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Abstract
Toxoplasma gondii is an obligate intracellular parasite that infects all warm-blooded vertebrates including one third of
the global human population. While infection is typically asymptomatic in healthy human hosts, reactivated and acute
infection in immunosuppressed or immunecompromised individuals can lead to lethal toxoplasmic encephalitis After
ingestion, the parasite crosses the intestinal epithelium and rapidly achieves systemic dissemination, ultimately establishing
chronic infection in the brain. Shortly after crossing the intestinal epithelium T. gondii encounters dendritic cells (DCs).
Paradoxically, T. gondii tachyzoites exploit the inherent migratory ability of DCs for dissemination via a “Trojan horse”
mechanism. Within minutes of active invasion by T. gondii tachyzoites, DCs adopt a hypermigratory phenotype that
mediates rapid systemic dissemination of T. gondii in mice. Previous studies have demonstrated that the hypermigratory
phenotype involves cytoskeletal rearrangement, redistribution of integrins and high-velocity in vitro cell migration (termed
hypermotility), which is initiated by GABAergic signaling. However, the downstream effectors of GABAergic signaling
in parasitized DCs remain enigmatic. Leukocyte migration often relies on adhesion and proteolysis of extracellular matrix
(ECM). However, the role of ECM proteolysis in hypermigration has not been addressed. In this thesis, the migratory
activation of T. gondii-infected DCs is characterized in terms of cell signaling and ECM proteolysis.

In paper I we demonstrate that MMP-mediated proteolytic activity of DCs is abolished upon T. gondii infection. To
investigate DC pericellular proteolysis at the single cell level, we developed a high-content imaging and automated image
analysis method. With pharmacological inhibitors and gene silencing, we show that T. gondii-infected DCs lose the ability
to degrade ECM through the upregulation of TIMP1 and the loss of podosome structures.

In paper II we show that the hypermigratory phenotype induced by GABAergic signaling in T. gondii-infected DCs
is dependent on L-type voltage dependent Ca2+ channel (L-VDCC) activation, predominantly CaV1.3. Pharmacological
antagonism of CaV1.3 and gene silencing of cav1.3 blocked hypermotility. Further, inhibition of L-VDCCs with benidipine
significantly reduced T. gondii dissemination in a mouse model.

In paper III we address the impact of TIMP1 on the migratory activation of T. gondii-infected DCs. Using
pharmacological antagonism and shRNA-mediated gene silencing, we demonstrate that secreted TIMP1 induces motility
and migration in T. gondii-infected DCs by activating ITGB1-FAK signaling through interactions with CD63.

In paper IV we report that the GTPase Ras functions as a molecular switch in the migratory activation of T. gondii-
infected DCs. We identify that VDCC-CaM-CaMkII and Met signaling converge on Ras-mediated Erk phosphorylation
leading to migratory activation of T. gondii-infected DCs.

In summary, my thesis details novel host signaling pathways hijacked by the protozoan parasite T. gondii in Trojan
horse DCs for dissemination. Through the investigation of host-parasite interactions, we shed new light on mechanisms
that govern leukocyte migration and strategies employed by T. gondii to achieve pervasive dissemination. Gaining further
insights into the biology that underlies T. gondii pathogenesis and persistence will help ameliorate toxoplasmosis in at-
risk groups.

Keywords: Apicomplexa, leukocyte motility, dendritic cell, amoeboid migration, host-parasite interactions, podosome,
integrin, ITGB1, ECM, MAT, TIMP, MMP, MAPK, Erk, RTK, HGFR, Ras, calcium, VDCC, VGCC, calmodulin, CaMkII,
CD63, FAK, SRC, Pi3k, hypermigration.
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Thesis abstract 
Toxoplasma gondii is an obligate intracellular parasite that infects all warm-blooded verte-
brates including one third of the global human population. While infection is typically asymp-
tomatic in healthy human hosts, reactivated and acute infection in immunosuppressed or 
immunocompromised individuals can lead to lethal toxoplasmic encephalitis After ingestion, 
the parasite crosses the intestinal epithelium and rapidly achieves systemic dissemination, 
ultimately establishing chronic infection in the brain. Shortly after crossing the intestinal ep-
ithelium T. gondii encounters dendritic cells (DCs). Paradoxically, T. gondii tachyzoites exploit 
the inherent migratory ability of DCs for dissemination via a “Trojan horse” mechanism. 
Within minutes of active invasion by T. gondii tachyzoites, DCs adopt a hypermigratory phe-
notype that mediates rapid systemic dissemination of T. gondii in mice. Previous studies have 
demonstrated that the hypermigratory phenotype involves cytoskeletal rearrangement, re-
distribution of integrins and high-velocity in vitro cell migration (termed hypermotility), which 
is initiated by GABAergic signaling. However, the downstream effectors of GABAergic signal-
ing in parasitized DCs remain enigmatic. Leukocyte migration often relies on adhesion and 
proteolysis of extracellular matrix (ECM). However, the role of ECM proteolysis in hypermi-
gration has not been addressed. In this thesis, the migratory activation of T. gondii-infected 
DCs is characterized in terms of cell signaling and ECM proteolysis 

In paper I we demonstrate that MMP-mediated proteolytic activity of DCs is abolished upon 
T. gondii infection. To investigate DC pericellular proteolysis at the single cell level, we devel-
oped a high-content imaging and automated image analysis method. With pharmacological 
inhibitors and gene silencing, we show that T. gondii-infected DCs lose the ability to degrade 
ECM through the upregulation of TIMP1 and the loss of podosome structures.  

In paper II we show that the hypermigratory phenotype induced by GABAergic signaling in 
T. gondii-infected DCs is dependent on L-type voltage dependent Ca2+ channel (L-VDCC) acti-
vation, predominantly CaV1.3. Pharmacological antagonism of CaV1.3 and gene silencing of 
cav1.3 blocked hypermotility. Further, inhibition of L-VDCCs with benidipine significantly re-
duced T. gondii dissemination in a mouse model. 

In paper III we address the impact of TIMP1 on the migratory activation of T. gondii-infected 
DCs. Using pharmacological antagonism and shRNA-mediated gene silencing, we demon-
strate that secreted TIMP1 induces motility and migration in T. gondii-infected DCs by acti-
vating ITGB1-FAK signaling through interactions with CD63.  

