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Introduction

1. Introduction

The body’s biological defense system is called the immune system (immunis latin = free,
pure, clean), which overcomes attacks from different invading microorganisms. The
immune system is a complex composition of different, specialized cells, tissues and
organs that work together through a series of regulated steps to protect individuals against
microorganisms such as bacteria, viruses, fungi and parasites. Unchecked, these organisms
can lead to more severe diseases. To find therapeutics or vaccinations against these

diseases it is necessary to understand the immune response against these organisms.

This thesis aims to understand the immune response to the obligate intracellular parasite
Toxoplasma gondii (T. gondii), an important human pathogen infecting approximately one
third of the world's population, with limited drugs to treat chronically infected individuals.
One advantage of using 7. gondii as a model parasite for laboratory study is that it is
easily amenable to genetic manipulation, including the introduction of fluorescence
proteins. There is a significant amount of information about the immune response to 7.
gondii, but much of this research has been done either in vitro or using black box mouse
studies. We are interested in studying the interaction between immune cells and infected
cells in a physiological environment. Therefore, we are using two-photon laser-scanning
microscopy (TPLSM) to study the behavior of immune cells during 7. gondii infection.
Specifically we studied the interaction between an innate cell population, neutrophils, and
an adaptive immune cell population, CD8" T cells, with infected cells during infection to
generate unique information about dynamic cell-cell interactions within a natural
environment. This method allows us to fill in gaps in our knowledge of the immune
response and to build a complete picture of the interplay of immune cells during 7. gondii
infection.

The following chapter gives a broad picture of our current understanding of the
host immune response to 7. gondii as it relates to the role and importance of neutrophils,
CD8" T cells and infected antigen-presenting cells during infection and highlights holes in

our knowledge about how these cells interact at a cellular level.
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1.1 Toxoplasma gondii

Toxoplasma gondii, a member of the phylum Apicomplexa, is an obligate intracellular
protozoan parasite that can infect most warm-blooded animals. Within the host, the
parasite can invade and replicate in almost all nucleated cell types. The life cycle of T.
gondii is divided in two distinct components: the asexual and the sexual components.
While the sexual phase takes place in the intestine of its definitive host, the feline, the

asexual component occurs in its intermediate hosts (1).

In intermediate hosts, including humans and mice, the parasite exists in two
interconvertable forms: a fast replicating tachyzoite, and the slowly replicating bradyzoite.
Infection of an intermediate host is initiated by oral ingestion of raw or undercooked meat
containing bradyzoite filled cysts. As the cysts pass through the digestive tract, the cyst
wall is disrupted and the bradyzoites are released. Free bradyzoites then infect the
epithelium of the small intestine and convert to tachyzoites. Rapid intracellular replication
leads to host cell lysis and subsequent infection of the neighboring cells (1). The parasite
infects circulating cells and can use them as a “Trojan horse” to gain access to protective

tissues such as the brain, where entry of immune cells is restricted (2, 3).

Tachyzoite infection activates the immune system, which typically eliminates the majority
of parasites. Under normal conditions, the immune system is able to control parasite
infection. However, some tachyzoites escape the immune system, convert back to
bradyzoites and persist as cysts in brain and muscular tissue to establish a life-long
chronic infection. In healthy individuals, the infection is usually asymptomatic, but
reactivated infection in immunocompromised patients can lead to toxoplasmosis, and

acute infection during pregnancy can cause damage to the developing fetus (1).

Most T. gondii strains used in laboratories have been isolated from human and animals
with toxoplasmic encephalitis. They are organized into three clonal lines: Type I, I and III
strains. Infection with even low doses of the hyper-virulent Type I strain causes
overwhelming parasite growth, systemic overproduction of pro-inflammatory cytokines,
and death in C57BL/6 mice. Type II and III strain parasites cause nonlethal infection and

lead to a chronic latent infection of brain and muscular tissue (4).
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Tablel: Characteristic strain differences in Toxoplasma gondii

Chronic phase

) . Cysts Acute phase .
Strain Virulence . ) (Tachyzoites and
formation (Tachyzoites) )
Bradyzoites)
Typ I (eg.: RH) -+ - + -
Type 11 (eg.: Pru) ++ + + +
Type III (eg.: CEP) + + + +
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1.2 Immunity to Toxoplasma gondii

T. gondii is a major food-borne pathogen in humans and mice. Our current view of the
immune defense to toxoplasmosis derives largely from infection models in the mouse. The
experimental model of 7. gondii infection in the mouse has made a significant

contribution to our understanding of the cellular immune response.

T. gondii is a pathogen which induces a robust type I immune response. The control of
acute and chronic infection depends highly on the pro-inflammatory cytokine, interleukin-
12 (IL12) (Figure 1 illustrates the initiation of the acute immune response following 7.
gondii infection) (5). Innate immune cells such as dendritic cells (DCs), macrophages,
neutrophils and inflammatory monocytes (IMs) are capable of producing IL12 in a
myeloid differentiation factor 88 (MyD88) -dependent manner during 7. gondii infection.
IL12 is the major cytokine triggering synthesis of IFNy by NK and T cells (5-7).
Resistance to 7. gondii is highly dependent on IFNy and therefore on IL12. Mice deficient
in either IL12 or IFNy are extremely susceptible to infection (8). Together, the IFNy and
IL12 pathways activate effector mechanisms in a variety of cell types, leading to control

of T. gondii infection (5, 9-11).
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Figure 1. Initiation of the acute immune response to Toxoplasma gondii
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1.3 Pathogen recognition during the innate immune response:

TLR/MyD88

The innate immune response is the first line of defense against infectious diseases. The
defense against invading microbes depends on the recognition of non-self pathogen-
associated molecular patterns (PAMPs) through germline-encoded pattern receptor
molecules (PRR) mostly expressed on innate immune cells. One class of PRRs are the
Toll-like-receptors (TLRs). Activation of these receptors leads to recruitment of effector
cells and production of pro-inflammatory cytokines, which then modulate innate and

adaptive immune responses (12).

