPCs infected with live or inactivated LCMV were
activated similarly due to semblance in IL-1β, IL-6, IL-12 and TNF-α pro-inflammatory cytokine
upregulation. Therefore, variations in the expression of these cytokines were likely not the reason
for the reduced level of CD8+ T cell activation.
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5.1.2 Assessing the Efficiency of Cross-Priming of Inactive LCMV
A previous study by Muraille et al. has shown that HKLM injected intravenously was unable to
induce pathogen-specific CD8+ T cell development and proliferation in vivo, and therefore, only
the live infection was able to provide protective immunological memory [54]. Many studies have
shown similar results, wherein a productive CTL response and effective protective cellular
immunity is only produced with the live infection and not in response to a killed pathogen [1, 2].
To determine whether cross-priming of heat-inactivated LCMV induces production of effector
CD8+ T cells in vivo, we measured the CTL response after injection of the killed virus at three
anatomical sites. In assessing the efficiency of cross-priming of inactivated LCMV, we have
shown that no detectable CD8+ T cell response can be observed after restimulation of CD8+ T
cells directly ex vivo following injection with heat killed virus. We were however able to identify
LCMV specific CD8+ T cells following ex vivo expansion of splenocytes from a mouse injected
intravenously, subcutaneously, and intraperitoneally with a high dose of inactivated virus. These
results allow us to conclude that a very low level of CD8+ T cell activation was occurring in vivo
following injection of inactivated LCMV.

Unexpectedly, we also noted a fairly typical

immunodominancy hierarchy, where there was a high percentage of GP33 and NP396 responding
CD8+ T cells, with lower levels of GP276 and NP205 responders. Interestingly, these results
contradict a study from Cho et al. using heat killed influenza virus that was inactivated at 100°C
for 10 minutes [24]. In this study, the immunodominance hierarchy was far more balanced
following injection of the heat killed influenza virus intraperitoneally in comparison to a live
virus infection. When the ex vivo CD8+ T cell response was examined, they found that the total
number of responding cells was approximately 5% of that elicited by the live virus.

The

immunodominance hierarchy was altered so that there was a significant decrease in the
percentage of CD8+ T cells responding to immunodominant epitopes of influenza virus, and a
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slight increase in the response to subdominant epitopes, to create an overall more balanced
response [24]. To understand why our immunodominance hierarcy was not balanced, as was seen
in the influenza virus study, three possibilities must be considered. Firstly, our study employed
the use of expanded epitope-specific CTLs instead of direct ex vivo CD8+ T cells, which were
used in the study described above; these CTL lines have been expanded ex vivo meaning that,
though they allow us to detect extremely low levels of in vivo activation, they may not be
perfectly representative of what is occurring in vivo. Secondly, the influenza virus inactivation
protocol was more severe than the milder heat treatment used in our study. A third option is that
there are distinct differences in immunogenicities of immunodominant peptides between the two
types of virus used.

Even though influenza virus and LCMV are similar in structure, the

influenza virus has a larger genome and encodes more structural proteins (hemagglutinin,
neuraminidase, nucleoprotein, and matrix proteins) than the two structural proteins encoded by
LCMV.
Upon examination of the response to inactivated virus that had been injected at each
anatomical site individually, it became clear that this typical immunodominance hierarchy was
maintained despite the site of inactivated virus entry. What was also surprising was that the
CD8+ T cell response to a single intraveneous injection of a low dose of heat killed LCMV was
very pronounced. Since the virus directly enters the bloodstream with an intravenous injection, it
is likely that the inactivated virus particles quickly found their way to the spleen and lymph nodes
where the specific CD8+ T cell response was rapidly induced. The intraperitoneal injection site
was also proven to be very effective at inducing the specific CD8+ T cell response, though this is
likely to have been influenced by the very large dose of antigen we were able to deliver at this
site. Interestingly, the response was significantly lower when a single dose of inactive LCMV
was administered subcutaneously than either intravenous or intraperitoneal injection.
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These