In paper IV we report that the GTPase Ras functions as a molecular switch in the migratory 
activation of T. gondii-infected DCs. We identify that VDCC-CaM-CaMkII and Met signaling 
converge on Ras-mediated Erk phosphorylation leading to migratory activation of T. gondii-
infected DCs. 

In summary, my thesis details novel host signaling pathways hijacked by the protozoan par-
asite T. gondii in Trojan horse DCs for dissemination. Through the investigation of host-par-
asite interactions, we shed new light on mechanisms that govern leukocyte migration and 
strategies employed by T. gondii to achieve pervasive dissemination. Gaining further insights 
into the biology that underlies T. gondii pathogenesis and persistence will help ameliorate 
toxoplasmosis in at-risk groups. 

Key Words: Apicomplexa, leukocyte motility, dendritic cell, amoeboid migration, host-para-
site interactions, podosome, integrin, ITGB1, ECM, MAT, TIMP, MMP, MAPK, Erk, RTK, HGFR, c-
Met, Ras, GABA, calcium, VDCC, VGCC, calmodulin, CaMkII, CD63, FAK, SRC, Pi3k, hypermigra-
tion  
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Populärvetenskaplig sammanfattning 
Toxoplasma gondii är en intracellulär parasit som infekterar alla varmblodiga djur inklusive 
människor. Uppskattningsvis är 30 % av världens befolkning kroniskt infekterade av para-
siten (15 till 25 % i Sverige). Människor smittas vanligtvis genom att äta kontaminerat kött. 
De flesta märker inte av infektionen eller upplever milda symptom vid smittotillfället. Dock 
riskerar personer med nedsatt immunförsvar att drabbas av livshotande toxoplasmos i 
hjärnan. Samt att smittas under graviditeten innebär en risk för fostret, då parasiten kan 
korsa placentan (moderkakan) vilket kan leda till missfall eller allvarliga fosterskador. Vid in-
tag av smittad mat, kläcks Toxoplasma-cystor i tarmen varefter parasiten passerar in i väv-
naden. Då parasiten kan invadera alla celltyper, infekteras patrullerande vitablodkroppar 
(immunceller). Ironiskt nog, är det just de celler som ska förgöra parasiten som fraktar den 
vida om i kroppen till viktiga organ som hjärnan. Infekterade immunceller omvandlas till hy-
permigratoriska ”trojanska hästar” genom molekylär kommunikation mellan parasiten och 
värdcellen. Målet med min avhandling har varit att kartlägga de intracellulära mekanismer 
som leder till ökad rörelseförmåga av infekterade vita blodkroppar (immunceller), d.v.s. kom-
munikationsmedel som används av Toxoplasma för att styra immuncellers rörelseförmåga 
och migration i vävnad.  

Då Toxoplasma infekterar både människor och möss, använder vi immunceller från möss 
som ett modellsystem för att förstå Toxoplasma-infektion i människor. Cell migration accel-
ereras vid igenkänning av extracellulära signaler. Igenkänningsprocessen leder till infor-
mationsöverföring genom cellmembranbundna receptorer eller jonkanaler. Vid aktivering, 
öppnas jonkanaler och släpper igenom joner som påverkar intracellulär biokemiska proces-
ser, vilket leder till förändrade cellbiologiska beteenden. Vid igenkänning av specifika 
molekyler initierar cellmembranbundna receptorer signaleringskaskader som påverkar in-
tracellulär-biokemi samt genuttryck. Immuncellers migration i vävnad uppnås på två sätt: 
antingen genom att cellen binder till sin omgivning och utsöndrar ”molekylära saxar” (pro-
teaser) som bryter ner vävnad; eller genom migration som baseras på ett dynamiskt flöde 
av molekyler i cellens främre ända. Vi visar att Toxoplasma infekterade immunceller anvä-
nder den senare typen av migration. Samt visar vi att Toxoplasma utnyttjar både jonkanaler 
och cellmembranbundna receptorer för att initiera hypermigration av immunceller. Genom 
att aktivera signaleringskaskaderna TIMP1-CD63-ITGB1-FAK, Met-Ras-Erk och VDCC-CaM-
CaMkII-Ras-Erk, initieras immuncellers rörelse vilket leder till ökad spridning av parasiten i 
värden. 
 Sammanfattningsvis visar vi i den här avhandlingen hur Toxoplasma aktiverar cellmigra-
tion av de celler som fraktar parasiten till vitala organ som hjärnan. Genom att ta över infor-
mationsflödet i värdcellen, lyckas Toxoplasma inducera en hypermigratorisk fenotyp i para-
siterade immunceller, vilket sannolikt ökar parasitens möjligheter till överlevnad och sprid-
ning. Att undersöka en parasit som samevolverat med däggdjur under miljontals år kan 
också öka vår förståelse för vår egen biologi. 
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Aims of thesis 
Main hypothesis. Toxoplasma gondii hijacks host cell signaling pathways to initiate high-
speed amoeboid hypermigration of infected dendritic cells to promote dissemination. 
 
To this end, the work presented in this thesis was guided by the following aims:  
 
I.! To characterize the MMP/TIMP axis and its role in T. gondii-infected DC hypermigration. 
 
II.! To study the role of Ca2+ signaling in the migratory activation of DCs upon T. gondii infec-

tion. 
 
III.! To characterize intracellular signaling events that underlie T. gondii-mediated hypermi-

gration of DCs. 
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CHAPTER 1. TOXOPLASMA GONDII 
The promiscuous protozoan 

The parasite Toxoplasma gondii infects all warm-blooded vertebrates including one third of the 
global human population (1). Acute infection is caused by the rapidly dividing tachyzoite stage. 
Upon pressure from the host immune system, tachyzoites differentiate into bradyzoites, which 
establish intracellular tissue cysts, predominantly in muscle cells and neurons in the brain (2). 
Gaining further insights into the biology that underlies Toxoplasma pathogenesis and persistence 
will help ameliorate toxoplasmosis in at-risk groups and potentially contribute to understanding 
the role Toxoplasma infection plays in psychiatric disorders. In Chapter 1, the life cycle and clinical 
relevance of T. gondii are introduced. 