Downstream of almost all TLRs as well as the IL1 receptor (IL1R) superfamily is the
adaptor protein, MyDS88. It plays a central role in activating the nuclear-factor-k B (NFkb)
and mitogen-activated protein kinase (MAPK) signaling pathways, which subsequently
lead to induction of pro-inflammatory cytokines such as IL-12 and tumor necrosis factor-o
(TNFa). The importance of MyD88 in resistance to viral, bacterial and protozoan infection
is extensively documented. Mice lacking MyD88 are highly susceptible to 7. gondii
infection whereas mice lacking IL1 or IL18 show normal resistance to 7. gondii infection

suggesting that the absence of MyD88 reflects a specific defect in TLR signaling (13).

It is still unclear which TLRs are involved in 7. gondii recognition in vivo. In vitro studies
using Chinese hamster ovary (CHO) cells demonstrated TLR2 and TLR4 dependent
synthesis of TNFa using glycosylphosphatidylinositol (GPI) -anchored proteins extracted
from tachyzoites (14). In addition, it has been demonstrated that TLR9 is required for an
effective Thl inflammatory response after 7. gondii oral infection. Wild-type (WT), but
not TLRY knockout (KO) mice, develop Thl-dependent acute, lethal ileitis (15). Further,
TLR11, which is expressed in mice but not in humans, has been identified to recognize
Toxoplasma profilin and is able to induce IL12 in DCs (16). However, survival
experiments with TLR11, TLR4, and TLR4/2 TLR9 KO mice showed no increase in
susceptibility compared to WT mice (14-16). TLR2 KO mice showed increased
susceptibility only under high dose infection (17). None of the single TLR KO mice
phenocopied the MyD88 KO phenotype during 7. gondii infection. Together, it seems that

optimal resistance to 7. gondii infection depends on multiple TLRs.
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1.4 Dendritic Cells

The activation and maturation of DCs in response to infection plays a key role in initiating
the innate and adaptive immune responses. DC maturation and activation is defined by the
up-regulation of cell-surface major histocompatibility complex (MHC) and co-stimulatory
molecules (18). In response to local infection, antigen loaded DCs migrate from the site of
infection to the spleen and draining lymph nodes and present antigen to naive T cells.
During T. gondii infection, the production of IL12 by DCs biases the CD4" T cell response

to a parasitic-specific Th1 immune response (19).

Many attempts have been made to prove that DCs are the major source of IL12 after 7.
gondii infection (20, 21). For example, depletion experiments using CD11c-diphtheria
toxin (DT) transgenic mice or selective depletion of MyD88 in CDI11c expressing cells
using the CDI1lc-Cre mice exhibit a decrease in IL12 production and increased
susceptibility to 7. gondii infection (22, 23). However, CD11c is expressed on several DC
subsets and is also expressed on some macrophage subsets. More recent studies using
Batf3-deficient mice, a transcription factor selectively expressed in CD8o.” conventional
DCs (cDC), suggests that in vivo, the CD8a.” ¢DC subset is the primary source of IL12

production after infection with 7. gondii (21).

1.5 Macrophages

Macrophages, together with DCs, provide the first line of cell-mediated defense in
response to infection. Besides the production of pro-inflammatory cytokines such IL12,
the major functions of macrophages are to detect, through several different PRRs on their
cell surface, and eliminate, through phagocytosis, pathogen. To limit the initial
dissemination and growth of pathogen, macrophages turn on their microbicidal effector
mechanism such as phagolysosomal degradation and production of reactive oxygen
intermediates (ROI) and nitric oxide (NO) (24, 25). Like DCs, macrophages are
professional antigen presenting cells, and together with DCs, they trigger the adoptive

immune system, including T cell activation.
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Activated macrophages play a critical role in the host response to 7. gondii infection by
producing ROI and NO. Among the important molecules needed for macrophage
activation, IFNy is produced by NK and T cells whereas TNFa is produced by the
macrophages themselves in response to PAMPS (24). These two signals lead to

upregulation of inducible nitric oxide synthase (iNOS) and p47 GTPases (26).

Separately, activated macrophages are able to eliminate parasites that have invaded the
cell. Invading parasites build a protective parasitophorous vacuole (PV) where the parasite
undergoes several rounds of replication and then lyses the PV resulting in destruction of
the host cell. The elimination of invaded parasites inside the PV is thought to be mediated
by the process of autophagy (27). Interaction of CD40/CD40L can trigger the IFNy-
independent process of autophagy (28, 29). Autophagosomes surround the PV and initiate
lysosomal degradation of the parasite. An IFNy-dependant mechanism for elimination of
parasites is the activation of p47 GTPases. IFNy induced activation the GTPases causes
GTPase migration to the PV where they disrupt it and release the parasites from the

protective vacuole. The mechanism of this process is still unclear (26, 30).

To prevent immune-mediated pathology and survival after 7. gondii infection, the
production of pro-inflammatory cytokines has to be in balance with anti-inflammatory
cytokines such as IL10 (5, 25). Another important function of macrophages, together with
DCs and Th2 T cells during the mid-to-late acute phase, is the production of IL10. IL10
inactivates the microbicidal activity of DCs, T cells, NK cells and macrophages
themselves. It inhibits antigen processing and presentation, as well as pro-inflammatory

cytokine and chemokine production (5).

1.6 CD169" macrophages

Microorganisms arrive in the lymph node through the lymphatic vessels, which are located
directly under the capsule. Here, specialized macrophages capture pathogens/antigen (31-
33). Some CD169" macrophages in the lymph node reside in this area and are called
subcapsular sinus (SCS) macrophages. Very little is known about the biological features

or development of CD169" SCS macrophages. However, researchers are starting to
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investigate the immunological function of these cells. In general, CDI169" SCS
macrophages are poor phagocytic cells, but they are very efficient in capturing small
quantities of particulate antigen. This is in contrast to medullary macrophages, which are

known to capture large quantities of antigen and are better phagocytic cells (34).