results are intriguing since subcutaneous immunization has been implicated in cross-priming
under different conditions by skin-resident CD103+ murine DCs, in a study measuring crosspriming of HSV (Herpes Simplex Virus) -1 antigens [70]. The lymphoid-resident murine DC
subtype CD8α+ DCs have been shown to be capable of cross-priming CTLs to HSV-1 antigens
either via subcutaneous or intravenous injection [71]. We therefore would have thought that
subcutaneous injections would lead to more effective cross-priming since it can access both types
of DC subsets, while intravenously injected virus particles can only access the one. It is possible
that we did not observe CTL activation after subcutaneous injection because isolation of
splenocytes may not have been optimal at 9 days post injection, as it was for the intravenous or
intraperitoneal injection sites, in which case a time course examining these kinetics is warranted.
It is also possible that subcutaneous injection plays a smaller role in the response to inactivated
LCMV, in comparison with other studies using HSV-1. Overall, these findings indicate that the
physiological site of administration was important in determining the magnitude of response.

5.1.3 Alterations in Immunodominance Upon Priming with Inactive LCMV
After demonstrating that CTL activation was occurring in vivo following the injection of
inactivated LCMV, we next wanted to investigate whether this activation was significant enough
to modify the immunodominance hierarchy or the overall cellular immune response upon
challenge. To examine this we used an intravenous priming injection of inactivated LCMV,
followed by a subcutaneous challenge injection of live LCMV 7 days later, and then allowing the
CD8+ T cells to expand and respond in vivo for another 7 days after challenge.

By then

quantifying the response to each of the four immunodominant or subdominant epitopes, and
comparing the resulting immunodominant hierarchy to the response observed without priming,
we were able to measure changes in immunodominance that may have occurred as a result of
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priming. Unexpectedly, our data indicate that mice receiving a priming injection of inactive
LCMV did not respond differently than mice lacking this priming, since there was no significant
difference in the overall response or the immunodominance hierarchy between the two
conditions. This may be explained on the basis that, for the immunodominance hierarchy to be
shifted in comparison to controls, the antigen dose must be present in abundance [72] and must be
cross-presented efficiently. Previous studies examining the stability of the LCMV-NP have
established that it is generally a very long-lived stable protein [29], that remains stable for 3-4
days after synthesis [73]. It has also been demonstrated that cross-presentation is more effective
when the target protein is stable [29], but in our system the virus has been heat-inactivated, a
factor that may drastically effect the protein stability. Also, although we have shown that the
virus is capable of inducing CTL activation in vivo, this activation was only observed at low
levels after expansion of CTLs ex vivo. Overall, this experiment has demonstrated that the dose
of inactivated LCMV administered does not alter CD8+ T cell priming to the extent that the
immune response is drastically affected and immunodominance is shifted upon challenge.

5.2 Presentation of Antigens from Baculovirus Encoding LCMV-NP
Baculoviruses have amazing potential for use as a vaccine vector. These viruses maintain the
ability to infect a variety of mammalian primary cells and cell lines [35], though their replication
is restricted to insect cells [36]. The expression system is ideal since the baculovirus causes
negligible cytotoxic effects in mammalian cells, it has a large insertion capacity, it can be
produced with relative simplicity with high viral titres, and due to lack of prior exposure there is
an absence of pre-existing baculovirus specific antibodies in humans [38]. Baculoviruses also
possess the ability to induce DC maturation [39], which, as mentioned previously, is an essential
property for the cell’s ability to induce effective cross-priming. It is for these reasons that we
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have chosen to use the recombinant baculovirus encoding the LCMV-NP as a model system for
studying antigen presentation.

5.2.1 Expressing Baculovirus Encoded Proteins in Mammalian Cells
NP expression was detected in all four cell types tested: the murine pAPC cell types, DCs and
BMAs; the non-pAPC cell types HEK cells (human), and L929 cells (murine). These results
were observed using flow cytometry and fluorescence microscopy, and confirmed using RT-PCR
to measure the NP protein and mRNA levels. Moreover, we have also shown that the protein was
being produced in each cell type after infection with a very low MOI of 1, 10 and 20. This result
is interesting, since reviews of the literature continuously emphasize the importance of a high
MOI for the production of the protein of interest within infected mammalian cells [38, 74].