1.1 |"Life cycle. Members of the Felidae family (cats) are definitive hosts for T. gondii, meaning that 
gametogenesis and sexual recombination only occurs in cats, while other warm-blooded verte-
brates are intermediate hosts. Recently, linoleic acid metabolism in the feline gastro intestinal tract 
was discovered to be the basis for this specificity (3). After ingestion by a definitive host, tissue cyst 
bradyzoites or oocyst sporozoites excyst in the intestine and invade epithelial cells, where game-
togenesis occurs. Gametes then fuse to form diploid oocysts, which are shed in cat feces and un-
dergo meiosis in the environment to yield eight haploid progeny sporozoites. Oocysts stay infec-
tive for several months in the environment (4). Intermediate hosts become infected with T. gondii 
after ingesting meat harboring tissue cysts (5) or ingesting oocysts (6). In the gut of an intermedi-
ary host, the parasite crosses the gut epithelium and differentiates into the tachyzoite stage, which 
replicates asexually in all nucleated cells through binary fusion, or endodyogeny, and constitutes 
the acute phase of infection. In the late phase of acute infection, tachyzoites succumb to pressure 
from the immune response, e.g. T lymphocytes (T cells), and differentiate into bradyzoites, which 
persist in a semi-dormant state within tissue cysts for the lifespan of the host (7). The data pre-
sented in this thesis involve experiments with tachyzoites used to investigate T. gondii dissemina-
tion.  

1.2 |"Parasite lineages, virulence & toxoplasmosis. In contrast to its vast host ranges T. gondii is 
the sole species of its genus. The majority of isolates of T. gondii in North America and Europe 
consist of three clonal lineages (type I, II and III) (8). However, higher diversity between isolates has 
been observed in South America, likely due to a higher frequency of sexual-stage genetic recom-
bination (9). Type I, II and III parasites differ in growth rate, bradyzoite to tachyzoite conversion, 
parasite motility, ability to cross biological barriers, induction of host cell signaling as well as pa-
thology during acute and chronic infection in mice (8, 10, 11). Type II strains cause the majority of 
infections in humans, which is reflected by their abundance in livestock (8). As T. gondii infects all 
warm-blooded vertebrates, rodents are a natural intermediate host and are commonly used as a 
model to study T. gondii host-parasite interactions. Parasites from the type I lineage are considered 
virulent, as defined by a lethal dose (LD) of one single parasite in mice (LD100 = 1), whereas type 
II and type III are considered intermediate or low virulence strains!(12).  
 One third of the global human population is chronically infected by T. gondii (1) and in the 
United States, T. gondii is the second leading cause of death due to food-borne illness (13). Treat-
ments targeting the acute phase of infection, the tachyzoite stage, exist and unlike for Malaria, low 
levels of drug resistance have been observed (14). However, no drugs that efficiently target chronic 
infection, i.e. the bradyzoite stage, exist. While infection is typically asymptomatic in healthy hu-
man hosts, reactivated and acute infection in immunosuppressed or immunocompromised indi-
viduals can lead to lethal toxoplasmic encephalitis (15). Infection can also cause severe ocular 
manifestations and, as T. gondii can cross the placenta, severe neurological damage in the growing 
fetus (16). Recent epidemiological studies have shown positive correlations between T. gondii se-
ropositivity and psychiatric disorders such as schizophrenia and bipolar disorder (17, 18). Studies 
in rats (19) and chimpanzees (20) have demonstrated that T. gondii infection lowers risk aversion 
as infected animals are significantly less repelled by the scent of predator’s urine. The severe clin-
ical manifestations of T. gondii infection in at-risk groups and the potential ability of the parasite to 
modulate host behavior motivates investigation into the mechanisms of T. gondii dissemination. 
In the work presented in this thesis, tachyzoites from the type II lineage were used in mouse mod-
els to study T. gondii dissemination.   
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CHAPTER 2. HOST-PARASITE INTERACTIONS 
The evolutionary arms race between host and microbe has provided mammalian cells with 
an arsenal of molecular mechanisms to counter and clear invading pathogens. However, 
pathogenic viruses, bacteria, fungi and protozoa can evade clearance and, in some cases, 
establish lifelong chronic infection. Because both host and pathogen have adapted to each 
other, the study of host-pathogen interactions has emerged as a powerful approach to gain 
insight into basic cell and molecular biology. While most insight has come from the study of 
viruses and bacteria, protozoan parasites are among the most successful and persistent 
pathogens of humans. However, many of the mechanisms that underlie their success remain 
poorly understood. Further, because protozoans are relatively complex compared to viruses 
and bacteria, they provide a larger genetic pool of adaptations to study. T. gondii is widely 
considered as a model intracellular pathogen because of its genetic tractability, ease of cul-
ture and ability to invade all nucleated cell types and infect mice as a natural host (21). During 
the process of host cell invasion T. gondii secretes effector molecules that are determinant 
for intracellular survival and parasite dissemination. In Chapter 2, the invasion process and 
the host immune response to T. gondii are introduced. 

2.1 |" Invasion & intracellular parasitism. T. gondii tachyzoites invade cells, replicate inside 
of them and subsequently egress, lysing the host cell. This process is repeated in proximal 
host cells until the immune system intervenes. The process of invasion occurs in four steps; 
gliding, attachment, penetration and formation of the parasitophorous vacuole (PV), fol-
lowed by replication and eventually egress. Gliding motility is exclusive to the apicomplexan 
phylum and is driven by adhesion to extracellular substrates coupled to actin-myosin-medi-
ated propulsion through a conveyer-belt like mechanism (22). Gliding motility facilitates ac-
tive invasion of host cells and extracellular parasite migration. Invasion is initiated after the 
parasite attaches to the host cell membrane with glycosylphosphatidylinositol (GPI)-an-
chored surface antigen proteins (SAGs) and orients its apical secretory organelles towards 
the host cell membrane (23). Following the sequential discharge of microneme (MIC, e.g. 
AMA1) and rhoptry neck proteins (RONs, e.g. RON2 and 4) the parasite establishes a moving 
junction, through which it enters the host cell cytoplasm via gliding motility (24). During this 
process, the parasite secretes rhoptry bulb proteins (ROPs, e.g. ROP1 and 2) into the host 
cell cytoplasm, which help invaginate the host cell membrane, eventually establishing the PV 
membrane (PVM), which is comprised of host (>85%) and parasite membrane components 
(25, 26). The PV is non-fusogenic, i.e. it does not fuse with host lysosomes or endosomes. 
Inside the PV, T. gondii secretes dense granule proteins (GRAs), which develop an intravascu-
lar tubular network (27).  To derive nutrients, the parasite recruits host mitochondria and 
endoplasmic reticulum (ER) (28, 29). After establishing the PV, T. gondii tachyzoites replicate 
via endodyogeny, which involves the formation of two daughter cells within the boundaries 
of a mother cell. Ultimately, after multiple cycles of endodyogeny, egress is triggered by the 
buildup of abscisic acid in the PV (30) and freshly egressed tachyzoites go on to invade new 
host cells. 