To study the function of SCS macrophages, two-photon imaging was used (31-33, 35-37).
The ability of SCS macrophages to capture antigen from the lymphatics and present it for
recognition by follicular B cells was demonstrated (32). SCS macrophages are also able to
present immune complexes through non-cognate recognition by follicular B cells using
complement receptors 1 and 2 (38). In addition, it has been shown that CD169"
macrophages are able to activate CD8" T cells through cross-presentation of tumor
antigens, while DCs were not essential for cross-presentation (35). Further, the activation
of invariant natural killer T cells (iNKT) by presentation of lipid antigen by CD169"
macrophages was shown (36). These studies demonstrate the important role of CD169"

macrophages to capture and present antigen to different cell types for activation.
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Figure 2. Graphic representation of SCS macrophages capturing and presenting antigen to B cells
(Figure is published in Martinez-Pomares et al, 2007)

Depletion experiments have shown that SCS macrophages serve as a barrier to the
peripheral nerves and therefore the central nervous system. In mice in which SCS
macrophages were depleted, mouse vesicular stomatitis virus (VSV) was able to access
the CNS, and susceptibility to the virus was increased. This increased susceptibility was
also attributed to decreased pDC recruitment to the subcapsular region and decreased type
1 interferon (IFN-1) production. Therefore, SCS macrophages were responsible for the
recruitment of pDC to the subcapsular sinus region, and they were identified as an IFN-1

producing cell type after VSV infection (37).



Introduction

1.7 Neutrophils

Another IL12 producing cell type is neutrophils (39-41). However, the protective function
of neutrophils during 7. gondii infection is still controversial. Neutrophils are bone
marrow derived immune cells, which, under steady-state conditions, are short lived in the
bloodstream. During infection, neutrophils are rapidly recruited to the site of infection in
response to a variety of chemo-attractants, where they phagocytose and release anti-
microbal components to kill the pathogen (42). Another important function of neutrophils
is the release of pro-inflammatory chemokines and cytokines to attract other immune cells

to the site of infection (43).

A number of studies have reported a large influx of neutrophils after 7. gondii infection.
However these responses have been observed after non-physiologic, high dose
intraperitoneal (ip) infection with a highly virulent 7. gondii strain (RH), in which the host
is unable to control the infection (40). More recently, oral inoculation, with an avirulent 7.
gondii strain, did not show a large influx of neutrophils to the site of infection (44). In
addition, neutrophils have been proposed to play a protective role in response to 7. gondii.
Depletion experiments using Grl (clone RB6-8C5) antibody suggested a critical and
protective role of neutrophils during 7. gondii infection (45, 46). However, Grl is also
expressed in high levels on IMs (47). Therefore, depletion with RB6-8C5 antibody led to a
depletion of neutrophils and IMs. In contrast, deletion experiments using an antibody
specific to neutrophils, Ly6G (1A8), demonstrated no such increase in susceptibility to

infection (48).

Multiple studies using different antibodies and different strains of knockout mice have
yielded a vast array of contradictory data (40, 44, 45, 48-50). Thus far, it appears that
neutrophils play an important role in host defense during T. gondii infection. However, the
role of neutrophils in 7. gondii infection remains controversial and their contribution to
control infection remains poorly defined. This highlights a need for additional research
into neutrophil interactions with infected cells and other immune cell subsets, which will

be a major focus of this thesis.
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1.8 Inflammatory monocytes

Murine monocytes are divided, by cell surface expression of lineage markers, into two
major subsets of monocytes: the CX3CR1hiCCR2'Ly6C' (referred to as Ly6C10W
monocytes) and CX3CR1"°CCR2 Ly6C" (referred as Ly6C™ monocytes). Both subsets are
derived from the bone marrow. After Listeria infection, Ly6C™ monocytes migrate to the
spleen and differentiate into so-called TNF/iNOS (Tip) producing DCs, where they play
an important role to control the infection (51, 52). While these cells express low levels of
CDl1c and produce high levels of TNFa and iNOS in a Listeria infection model, after 7.
gondii oral infection, Ly6Chi monocytes in the gut do not express CD11c and are referred

to in the literature as IMs (44).

The recruitment of TipDCs/IMs from the bone marrow into the bloodstream depends on
the concentration of CCL2, the ligand of CCR2, in the blood (51). Therefore, to
demonstrate the relevance of IMs after 7. gondii oral infection, survival and transfer
experiments were performed in CCR2 and CCL2 KO mice. T. gondii infected CCL2 and
CCR2 KO mice showed increased parasite burden and susceptibility when compared to
WT mice. The fact that the levels of IL12 and IFNy in these mice are unchanged suggests
that a deficiency in IMs results in lack of control of parasite replication rather than an

indirect alteration of cytokine production (44).

10
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1.9 Natural Killer cells

NK cells are a major source of [FNy in the very early phase of the immune response to 7.
gondii infection (53). IL12 initiates NK cell killing of infected cells. Factors stimulating
NK cell proliferation during infection are only beginning to be characterized. However, it
has been shown that NK cells constitutively express IL18 receptor o to bind ILI18
produced by macrophages and DCs. IL18 then stimulates the production of IFNy. But,
IL18 alone is not sufficient to drive NK cell proliferation. IL18 cooperatively acts with
IL15 to stimulate the proliferation of NK cells to enhance IL12 stimulus of NK cells to
produce IFNy (54).

NK cells develop in the bone morrow and circulate in the blood. After infection, NK cells
migrate to the lymph node and then to the site of infection where they release IFNy to
stimulate activated macrophages increasing cell-surface MHC class II expression. NK
cells express a variety of chemokine receptors. In particular, however, 7. gondii infected
CCRS5 KO mice had decreased numbers of NK cells, suggesting an important role for
CCRS5 in NK cell trafficking to the infection site in response to 7. gondii infection (55).