5.2.2 The CD8+ T Cell Response to Baculovirus Derived Nucleoprotein
Since we were able to detect NP expression within these four cell types, we therefore decided to
employ this system to study direct antigen presentation by infecting the two pAPC cell types with
the bAc-NP. The resulting NP was processed and presented in association with MHC class I, and
upon use of these cells to restimulate LCMV specific CD8+ T cells, we were able to quantify the
level of response as a measure of antigen presentation. Since we were not able to detect LCMVspecific CD8+ T cell activation direct ex vivo using splenocytes from a mouse infected with
LCMV, we used the highly sensitive NP396-specific CTL lines. Using these cells, we were able
to measure a very high level of CTL activation after infection of pAPCs at the low MOI of 5 or
10, in comparison to activation observed upon restimulation with LCMV infected pAPCs. These
results therefore demonstrated that a cellular immune response could be induced following
infection of pAPCs with the recombinant baculovirus, and this system may have potential use as
an effective vaccine vector.
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A recent study by Li et al. (2009) demonstrated similar applications of recombinant
baculovirus vectors as a novel vaccine mechanism, where they showed that a baculovirus
encoding the envelope protein from Japanese encephalitis virus (JEV) and the glycoprotein from
vesicular stomatitis virus (VSV-GP) elicited a protective humoral and cellular immune response
when injected at a very high concentration (1x1010 PFU/mouse).

The group compared the

baculovirus vaccine to the currently used inactivated JEV vaccine and demonstrated that the
inactivated vaccine induced a higher neutralizing antibody titre, but that the baculovirus vaccine
resulted in a comparatively more effective CTL response.

Both vaccines showed a high

protective efficacy upon viral challenge in vivo, indicating the important implications of a
recombinant baculovirus based vaccines [38]. The study also illustrated that the baculovirus
vaccine induced a significantly better humoral and cellular immune response than a DNA vaccine
for the JEV envelope protein, a result that is likely attributed to the higher transduction efficacy
of baculovirus in vivo, and therefore a more efficient antigen presentation [38]. Overall, these
and other studies [38, 42, 43] clearly establish the effectiveness of recombinant baculoviruses
encoding proteins from viruses or intracellular bacteria at inducing a strong CTL response, and
the plethora of applications for this novel vaccine vector in inducing a productive cellular
immune response to intracellular pathogens.

5.3 Direct Presentation of NP from bAc-NP is a More Effective Model for Inducing
a Strong CTL Response than Inactivated LCMV
Throughout these studies, we have employed the use of two distinct antigen sources to study
antigen presentation; including inactivated LCMV to examine cross-presentation after uptake by
pAPCs, and bAc-NP to study direct antigen presentation following infection of pAPCs with this
recombinant baculovirus. Based on our data, the CTL activation from cross-priming of NP
antigens from inactive LCMV was fairly low. The low level of activation is likely attributed to
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an inefficient level of cross-presentation of antigens from the inactive virus, which was to be
expected.

The level of specific CTL activation was significantly higher with bAc-NP than

inactive LCMV, though the bAc-NP activation was the result of direct presentation following
pAPC infection, as opposed to cross-presentation of inactivated LCMV antigens.
Though vaccination with inactivated viruses has the advantage of priming the immune
system to the complete virus including all proteins instead of a single protein, as with bAc-NP,
we expected to see a higher level of CTL activation with bAc-NP direct priming than inactive
LCMV cross-priming. This is because neosynthesis of NP occurred upon bAc-NP infection but
protein synthesis cannot occur with the inactivated virus. Though neosynthesis of NP is not
required for cross-priming [29], CTL activation is generally much more effective with new
protein synthesis. Direct presentation is traditionally much more effective at inducing a strong
CTL response than cross-presentation, which we have demonstrated in our results in the two
distinct antigen models we have used. It is difficult to compare the CTL activation in response to
cross-presentation of inactivated LCMV and direct presentation of bAc-NP antigens, though
future studies examining the cross-presentation and CTL activation of bAc-NP epitopes after
infection of ADCs and subsequent uptake by pAPCs will allow for a much better comparison.