2.2 |"Parasite effector proteins (Fig. 1). 
During and after invasion, T. gondii dis-
charges the contents of specialized secre-
tory organelles into the host cell cyto-
plasm (32). This process allows the para-
site to hijack host cell processes to facili-
tate its survival, replication and 
dissemination. Rhoptry effector proteins 
localize to the PV and host cell cytoplasm 
and nucleus. ROP5, ROP17 and ROP18 
are secreted kinases, which form com-
plexes on the PV membrane and prevent 
the accumulation of immunity-related 
guanosine triphosphatases (IRGs) (33). 
ROP16 phosphorylates the transcription 

 
Figure 1. Schematic representation of T. gondii secretory or-
ganelles that store effector proteins; Micronemes (MICs), 
Rhoptries (ROPs and RONs) and Dense granules (GRAs). TEM 
image modified from (31). 
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factors STAT 3 and 6 leading to a reduction in interleukin (IL)-12 and increase in IL-4 produc-
tion, promoting a type-2 T helper cell (TH2) immune response (34). In the context of leukocyte 
cell migration, the ROP T. gondii-WAVE complex interacting protein (TgWip, Tg247520) acti-
vates the WAVE complex, leading to activation of the ARP2/3 complex, which mediates the 
dissolution of podosome structures and activates dendritic cell (DC) migration (35). ROP17 
was recently proposed to induce Rho GTPase dependent migration of monocytes through 
phosphorylation of Rho GTPase GEFs (36). Dense granule proteins (GRAs) are translocated 
to the host cell nucleus (e.g. GRA24 and 16) or to the PVM (e.g. GRA15 and 6). GRA24 forms 
a complex with p38 and bypasses the classical MAPK cascades followed by activation of tran-
scription factors such as EGR1 and c-Fos (37) and GRA16 modulates the activity of the tumor 
suppressor p53 (38). In type II parasites, GRA15 activates TRAF6 and IKK, leading to nuclear 
translocation of NF-!B and secretion of pro-inflammatory cytokines, e.g. IL-12 (39). GRA6 lo-
calizes to the PV membrane and stimulates calcineurin activity, which via NFAT4 promotes 
translation of the chemokine receptor ligands C-X-C motif ligand (CXCL) 2 and C-C motif lig-
and (CCL) 2 (40). Tg14-3-3 localizes to the PV and impacts host cell migration via unknown 
mechanisms (41) and the profilin analog toxofilin localizes to the dense granules and regu-
lates host cell actin dynamics and parasite invasion (42).  