Production of IFNy by NK cells is stimulated by IL12, which is produced by different
innate immune cell subsets. But, it has been shown that direct interactions between DCs
and NK cells enhances production of IFNy by NK cells as well as increasing 1L12
production by DCs. The interaction between NK cells and DCs is mediated through the
NKG2D receptor expressed on NK cells and the ligand expressed on DCs. While NKG2D
ligands are not generally expressed on normal cells, they are up-regulated in transformed,

stressed or infected cells (56).

11
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1.10 T cell immune response

As described above, during the early immune response to 7. gondii, IFNy is induced ina T
cell-independent manner, in particular though the up-regulation of IL12 by NK cells. This
IFNy, which is present before T cell recruitment, limits the replication and promotes the
killing of the parasite through activation of microbicidal macrophages (7). Another
important feature of IFNy is to direct synthesis of chemoattractants such as macrophage
induced gene (MIG) or IFNy inducible protein-10 (IP10) to recruit T cells and initiate the
development of T helper (Th) precursor cells (57).

In this early stage of infection, T cells are recruited by different chemoattractants to the
site of infection. The cytokine milieu, especially IFNy, promotes the differentiation toward
Th cells. Through the recognition of antigen, presented by antigen presenting cells
(APCs), by Th precursor cells, the differentiation and proliferation to Thl cells is initiated,
and cytokines such as IL2 and additional IFNy are produced (58). Further, the release of
IL2 in the system triggers the activation and proliferation of antigen-specific CD8"
effector T cells. These antigen-specific CD8" effector T cells have cytotoxic activity,
which leads to the killing of infected cells and more IFNy production. Altogether, the
activation of T cells creates a feedback loop that induces the production of more IFNy

(59).

The importance and protective function of CD8" T cells in the acute and chronic stage of
infection has been demonstrated through adoptive transfer experiments. Mice challenged
with the highly virulent type 1 parasite strain prior to adoptive transfer of CD8" T cells
from infected or immunized mice demonstrate the highly protective function of CD8" T
cells (60). Depletion experiments during the chronic phase of infection showed increased
mortality and demonstrate the importance of CD8" T cells in long-term resistance to T.
gondii infection (60). In contrast, 7. gondii infected CD4 KO mice did not show changes
in mortality (61). To protect the host against 7. gondii infection, CD8" T cells need to
efficiently produce IFNy and differentiate to antigen specific effector CD8" T cells with
cytotoxic activity. Experiments with infected f3,-microglobulin (f,m) KO mice that lack

CD8" T cells leads to compensation for the lack of IFNy production by CD8" T cells in

12
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this system with an increased number of NK cells (62). Although f,m KO mice survive
the acute stage of infection, they succumb during the chronic stage of infection. In order
for CD8" T cells to differentiate into effector cells, the presence of IL2 produced by CD4"
T cells is required. Depletion of CD4" T cells leads to a failure in the generation of CD8"
T cell activity and antigen driven CD8" T cell proliferation (63). In T. gondii infected
MHC class 11 (AB) KO mice, where the CD4" population is missing, CD8" T cells
differentiate into effector cells and produce IFNy. The differentiation to CD8" effector T
cells in the absence of CD4" T cells in this model can be explained by the fact that CD4"
NK1.1" T cells provide IL2 for the development of CD8" effector T cells. CD4" NK1.1" T
cells develop in the thymus through a MHC class II-independent pathway, therefore CD4"
NK1.17 T cells are present in Ap KO mice and can provide CD8" T cells with IL2 (64).
However, as in the f;m KO mice, Af KO mice survive the acute phase of infection, but

not the chronic stage of infection.

The mode of antigen recognition by CD8" T cells during 7. gondii infection is unclear;
which cells are presenting antigen to CD8" T cells and their mechanisms of antigen
presentation is still not fully known. Antigen needs to be efficiently presented to CDS" T
cells by MHC I molecules. In general, for antigen presentation by MHC class I molecules,
the antigen needs to be in the cytoplasm for proteasomal processing. The peptides are
transported into the endoplasmic reticulum by the transporter associated with antigen
processing (TAP), where it is associated with the MHC class I heavy chain and (32-
microglobulin. Exocytosis to the cell surface allows presentation of the antigen-peptide to

CDS" T cells (65, 66).

MHC class II molecules acquire peptide that is generated by proteolytic degradation
within the phagolysosome in endosomal compartments. Therefore, proteins of these
peptides were endocytosed/phacytosed from the extracellular environment. The peptide
containing phagolysosome fuses with endosomes, the peptide associates with the MHC
class II moleces that are inside of the endosome, and the complex is then transported to the

cell surface for presentation to CD4" T cells (66).

Another mechanism of antigen presentation that may occur during 7. gondii infection is

cross-presentation of exogenous antigens by MHC class I molecules. However, the

13
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existing data are very controversial and the exact mechanism of this process is still poorly
understood (18, 67-69). One possible model is the transport of antigen through the parasite
protective PV into the cytosol. The PV functions as a molecular filter, which allows the
diffusion of small molecules (<1300 Da) (70). These molecules can then be presented
using the conventional MHC presentation pathways. Another possibility is a cross-priming

event, where one cell takes up antigen and presents it to another cell (71) (72).

The cell types and the relative contribution of these antigen presentation mechanisms
within the natural environment during infection are important questions that remain. One
of the goals of this thesis is to fill in gaps in our knowledge of antigen recognition by T
cells during T. gondii infection. We explore which cells are possible APCs and determine

if these cells are infected with parasite or not.