5.4 Future Work
Overall, we were able to conclude that inactivated LCMV does induce pAPC maturation in vitro
by stimulating the production of pro-inflammatory cytokines, and that the inactivated virus
initiates a very low level of CD8+ T cell activation in vivo upon injection. This in vivo CTL
activation does not drastically alter the cellular immune response or immunodominance hierarchy
upon challenge. We have also been able to show that the recombinant baculovirus encoding the
LCMV-NP was capable of infecting numerous mammalian pAPC and non-pAPC cell lines, the
79

NP from this virus was being produced within the cells, and the resulting protein was being
processed by the pAPCs and presented in association with MHC class I for the effective
activation of CD8+ T cells in vitro.
One future aim would be to examine the upregulation of co-stimulatory molecules on
pAPCs as a measure of their maturation using the primary cells BMDCs instead of using DC or
BMA cell lines. Results using primary cells for examining cell surface molecule upregulation
would be more physiologically relevant and differences in expression levels are generally far
more pronounced in primary cells, as was shown by Feng et al., who observed a marked
upregulation of co-stimulatory molecules over controls in cells infected with heat inactivated
inactivated Listeria monocytogenes [55]. It would also be interesting to measure NP expression
in primary cells infected with the recombinant bAc-NP as opposed to using cell lines, for a more
physiologically relevant model.
Another interesting experiment would be to measure the cross-presentation capacity of
NP of ADCs infected with bAc-NP. Thus far, we have only examined the direct presentation of
the viral protein from bAc-NP by infecting pAPCs with the virus and observing the CD8+ T cell
response. To use this system as a model for studying cross-presentation, NP from HEK cells
infected with bAc-NP could be used as an antigen source after injected into a murine model.
Since the baculovirus infection cannot replicate and spread in vivo, all antigen presentation
occurring would be a result of pAPCs taking up antigen from the infected ADCs and crosspresenting this antigen via MHC class I for the activation of CD8+ T cells. These results would
be compared to a model where HEK-NP cells (HEK cells stabily transfected with NP) are
injected. The resulting CD8+ T cell response from both conditions could be measured directly ex
vivo or after ex vivo expansion of CTLs to quantify the efficiency of cross-priming.

Our

hypothesis would be that cross-priming from bAc-NP infected HEK cells would be more efficient
80

due to the inherent adjuvant properties of the baculovirus. This experiment would allow us to
better gauge the potential for recombinant baculoviruses expressing viral or intracellular bacterial
proteins to be used as a vaccine vector for initiating strong cellular immune responses against
intracellular pathogens.
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Chapter 6
Summary and Conclusions
Cross-presentation plays an essential role in the presentation of antigens from inactivated and
non-replicating viruses. In these studies, we have shown that pAPC maturation occured similarly
in cells infected with heat and UV inactivated LCMV as with live LCMV, as indicated by the
comparable co-stimulatory molecule upregulation and pro-inflammatory cytokine mRNA
expression, but to a lesser extent as the live virus. Also, although live and inactivated LCMV
were similarly capable of inducing DC maturation, the live virus was able to prime and activate
CD8+ T cells to the level where a significant CTL response was induced, whereas the inactivated
virus caused lower levels of CTL activation. The immunodominance hierarchy created in vivo in
response to the inactivated LCMV followed the same trends as the response to live LCMV, and
the hierarchy remained the same despite the site of antigen entry. Another interesting finding was
that, although priming with the inactivated virus induced a CTL response in vivo, this activation
was not significant enough to alter the response seen with a challenge injection of live virus. We
have also demonstrated that a recombinant baculovirus encoding the LCMV-NP was capable of
infecting the mouse cell lines DCs, BMAs and L929 cells, and the human cell line HEK293 cells,
resulting in NP production within each of these cell types. This protein was also capable of being
processed and presented in association with MHC class I by the pAPC cell types DCs and BMAs,
and could prime CD8+ T cells in vitro resulting in low levels of CTL activation. These results
support evidence that recombinant baculoviruses encoding proteins from viruses or intracellular
bacteria have the potential to be used as a vaccine vector against intracellular pathogens. Overall,
in using these two distinct models for studying antigen presentation, we have shown that direct
presentation of antigens following bAc-NP infection of pAPCs results in effective CTL activation
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while inactivated LCMV induces a very low level of activation that does not seem to alter the
immune response upon challenge with the live virus. In the future, using bAc-NP to examine
cross-presentation of NP antigens will allow for a more effective comparison of the two antigen
models, and in determining which will induce the strongest CTL response.
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