2.3 |"Immune responses to T. gondii infection. Because T. gondii is an intracellular pathogen, 
the immune response is geared toward a TH1-mediated cellular response to combat T. gondii 
infection. Essential to parasite control and characteristic of cellular immunity, IL-12 and in-
terferon-gamma (IFN") production restrict parasite growth and enhance killing of intracellu-
lar parasites (43). In IFN" receptor knock out mice, otherwise low virulent type III parasites 
rapidly disseminate and reach the brain (44). A key effector of the IFN" response to T. gondii 
is STAT1, which stimulates the production of interferon-stimulated genes (ISGs) (45). While 
humans lack functional toll-like receptor (TLR11) and 12, in mice TLR11- and 12-dependent 
production of IL-12 by CD8#+ DCs is essential for resistance to T. gondii infection (46, 47). 
Additionally, TLR2 and 4 are activated by T. gondii GPI-anchored surface proteins and endo-
somal TLR7 and 9 are stimulated by T. gondii RNA and DNA (48, 49). Early in acute infection, 
IL-12 activates the production of IFN" by natural killer (NK) cells and type I innate lymphoid 
cells (50). NK cells also kill extracellular parasites and parasitized cells, however the cytotoxic 
activity of NK cells is not essential to parasite control (51). Adaptive immunity plays a central 
role in controlling T. gondii infection and is triggered by antigen presentation by DCs and 
macrophages to CD4+ TH cells and CD8+ cytotoxic T cells, which undergo clonal expansion 
upon activation. Like NK cells, T cells produce IFN" and cytotoxic CD8+ T cells kill parasitized 
cells. Antibody responses mounted by B cells against T. gondii also contribute to parasite 
control by blocking parasite invasion and inducing complement- and phagocyte-mediated 
killing of extracellular parasites (52-54). To combat immunopathology caused by over-activa-
tion of the immune system, TH1 cells produce IL-10, which down-modulates inflammatory 
cytokines (55). Depletion studies have shown that loss of the TH2 associated cytokines IL-4 
and IL-33 amplifies parasite loads and causes IFN"-mediated immunopathology (56, 57). Af-
ter an adaptive immune response is fully mounted, T. gondii tachyzoites revert to bradyzoites, 
which establish tissue cysts that persist in muscle cells and neurons in the brain (58, 59). 
While CD8+ T cells can eliminate some tissue cysts (60), bradyzoites persist in a semi-dormant 
state in tissue cysts (predominantly in the CNS) for the lifespan of the host. In the absence of 
immune pressure tissue cysts reactivate and cause severe pathology (e.g. encephalitis), as 
seen in depletion studies in mice and in patients with HIV/AIDS or on immunosuppressive 
therapy (61, 62).  
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2.4 |"Dendritic cell maturation & migration. DCs are innate immune cells that play a unique 
role in pathogen detection and clearance. For the mammalian immune system, DCs couple 
the recognition of a vast and heterogeneous array of antigens to mounting a targeted anti-
gen-specific immune response. At the core of DCs capacity to sample and present antigen, 
is their inherent ability to migrate. Several distinct DC subpopulations have been described 
based on lineage and surface marker expression. Based on lineage, DCs are sub-grouped 
into; conventional DCs, including tissue resident subsets and inflammatory DCs; and 
plasmacytoid DCs (reviewed in (63)). Conventional tissue resident DCs patrol tissues, such as 
the gut mucosa and skin, where they sample the local environment by pinocytosis (soluble 
antigens), or phagocytosis (non-soluble antigens)(64-66). Inflammatory DCs perform similar 
functions as tissue resident DCs but are derived from circulating monocytes, which are re-
cruited to sites of inflammation(67). Plasmacytoid DCs undergo maturation in the bone-mar-
row and secrete high levels of antiviral cytokines, predominantly IFN# and IFN$, upon activa-
tion (68). In the steady state in peripheral tissues, naive DC migration is geared towards mes-
enchymal migration, with a strong reliance on integrin-mediated adhesion and pericellular 
proteolysis! (69). During maturation, DCs undergo mesenchymal to amoeboid transition 
(MAT), characterized by the adoption of an ellipsoid morphology, reduced ECM adhesion and 
the dissolution of podosome structures (69, 70). Mesenchymal and amoeboid migration are 
discussed in Chapter 3. Internalized antigens are subject to lysosomal degradation and are 
subsequently loaded onto major histocompatibility complex (MHC) molecules (71). DCs ex-
press two classes of MHC, in principle self-antigen is presented on MHC class-I (MHCI) and 
foreign-antigen on MHC class-II (MHCII). Antigen-MHCII complexes are subsequently shuttled 
to the cell membrane for antigen presentation (72). The fine-tuning of DCs adhesive specific-
ity, stimulatory capacity, chemotactic responsiveness and tissue remodeling capacity facili-
tates the migration of mature DCs to the follicles of secondary lymphoid organs, i.e. the 
lymph nodes, spleen, Peyers patches and adenoids. Here, DCs present antigen loaded on 
MHC to lymphocytes. Together with co-stimulatory signals (CD40, CD80 and CD86), T cell re-
ceptor recognition of MHC-antigen induces T cell differentiation and clonal expansion (73). B 
cell activation leads to the clonal expansion of antibody secreting B cells (74). In our studies 
we used bone marrow-derived mouse DCs (mDCs) and human blood monocyte-derived DCs 
(hDCs) in all experiments. Throughout this thesis both mDCs and hDCs are referred to as 
DCs.   
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CHAPTER 3. CELL MIGRATION & TROJAN HORSE DISSEMINATION 
As detailed in Chapter 1, following ingestion by intermediary hosts, sporozoites/ bradyzoites 
excyst in the gut, parasitize the intestinal epithelium and differentiate into tachyzoites, which 
constitute the acute-phase of T. gondii infection. In mice and humans, tachyzoites achieve 
pervasive dissemination, reaching distal organs such as the brain. Several migratory mecha-
nisms underlie tachyzoite dissemination. Upon egress, free tachyzoites can migrate through 
interstitial matrix and across biological barriers (75-77). However, the extracellular environ-
ment of the host circulatory system and peripheral tissues is hostile to free parasites as they 
are readily neutralized by the complement system and IgM (54, 76, 78). Thus, as an obligate 
intracellular parasite, T. gondii has evolved mechanisms of host cell-mediated dissemination. 
Upon encountering resident or infiltrating leukocytes, T. gondii tachyzoites actively invade, 
establish the PV and persist within the host cell cytoplasm, bypassing intracellular clearance 
mechanisms!(78). From within the PV, the parasite hijacks the migratory properties of host 
leukocytes, transforming them into Trojan horses, which shuttle the parasite to distal loca-
tions (79). A defining trait of hypermigratory parasitized leukocytes, is enhanced cell motility, 
or hypermotility. Mounting evidence indicates that dendritic cells (DCs) play a significant role 
in this mode of dissemination (79-81). However, NK cells (82), neutrophils (83) and monocytes 
(81) likely contribute to parasite dissemination. While all three T. gondii lineages induce hy-
permigration of DCs, type II and III parasites induce a more potent phenotype in vitro com-
pared with type I parasites (10). Also, type II and III strains are more likely to be found in 
circulating leukocytes, while type I parasites are more commonly extracellular in circulation 
(10) and type I parasites exhibit a superior gliding capacity and transmigrate more efficiently 
across epithelium (75). Thus, type I parasites likely rely more on extracellular migration, while 
type II and III parasites are more reliant on Trojan horse-mediated migration (10). Because 
DCs patrol the gut mucosa, they are among the first leukocytes to encounter T. gondii and 
likely contribute to the initial stages of tachyzoite dissemination. However, due to their rela-
tive low abundance in circulation, as acute infection progresses DCs constitute a small frac-
tion of the pool of parasitized circulating leukocytes. Chronic infection tissue cysts are com-
monly found in the brain (58). Because T. gondii-infected DCs transmigrate while parasitized 
monocytes, macrophages and neutrophils do not (79) and the penetration of few tachyzoites 
can establish infection of the brain, DCs may play a significant role in shuttling T. gondii to the 
brain (79). In Chapter 2, the principles of cell migration and Trojan horse-mediated T. gondii 
dissemination are presented and discussed.  
3.1 |"Cell polarity & adhesion in cell migration. At the core of cell motility lies the integration 
of external signals with regulation of the cytoskeleton, such that cell polarity is established, 
i.e. a stable front (leading edge) and rear (trailing edge) of the cell. Actin filaments are the 
principal component of the cytoskeleton and are synthesized from monomeric actin-ATP, 
which is replenished from actin-ADP by profilin (84). By itself, the process of actin filament 
polymerization can exert force on the cell membrane, leading to the formation of protrusions 
(85). Further, actin filaments provide a scaffold for myosin motor proteins to move along and 
generate contractile forces along the axis of the actin filaments (86). Actin is polymerized by 
formins that extend actin filaments at the barbed end and the ARP2/3 complex, which binds 
to the sides of actin filaments and polymerizes new “branches” at a 70° angle (87). Both 
formins and ARP2/3 are regulated by Rho GTPase (88), and ARP2/3 by cell division control 
protein 42 homolog (Cdc42) through Wiskott-Aldrich Syndrome protein (WASp) (89).   
 Polarity is reflected on the molecular scale by localized activity of regulatory proteins at 
the leading or trailing edge. In close proximity to the cell membrane, multi-domain adapter 
proteins, membrane lipids and adhesion complexes provide a scaffold for kinases and phos-
phatases. Leukocyte adhesion to the extracellular matrix (ECM) occurs mainly via the binding 
of integrins to ECM ligands (e.g. collagen or fibronectin), forming focal adhesions (90). Upon 
activation, integrins undergo a conformational change and recruit adapter proteins (e.g. 
talin, tensin and paxillin), which provide a scaffold for signal transduction! (91-93). Adapter 
proteins link integrins bound to the ECM to the actin-cytoskeleton and thereby provide trac-
tion for migration (93). Activated integrins also trigger the autophosphorylation of focal ad-
hesion kinase (FAK), which in turn recruits and activates SH2 domain containing proteins!(94). 
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Further downstream, integrin signaling activates the Ras and MAPK Erk 1/2 (Erk) pathways, 
which regulate cell migration (95, 96). Integrin signaling in the context of T. gondii infection is 
discussed in Chapter 4. In addition to substrate-mediated activation of integrins, intracellular 
signaling modulates the affinity of integrins for extracellular substrates (a process called in-
side-out signaling) (97). During adhesion dependent cell migration, focal adhesions are as-
sembled at the leading edge and dissolved at the trailing edge. However, in amoeboid cells, 
discussed in the next section, the rapid turnover of actin at the leading-edge drives cell mo-
tility. 