1.11 Role of the immune system in the pathological progression during

the acute phase of 7. gondii infection

Despite the important role of the immune system in protecting the host from 7. gondii
infection, the immune response itself can cause tissue pathology. During the acute phase
of infection after oral inoculation, the susceptible mouse strain C57BL/6, develops severe
intestinal pathology characterized by erosion of the intestinal villi and severe necrosis of
mucosal tissue. The pathology associated with the acute phase of infection may be
mediated by the overproduction of cytokines. Experiments with 7. gondii infected athymic
nude and euthymic B6 mice showed that mucosal pathology is a result of activated T cells
rather than parasite burden. Further experiments using CD4", CD8" and IL10 KO mice
showed that within the T cell populations, IFNy production by CD4" T cells mediated

necrosis of the small intestine (73, 74).

14
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2. Aims

One powerful method to study the dynamic behavior of immune cells during infection is
microscopy. Microscopy can provide information about when, where and how pathogens
and host cells interact within physiologically relevant tissue during infection. Widefield
epifluorescence microscopy and confocal microscopy have been used for dynamic in situ
imaging, but both methods are limited in their ability to penetrate into the tissue,
restricting analysis to the surface area. An alternative method is two-photon laser-
scanning microscopy (TPLSM). Similar to confocal microscopy, TPLSM uses a laser to
excite fluorescently labeled cells, but it uniquely allows imaging greater than 200
microns into the tissue with minimal photo-damage. Using TPLSM, we are able to
explore three-dimensional time-lapse imaging of intact living tissue where we attain
information about cell-cell interactions and cell motility in a physiological environment.
In the past, TPLSM has been primarily used to study the dynamics of the immune
response using model antigens, but the dynamics of the immune response to pathogens
remained underexplored (75, 76). In this thesis, TPLSM was used to understand the

immune response to the obligate intracellular parasite, Toxoplasma gondii.
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Aim 1: As described in the introduction, neutrophils play an important role during 7.
gondii infection. Although neutrophils may not be necessary for the protective immune

response against 7. gondii, they bolster and support the immune cells as they respond
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early and are quickly recruited to sites of infection. Early in infection, they participate in
IL12 production, which is crucial for protection against 7. gondii infection. Further, they
are a part of the immune response that is responsible for killing parasite invaded cells to
limit parasite dissemination throughout the host body. Another very important function
of neutrophils is the release of chemoattractants to initiate the recruitment of other

immune cells to the site of infection.

Despite the fact that neutrophils play an important role after infection, very little known
is about the behavior of this cell type in the lymph node. Therefore, the first aim of this
thesis is to study the behavior of neutrophils after 7. gondii infection. Using TPLSM, we
addressed the following questions: Are there unique characteristics of neutrophil
migration to sites of infection in the lymph nodes? How do neutrophils interact with
infected cells and what are the consequences of such interactions in a physiological
environment? Does the recruitment of neutrophils to the site of infection affect the local

architecture of the lymph node?

Aim 2: While two-photon imaging has been extensively used to study the behavior of
naive T cells, especially the interaction of T cells with DCs during T cell priming using
model antigens, the behavior of T cells during recall responses after pathogen infection is
still underexplored. The second aim of this thesis is to examine the dynamic behavior of
memory CD8" T cells in an intact lymph node in respect to their important protective
role during 7. gondii infection. We aimed to compare the localization and migration
patterns of of naive and memory CD8" T cells during T. gondii infection, as well as
characterize the naive and memory T cell interactions with infected cells and determine

the consequences of such interactions.

Aim 3:

Toxoplasma gondii is able to persist, in the form of cysts, in the brain of the host and to
establish a life-long chronic infection. To keep the infection under control and to prevent
the reactivation of infection, the presence of an active immune response in the brain is
necessary. As illustrated in the introduction, CD8" T cells play a key role during the
chronic stage of infection and protect the host through the production of pro-
inflammatory cytokines. However, how CD8" T cells behave in chronically infected

brain and if and with which APCs they interact with has not yet been explored. The final
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part of this thesis is to examine the behavior of effector CD8" T cells in the brain during
the chronic stage of infection. We further characterized the T cell response to 7. gondii
in the brain as well as identified important APC subsets, and we addressed whether
CDS" T cells in the brain interact with cells containing intact cysts or respond to isolated

parasites.
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Experimental contribution

Out of 6 figures, 3 supplementary figures and 14 supplementary movies, I performed the
experiments presented in Figure 1, Figure SA-5D and Figure 6. In addition, I was

involved in the setup of the experiments to generate the supplementary movies.
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Experimental contribution

Out of 9 figures and 11 supplementary movies, | performed the experiments presented in

Figure 1E, Figure 4A and 4C, Figure 7 and Figure 8A.
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6. Discussion

In this thesis, the dynamic behavior of neutrophils and CD8" T cells during Toxoplasma
gondii infection was determined. To supplement the known function of neutrophils and
CD8" T cells, TPLSM was used to explore the behavior of these cells in three-

dimensional intact living tissues, in response to natural antigen.

To study immune cell migration and interactions with infected cells within a
physiological environment, we took advantage of the highly synchronized earflap model,
where we inject large numbers of the fluorescently labeled 7. gondii parasites into the
earflap and examine the behavior of immune cells in the draining lymph node shortly
after infection by two-photon and confocal microscopy. We, and others, have found that
after subcutaneous injection of 7. gondii or other particulate antigen, the parasite or
antigen drains through the lymphatics to the draining LNs and gets captured
predominantly by CD169" subcapsular macrophages (31-33, 77). CD169" macrophages
are distinct from other macrophages particularly in their location in the LN. Very little is
known about the function of these macrophages, but as mentioned in the introduction,
CD169" macrophages are able to release cytokines such as type 1 interferon (IFN-1) and
are responsible for recruiting other immune cells such as pDCs to the infection site (37),
possibly by release of chemoattactants. Our results agree with previous results; we
observed rapid recruitment of neutrophils and antigen independent relocalization of
memory and naive T cells to the infection site, strongly suggesting that recruitment of
these immune cell subsets is directed by the production of different chemoattractants by

highly infected CD169" macrophages after T. gondii infection.