3.2 |"Modes of Cell Migration. While all migrating cells have a leading edge and a trailing 
edge, cell migration is divided into adhesion-dependent mesenchymal migration and adhe-
sion-independent amoeboid migration. Linking the cytoskeleton to the ECM, integrins play a 
central role in mesenchymal migration (reviewed in (98)). When confronted with restrictive 
extracellular confinements mesenchymal cells utilize matrix metalloproteinases (MMPs) to 
degrade ECM components. On the cell membrane of mesenchymal cells, integrins and MMPs 
lace short-lived cytoskeleton-linked actin-rich podosome structures (99), which are akin to 
invadopodia in cancer cells (100). Podosomes mediate focal adhesions and pericellular pro-
teolysis, which define the consecutive attachment-contraction/degradation-detachment of 
mesenchymal migration. Conversely, amoeboid cells are ellipsoid with a highly dynamic cy-
toskeleton, which drives migration through the protrusive flow of actin at the leading edge 
(101, 102). In directional migration towards chemokine gradients, chemotaxis, chemokine 
GPCR (C-C and C-X-C receptors, CCR and CXCR, respectively) signaling is disproportionately 
activated in the direction of the chemokine gradient, contributing to polarization and driving 
directional migration (103). The expression of chemokines differs between tissues and phys-
iological states (e.g. inflammation) and therefore facilitates the homing of cells to specific 
locations. The cell signaling that underlies cell migration is discussed in Chapter 4. 

3.3 |"DC migration upon T. gondii infection. T. gondii-infected DCs and mature DCs are 
homed to secondary lymphoid organs, which selectively express the CCR7 ligands CCL19 and 
CCL21, via chemotaxis mediated by the exchange of CCR5 for CCR7 expression (79, 104). This 
process is contingent on Cdc42 and WASp signaling, as DCs from Cdc42-/- or WASP-/- mice 
express impaired chemotaxis to the lymphatics and impaired T cell priming (105, 106). Fur-
ther, WASp is required for the formation of podosomes in DCs (107). Shortly after tachyzoite 
invasion, parasitized DCs adopt a hypermigratory phenotype, which mediates rapid systemic 
dissemination of the parasite in mice (79, 108-111). While T. gondii-infected DCs share many 
similarities with mature DCs, hypermotility is independent from TLR-MyD88 signaling and 
chemotaxis (79) (Paper I). Further, T. gondii-infected DC motility (termed hypermotility) and 
transmigration in vitro is much more pronounced compared with lipopolysaccharide (LPS) or 
T. gondii antigen treated DCs (79). The hypermigration of parasitized DCs is triggered by GA-
BAergic signaling (111), requires live intracellular parasitism and the discharge of parasitic 
secretory organelles into the host cell cytoplasm (110) and parasite derived 14-3-3 (Tg14-3-
3) (78). Further, hypermotile DCs undergo dramatic cytoskeletal reorganization (110) and 
their migration is independent from integrin-mediated adhesion (109). Recently, we demon-
strated that a novel ROP protein (TgWip) facilitates hypermotility through dissolving podo-
somes via regulating ARP2/3 (35).  
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3.4 |"DC proteolysis & its role in hypermotility (Paper I, Part 1). MMPs are zymogens that 
facilitate cell migration through cleavage of ECM components and biologically active proteins 
(112). A hallmark of mesenchymal to amoeboid transition (MAT) is reduced MMP dependent 
pericellular proteolysis (113). Previous studies showed that T. gondii-infected DCs adopt mor-
phological characteristics of amoeboid migration (109, 110). Thus, we investigated the puta-
tive role of proteolytic ECM degradation in hypermotility. In DCs challenged with T. gondii, we 
observed modest to no modulation of MMP transcription. However, the classical gelatinases, 
MMP2 and MMP9, were up- and down-regulated, respectively. MMP2 cleaves collagen-IV, a 
principle component of the basement membrane (114). Therefore, hypothetically, trojan 
horse DC expression of MMP2 may facilitate traversal of the basement membrane, granting 
T. gondii entry to the brain parenchyma. Next, we investigated T. gondii-infected DC motility 
and transmigration upon treatment with the MMP inhibitor GM6001. Parasitized DC trans-
migration across collagen was blocked and a concentration dependent reduction in T. gondii-
infected DC motility was observed upon MMP inhibition. In contrast, antagonism of cysteine 
and serine protease activity, which also play roles in leukocyte migration (113), had no effect 
on infected DC motility. Confirming previous observations in transmigration assays (79), TLR-
MyD88 signaling did not mediate DC hypermotility, as infected MyD88-/- DCs were hypermo-
tile. Having observed a dependency on MMP activity for hypermotility, we set out to quantify 
the proteolytic activity of DCs upon T. gondii infection. To this end, we developed a semi high-
content imaging (HCI) pipeline to measure single cell gelatin (denatured collagen) degrada-
tion (described in Chapter 6). Non-infected DC gelatin degradation was primarily dependent 
on MMPs, as GM6001 had an inhibitory effect. Consistent with amoeboid migration, T. gondii 
infection effectively blocked DCs from degrading gelatin. Further, non-infected bystander DC 
gelatin degradation correlated negatively with MOI and DCs treated with supernatant from 
infected DCs expressed reduced proteolytic activity. Because TLR-MyD88 signaling regulates 
MMP activity in monocytes and DCs through LPS-TLR4 signaling (115, 116), and T. gondii an-
tigens trigger TLRs (117), we compared the proteolytic activity of T. gondii-infected wild type 
(wt) and MyD88-/- DCs. Additionally, due to the absence of TLR11 and TLR12 in humans, we 
investigated parasitized hDC gelatin degradation. Consistent with TLR-mediated DC matura-
tion, the bystander effect was weaker in MyD88-/- DCs compared with wt DCs and treatment 
with T. gondii antigen (heat inactivated or lysed parasites) or LPS reduced DC gelatin degra-
dation. However, the gelatin degradation of T. gondii-infected DCs was equally blocked in 
MyD88-/- and wt DCs. Altogether we concluded that DCs infected by T. gondii adopt an amoe-
boid mode of migration with abrogated pericellular proteolysis. While infected DCs undergo 
TLR-MyD88 dependent maturation, which impacts gelatin degradation, live T. gondii parasit-
ism blocks DCs proteolytic activity via MyD88 independent signaling.  

3.5 |"Role of podosomes in infected DC proteolytic activity (Paper I, Part 2). Previous stud-
ies showed that podosomes are dissolved in hDCs upon T. gondii infection in a prostaglandin 
E2 (PGE2) independent fashion (110), as opposed to LPS-mediated podosome dissolution 
(118). Focal matrix degradation and MMP activity is localized to podosomes in cancer cells 
and DCs (119, 120). Because podosomes are intricately linked to pericellular proteolysis (121) 
and are dissolved in hDCs upon T. gondii challenge, we investigated their expression in wt 
and My-D88-/- mDCs and analyzed their roles in gelatin degradation. Consistent with hDCs, 
podosomes were dissolved in T. gondii-infected wt and MyD88-/- DCs and in wt bystander 
DCs. Stimulation with T. gondii antigen dissolved podosomes in wt DCs, while podosome ex-
pression in infected and bystander MyD88-/- DCs was stable upon T. gondii antigen treatment, 
suggesting a role for TLR-MyD88 signaling in mDC podosome dissolution upon T. gondii in-
fection. These data are in line with findings that soluble T. gondii antigens, especially T. gondii 
profilin, activates DC maturation through TLR-MyD88 signaling (47, 117) and that TLR signal-
ing is linked to podosome dissolution and MMP activity in DCs (116, 118). However, TLR-
MyD88 signaling cannot exclusively explain podosome dissolution in live T. gondii-infected 
DCs. Unlike TLR4-mediated podosome dissolution (118), we observed no dependency on 
PGE2 production. Together our data indicate that, while TLR-MyD88 signaling plays a role in 
the dissolution of podosomes in T. gondii-infected DCs, other mechanisms contingent on live 
T. gondii infection are at play, some of which are discussed in the next section. Interestingly, 
while LPS-TLR4 signaling induces podosome dissolution (107, 122, 123), podosome are 
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maintained in DCs stimulated with Pam3CSK4, which activates TLR2 (123), suggesting that 
mature DC migration can involve podosomes. Our observations establish a role for the dis-
solution of podosomes in the proteolytic abrogation observed in T. gondii-infected DCs and 
are consistent with the concept of decreased pericellular proteolysis by leukocytes upon 
amoeboid high-speed migration (113, 124). Further, as shown by others (125) our data sup-
port a role for MMPs in amoeboid migration. Also, our recent discovery that the T. gondii ROP 
effector TgWip modulates podosome dissolution through regulation of the ARP2/3 complex 
(35), likely explains the absence of podosomes in live MyD88-/- DCs. 

3.6 |"Role of TIMPs in infected DC proteolytic activity (Paper I, Part 3). As mediators of ECM deg-
radation, MMPs can cause immunopathology through compromising tissue integrity. Therefore, 
MMPs are tightly regulated by the tissue inhibitors of metalloproteinases (TIMPs), which comprise 
4 members, TIMP1, 2, 3 and 4. Regulation of the MMP/TIMP axis governs interstitial migration and 
passage of basement membranes (126). Because we observed a TLR-MyD88 independent block-
ade of infected DCs proteolytic activity, we investigated the putative role of TIMP-mediated MMP 
inhibition in the abrogated proteolytic activity of infected DCs. A transcriptional screen of timp1, 2, 
3 and 4 showed that timp2, 3 and 4 mRNA expression was stable during T. gondii infection, while 
timp1 mRNA was rapidly upregulated and infected DCs secreted significantly higher levels of 
TIMP1 protein compared with non-infected DCs. To investigate its role in infected DC gelatin deg-
radation, we knocked down timp1 mRNA expression in DCs and measured gelatin degradation 
upon infection. In TIMP1 knock down DCs, we observed a reconstitution of infected DCs ability to 
degrade gelatin. Therefore, we concluded that TIMP1 secreted by T. gondii-infected DCs inhibits 
MMP activity and gelatin degradation. In the context of in vivo T. gondii infection, previous studies 
have reported elevated systemic TIMP1 in infected mice (127). In T. gondii-infected TIMP1-/- mice 
CD4+ T cell trafficking to the brain is increased and accompanied by lowered cerebral parasite bur-
dens (128), indicating a role for TIMP1 in parasite persistence. Further, elevated serum TIMP1 is 
associated with severe Plasmodium falciparum malaria (129) and in both viral and bacterial infec-
tions, dysregulation of the MMP/TIMP axis has been observed (130, 131). Together, these studies 
support a general role for TIMP1 in immune responses in the context of infection. Based on the 
data at hand we propose a model for the abrogation of gelatin degradation in DCs upon T. gondii 
infection (Fig. 2). 
  