As alluded to earlier, we showed that neutrophils rapidly migrate through the lymphatics
and blood vessels to the site of infection in the lymph node and form transient and
persistent dynamic swarms presumably triggered by local chemokine production. This
dynamic behavior seems to be initiated by the release of multiple chemoattractants,
which are produced and released by neutrophils themselves as well as upon parasite
egress from cells. Interestingly however, we found that removal of CD169" macrophages

occurs as a consequence of neutrophil swarm formation. Both features of neutrophil

24



Discussion

behavior, swarm formation and removal of CD169" macrophages, were also observed
under a more physiologically relevant infection model-after oral infection in the MLN.

The consequences of CD169" macrophage removal by neutrophils remain unknown. It is
clear that these macrophages are especially important when antigens/microorganisms are
arriving through the lymphatics into the LN, and in this scenario, these cells contain most
of the antigen/microorganisms. Flow cytometry data suggest a decrease in numbers of
CD169" macrophages after infection, suggesting that CD169" macrophages were killed,
removed or changed their phenotype rather than relocalized to another part of the LN.
Swarm formation and removal of CD169" macrophages was seen primarily in areas
where CD169" macrophages were heavily infected. Therefore, one explanation for
removing the layer of infected CD169" macrophages could be to find a balance between
the presence of these crucial macrophages to support the immune response or to kill
infected host cells to prevent the spread of infection. Another explanation could be that
the removal of CD169" macrophages has immunoregulatory functions. It is possible that
the purpose of CD169" macrophage depletion is to regulate or subdue the production of
chemoattractants and control the recruitment of different cells. In vitro experiments have
shown that after LPS and CpG treatment, CD169" macrophages are able to produce
different cytokines and chemoattractants such as RANTES and MIP-1a (35). It is still
unclear what the impact of CD169" macrophage removal by neutrophils has on the

production of cytokines and the downstream immune response.
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Figure 3. Time line of neutrophil and T cell recruitment after 7. gondii earflap infection.
A. In a resting lymph node, naive and memory T cells are evenly distributed in the T cell zone of the
lymph node. B. Between 1 and 3 hrs post earflap infection, neutrophils migrate to the site of infection and
remove CD169" macrophages through swarm formation. C. 5 hrs post infection, memory and naive T cells
relocalize to the subcapsular sinus and form clusters around infected CD169" macrophages.

Our data contribute to recently appreciated roles of CD169" macrophages to shape the

immune response through the release of chemokines after infection, and also to present

25



Discussion

antigen to CD8" T cells. To study antigen-specific interactions between CD8" T cells and
infected CD169" macrophages, we took advantage of genetically engineered parasites
expressing a red fluorescent protein (RFP) and the model antigen OVA as well as OVA-
specific, OT1 TCR transgenic T cells. We found that, as characteristic of a memory
response, during the very early stages of infection, memory T cells relocalized more
rapidly to the site of infection and migrated significantly faster than naive T cells.
Further, we found antigen independent relocalization of memory and naive T cells
towards the foci of infection, suggesting a relocalization of T cells as a response to
chemoattractants from the site of infection. Furthermore, we observed antigen dependent
stable T cell cluster formation around infected CD169" macrophages, suggesting that
infected CD169" macrophages are also able to present antigen efficiently to CD8" T
cells. This is in agreement with previous data showing that CD169" macrophages act as
APCs and present antigen to B cells (31, 38). The majority of stable T cell clusters were
seen around CD169" macrophages and DCs. While a large part of T cell clusters
surrounded infected CD169" macrophages, the DCs around which T cell clusters formed
did not contain visible parasites, suggesting that the antigen presented by DCs was
presented via cross-presentation. This is an intriguing finding since in other systems it
has been shown that CD169" macrophages can cross-present tumor antigens whereas
DCs cannot. Thus, the mechanisms of cross-presentation and the cell types presenting
antigen in this manner may be specific to the type of antigen involved.

Clusters of T cells consisted of both memory and naive T cells. Naive and memory T
cells within a cluster had similar behavior; both were able to form long-lasting contacts
with infected cells. In addition, we observed T cell clusters break up, where T cells and
parasites disperse rapidly. Surprisingly, in some of these cases, we observe invasion of T

cells by the parasite.
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Figure 4. Infected T cells contribute to parasite dissemination.
Within the supcabsular sinus, T cells cluster around infected CD169" macrophages. During this process,
clusters of T cells break up and the parasites invade T cells. Egress of infected T cells from the lymph node
contributes to parasite dissemination.

One unexpected result reported in this thesis is the invasion of T cells by parasites after
antigen-dependent cluster formation. The question of how parasites access various
tissues is still poorly understood. Previous studies have suggested that 7. gondii infected
DCs and macrophages contribute to parasite dissemination throughout the host body (2,
3). Another cell type that could be used as a “Trojan horse” is T cells. We saw in three
different experimental setups, that parasites invaded CD8" T cells during stable antigen-
dependent contacts-after earflap infection in the cervical lymph node, after oral infection
in the MLN and during the chronic phase of infection in the brain. Further, we saw that
~50% of infected cells in the MLN and blood after oral infection were T cells. There are
several scenarios that could explain the high infection rate of T cells. One possibility
could be cell composition of the MLN, where 40% of the cells in the MLN are T cells.
Also, we observed invasion of T cells after tight contacts, such that T cells are positioned
such that they are the first cellular host seen after parasite release from another infected
cell. Further, previous data has shown that Fas/FasL interactions and perforin release
trigger parasite egress from the host cell (78). This complements our observations that
parasite invasion of CD8" T cells occurs predominantly during tight contacts with
infected cells and may reflect directed killing of the infected target cell. In addition, to
test the contribution of infected T cells to parasite dissemination, we blocked T cell
egress from the LN and saw decreased parasite spread beyond the MLN. Altogether, our
data provide evidence that infected T cells may provide a route for the parasite to

disseminate throughout the host body.
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CDS" T cells play a protective role during the chronic phase of T. gondii infection.
Whether CD8" T cells protect the host through cell-cell mediated recognition or through
production of cytokines such as IFNy is still unknown. To study and visualize the
interaction of specific T cells with APCs in the brain of chronically infected mice, we

used two-photon and confocal microscopy.

We found that during chronic infection, antigen-specific CD8" T cells migrated to the
brain and accumulated in regions with isolated parasites, whereas in areas with no visible
parasites or intact cysts, the density of CD8" T cells was lower. Furthermore, CD8" T
cells ignored cells with cysts, but they slowed down and transiently arrested close to
areas with cells infected with individual parasites. These isolated parasites were often
found in or near CD11b" aggregates, but cysts were never observed within these CD11b"
aggregates. These CD11b" aggregates have very similar structures to granulomas seen in
the liver after Mycobacterium bovis infection (79). In this system, granuloma seem to
serve as a physical barrier to prevent bacterial dissemination during the chronic phase of
infection. The function of CD11b" granuloma-like structures in chronically infected
brain remains unclear; further investigation will help to determine the function of these

granuloma-like structures.

Further, we found that CD8" T cells in the CD11b" aggregates migrate more slowly and
arrested more frequently compared to T cells outside of the CD11b" aggregates. In the
past, antigen-recognition, effector function, and priming of CD8" T cells are associated
with arrest and cluster formation of CD8" T cells (75). Neither the arrest nor clustering
of CD8" T cells was observed in chronically infected brains. However, very recent two-
photon data showed that transient interactions between APCs and T cells could be linked
to antigen recognition, during low levels of antigen (80, 81). In the chronic phase of T.
gondii infection, most of the parasites are “hidden” in cysts and most 7. gondii antigen is
most likely coming from ruptured cysts. Therefore, a low level of antigen is present in
chronically infected brains, which could be one of the reasons for such a different
behavior of CD8" T cells in the brain compared to the CD8" T cells during the acute
phase in LNs. Altogether, these behaviors suggest that CDS"™ T cells do not recognize

cells containing cysts, CD8" T cells within granuloma structures recognize antigen.
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Another notable behavior of CD8" T cells within the granuloma-like structures is that
they did not interact with isolated parasites; they more often appeared to be evenly
distributed throughout the entire aggregate. This behavior suggests detection of antigen
on aggregates of APCs rather than presented from single cells, and it seems that antigen
presentation may occur through cross-presentation rather than through the classical MHC
class I antigen presentation pathway. Recent studies in other tissues showed evidence of
T. gondii antigen being cross-presented to CD8" T cells (68, 69). Unfortunately, the
exact pathway of cross-presentation is still unclear. Understanding the mode of cross-
presentation during 7. gondii infection may clarify the mechanisms of antigen-
presentation within granulomas in a chronically infected brain. Together, these
observations indicate the presence of ongoing antigen recognition in the brain during the

chronic stage of infection.
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Figure 5. Illustration of antigen-presentation by granuloma-like structures to CD8" T cells.

CD8" T cells interact with granuloma-like structures and are present at a higher density in areas with single
parasites but ignore cysts.

L BN

In summary, the current thesis starts to characterize the early immune response in lymph
nodes using living parasites expressing the model antigen OVA. We found that CD8" T
cells migrate in an antigen-independent manner to the subcapsular sinus of the lymph
node, the site of infection, and interacts there in an antigen-dependent manner with

infected CD169" macrophages. This T cell response may be modulated through another
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observation of ours: the CD169" macrophage layer is diminished during neutrophil
swarm formation. Further, we found that CD8" T cells form transient, antigen-dependent
contacts with granuloma-like aggregates in the brain, but ignored cells with intact cysts.
Our work provides information about how the immune cells recognize and interact with
each other, which contributes to our understanding of the immune system and the

mechanisms by which it protects us from pathogens.
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7. Summary

Toxoplasma gondii is an intracellular protozoan parasite that infects most warm-
blooded animals. While in healthy individuals the infection is asymptomatic, in
immunocompromised individuals, the infection can lead to serious diseases. Like the
human, the mouse is a natural host for the parasite, and the mouse immune response to
T. gondii is similar in many respects to the human. Therefore, mouse models provide
an excellent experimental model for understanding the process of the immune response
to 7. gondii infection. To understand how the mammalian immune system responds to
T. gondii during the acute and chronic phase of infection, two-photon laser scanning
microscopy was used to visualize and track the dynamics and interactions between

parasites and immune cells in living tissues such as the lymph node and brain.

To study very early immune events after 7. gondii infection, we chose a highly
synchronized system where high numbers of the parasites were injected into the
earflap. In this system, the parasites arrive within minutes of inoculation in the draining
lymph nodes and get captured by subcapsular sinus macrophages. We found that at the
very early stage of infection, neutrophils migrate to the lymph node and start to form,
in cooperative action, transient and persistent swarms in highly infected areas. Further,
we could correlate swarm formation with removal of CD169" macrophages at the
subcapsular sinus, which may be a defense mechanism to prevent further spread of the
parasite. Shortly after neutrophil recruitment, CD8" T cells migrate to foci of infection
and form antigen-specific clusters with remaining infected CD169" macrophages at the
subcapsular sinus. During these stable interactions, target cells are lysed, and parasites

often invade T cells, contributing to parasite dissemination to other tissues.

The parasite 7. gondii has developed strategies to escape the immune system and to
hide in organs, such as the brain, where the entry of immune cells is restricted. These
organs need to have special immune regulatory mechanisms to prevent the reactivation
of inflammation. We found that during chronic phase of infection, CD8" T cells did not
interact with intact cysts, but instead responded to granuloma-like structures in the
brain that contained individual parasites or had isolated parasites nearby. CD8" T cells

within the granuloma structures move slowly and arrested more frequently compared to
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CDS" T cells outside of the granuloma structures, consistent with ongoing antigen
recognition. But, within the granuloma structures, CD8" T cells did not slow or arrest
near parasites. Rather, the CD8" T cells were distributed evenly in the entire granuloma
structure. Here we hypothesize that those granuloma structures cross-present antigens

to CD8" T cells.

Studies to characterize the behavior of additional immune cells will allow us to fill in
the gaps of the immune response and allow us to build a complete picture of the
orchestration of an immune response during infection. Our work provides information
about how the immune cells recognize and interact with each other, which contributes
to our understanding of the immune system and the mechanisms by which it protects us

from pathogens.
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8. Zusammenfassung

Toxoplasma gondii 1ist ein einzelliger, intrazelluldrer Parasit, der die meisten
warmbliitigen Tiere infizieren kann. Wihrend bei gesunden Individuen eine Infektion
mit 7. gondii meist asymptomatisch verlduft, kann eine Infektion bei
immungeschwichten Individuen zu schweren Krankheiten fithren. Das Mausmodell
eignet sich ausgezeichnet als experimentelles Tiermodell, um die Immunantwort auf
eine 7. gondii-Infektion zu untersuchen und zu verstehen, da die Maus ebenso wie der
Mensch ein natiirlicher Wirt des Parasiten ist und zudem die Immunantwort der Maus

in vielerlei Hinsicht der Immunantwort des Menschen dhnelt.

Um die Dynamik und die Interaktionen zwischen infizierten Zellen und Immunzellen
in lebendem Gewebe, wie Lymphknoten und Gehirn, wéhrend einer Infektion zu
visualisieren und zu verfolgen, wurde die Zwei-Photonen-Laserscanner-Mikroskopie

verwendet.

In dieser Arbeit wurde zur Untersuchung der Immunantwort nach einer Infektion mit 7.
gondii ein hochsynchronisiertes System genutzt, bei dem zundchst eine groBle Dosis
von T. gondii-Parasiten in die Ohrmuschel von Maiusen injiziert wird. AnschlieBend
gelangen die Parasiten von dort durch das lymphatische System innerhalb weniger
Minuten nach der Injektion in die nahegelegenen Lymphknoten, wo sie von
subkapsuldren Makrophagen ,,eingefangen‘ werden.

In dieser Arbeit wurde gezeigt, dass in der frithen Phase nach der Ohrmuschel-
Infektion neutrophile Zellen zu den Lymphknoten und innerhalb dieser in die Regionen
mit verstérkt infizierten Zellen wandern, bei denen es sich hauptsichlich um CD169"-
Makrophagen handelt. Dort bilden die neutrophilen Zellen transiente und persistente
Schwirme. Des Weiteren belegt diese Arbeit, dass die Bildung der Schwidrme von
neutrophilen Zellen mit einem Riickgang von CD169"-Makrophagen am subkapsuliren
Sinus korreliert. Bei diesem Vorgang konnte es sich um einen Mechanismus handeln,
der die Dissemination der Parasiten verhindern soll. Kurz nach der Rekrutierung von
neutrophilen Zellen wandern auch CD8'-T-Zellen zum Infektionsherd und bilden im
subkapsuldren Sinus antigenspezifische Cluster mit den verbliebenen infizierten

CD169"-Makrophagen. Wihrend dieser stabilen Interaktion kommt es zur Lysis der
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infizierten Zellen, wobei die freigesetzten Parasiten anschlieBend in die nahegelegenen

T-Zellen eindringen und sich somit in andere Gewebe ausbreiten.

Der Parasit T. gondii hat verschiedene Strategien entwickelt, um der Immunantwort zu
entgehen und sich in Organen mit limitiertem Zugang fiir Immunzellen, wie z.B. dem
Gehirn, zu verbergen. Diese Organe bendtigen daher spezielle, immunregulatorische
Mechanismen, um ein Wiederaufflammen der Entziindung zu verhindern. In der
vorliegenden Arbeit konnte gezeigt werden, dass die CD8'-T-Zellen im Gehirn
wéhrend der chronischen Phase einer Infektion nicht mit Zellen interagieren, die mit
intakten Zysten infiziert sind, sondern mit Granulom-dhnlichen Strukturen, die einzelne
Parasiten beherbergen oder isolierte Parasiten in unmittelbarer Nachbarschaft
aufweisen. Konsistent mit einer fortwihrenden Antigen-Erkennung bewegen sich die
CDS8"-T-Zellen innerhalb der Granulom-Strukturen langsamer und stoppen haufiger als
CDS8'-T-Zellen auBerhalb der Granulom-Strukturen. Allerdings erfolgt diese
Verlangsamung bzw. das Anhalten der CD8"-T-Zellen in den Granulom-Strukturen
nicht im Zusammenspiel mit infizierten Zellen, sondern die CD8"-T-Zellen verteilen
sich vielmehr gleichméBig in der gesamten Granulom-Struktur. Das fiihrt zu der
Vermutung, dass den CDS8'-T-Zellen die Antigene in diesen Granulom-Strukturen

durch cross-presentation prasentiert werden.

Diese Arbeit liefert Informationen dariiber, wie sich Immunzellen erkennen und
miteinander interagieren, und trigt so zum Verstindnis iiber das Immunsystem und
seiner Mechanismen bei, mit denen es uns vor Krankheitserregern schiitzt. (Zudem
bringt diese Arbeit neue Erkenntnisse liber die Art und Weise, auf die der Parasit 7.
gondii der Immunantwort entgeht.) Allerdings muss insbesondere das Verhalten
anderer an der Immunantwort beteiligter Immunzellen in weiteren Studien
charakterisiert werden, um ein noch umfassenderes Bild der Immunantwort auf eine 7.

gondii-Infektion zu erhalten.
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