 
Figure 2. Schematic representation of podosome mediated-ECM degradation in DCs and the mechanisms 
of podosome dissolution upon T. gondii infection. (Paper I). ! Non-infected DCs express podosomes. In-
tegrins and MMPs aggregate to podosomes and tether the cytoskeleton to the ECM and degrade ECM com-
ponents, respectively. In T. gondii (T.g.)-infected DCs podosomes are dissolved via " TLR-MyD88 and # TLR-
MyD88 independent signaling, partially through TIMP1 secretion. 
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CHAPTER 4. HOST SIGNALING DETERMINANTS IN HYPERMIGRATION 
Extracellular stimuli that provoke cell migration include chemokines, cytokines and growth factors, 
which activate signaling cascades that directly interact with the actin-cytoskeleton or modulate 
actin regulatory proteins, such as ARP2/3, formins and profilin, or actin adapter proteins (e.g. talin 
and vinculin). Central to the motility and migration of cancer cells and leukocytes, Ras GTPases 
function as molecular switches by cycling between an inactive GDP-bound and active GTP-bound 
state (132, 133). The Ras superfamily includes H-Ras (Harvey sarcoma viral oncogene), K-Ras 
(Kirsten sarcoma viral oncogene) and N-Ras (neuroblastoma oncogene), which signal to the Erk 
pathway via Raf-Mek. Other members of the Ras superfamily include Rho, Rab, Ran and Arf (134). 
At the cell membrane, Ras is locally activated by guanine-nucleotide exchange factors (GEFs) (133). 
In turn, Ras activates the Raf-Mek-Erk signaling cascade, which regulates cell migration (95, 135). 
Localized Ras activity at the cell membrane is mediated by farnesylation (136). Cell membrane 
localized Ras is activated downstream of several extracellular signals, including receptor tyrosine 
kinase (RTK) activation, integrin activation and calcium (Ca2+) influx (96, 137, 138). However, the 
roles of Ras and Erk have not been characterized in DC migration or in hypermotile T. gondii-in-
fected DCs.  

GABAergic signaling triggers the dramatic migratory activation of T. gondii-infected DCs (111). 
Most commonly known for its role as the major hyperpolarizing neurotransmitter of the adult 
vertebrate nervous system, GABA stimulates ionotropic Cl- permeable GABAA receptors, inducing 
hyperpolarization of the neuronal membrane potential through Cl- influx. Similarly to T. gondii-in-
fected DCs, GABA stimulation of GABAA in embryonic neurons induces the efflux of Cl-, leading to 
membrane potential depolarization and cell motility (139). However, the signaling components 
that lead to hypermotility downstream of GABAergic signaling have not been characterized.  

As discussed in Chapter 3, T. gondii-infected DCs secrete TIMP1, which impacts DCs ability to 
degrade ECM components (Paper I). In breast cancer cells, TIMP1 exerts a cytokine-like function 
by activating the CD63-ITGB1-FAK signaling cascade, which drives cell motility (140). In Chapter 4, 
the signaling events downstream of GABAergic signaling and the putative role of TIMP1, Ras and 
Erk in hypermotility are discussed. 

4.1 |"Hypermotility is trig-
gered by VDCC signaling (Pa-
per II). Voltage-dependent 
Ca2+ channels (VDCCs) are 
transmembrane tetrameric 
ion channels with a central 
pore permeable to Ca2+. They 
are grouped based on activa-
tion voltage into; L-type high 
voltage activated; P/Q, N, R-
type moderate voltage acti-
vated; and T-type low voltage 
activated channels (141). Pre-
viously, we demonstrated that 
GABAergic signaling triggers 
hypermotility in T. gondii-in-
fected DCs (111). Because 
membrane depolarization 
can be elicited by GABAA-me-
diated Cl- efflux (139, 142), we 
hypothesized that VDCC chan-
nels open downstream of 

GABAA activation in T. gondii-infected DCs and regulate cell motility. To test this hypothesis, we 
investigated hypermotility in low extracellular [Ca2+] conditions. T. gondii-infected DCs were not 
hypermotile and did not transmigrate in low Ca2+ media, suggesting a role for extracellular Ca2+ in 
hypermotility. Further, upon treatment with exogenous GABA, extracellular Ca2+ flowed into the 
infected DC cytoplasm. Supporting previous observations, inhibition of GABA transport and 

 
Figure 3. Schematic representation of GABA-mediated VDCC activation in T. 
gondii-infected DCs. ! In T. gondii (T.g.)-infected DCs, GAD synthesizes GABA from 
Glutamate. " GABA is transported out of the cell by GAT (111). # GABA activates 
GABAA channels, which in turn induce membrane depolarization $ activating the 
VDCC CaV1.3 (Paper II).  
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synthesis blocked hypermotility. However, upon treatment with Bay K, a positive ionotropic VDCC 
agonist, infected DC hypermotility was reconstituted under GABAergic antagonism. Further sup-
porting a role for VDCCs in hypermotility, pharmacological antagonism of VDCCs abolished DC 
hypermotility despite treatment with exogenous GABA. Next, transcriptional analysis of VDCCs in 
T. gondii-infected DCs showed that the L-type VDCC CaV1.3 was dominantly expressed. To selec-
tively inhibit its function, we knocked down CaV1.3 mRNA expression with lentivirus encoding 
shRNA targeting cav1.3 transcription (shCaV1.3). While T. gondii-infected DCs transduced with len-
tivirus targeting cav1.2 (shCaV1.2) or luciferase (shLuc, control virus) were hypermotile, shCaV1.3 
transduced T. gondii-infected DCs expressed baseline motility. Further supporting a role for CaV1.3 
in hypermotility, treatment with the CaV1.3 specific antagonist CPCPT blocked T. gondii mediated 
hypermotility. To examine the in vivo relevance of our in vitro findings, we adoptively transferred 
benidipine (an L-type VDCC antagonist) pre-treated infected DCs to mice via intraperitoneal injec-
tion and monitored parasite dissemination through bioluminescent imaging in live mice and 
through quantifying parasite loads in organs from sacrificed animals. To exclude parasites in cir-
culation, organs harvested from perfused and non-perfused mice were compared. Parasite loads 
in the spleen and mesenteric lymph nodes (MLN) were reduced upon pre-treatment of DCs with 
benidipine and fewer parasites were present in spleen and MLNs upon perfusion. From these 
data, we concluded that T. gondii-induced DC hypermigration initiated by GABAergic signaling 
(111), triggers the influx of extracellular Ca2+ through VDCC activation with an impact on the in vivo 
hypermigration of Trojan horse DCs. Connecting back to paper I, Ca2+ acts as a ubiquitous second-
ary messenger and governs TIMP1 exocytosis (143). Therefore, VDCC-mediated Ca2+ influx could 
mediate TIMP1 secretion in infected DCs (Paper I). Further, Ca2+ influx activates multiple signaling 
cascades at the cell membrane through e.g. calmodulin (144) and Ras (145), which regulate actin 
dynamics and cell motility. The downstream elements of VDCC Ca2+ influx in T. gondii infected DCs 
are discussed in section 4.4. 

4.2 |"The TIMP1-CD63-ITGB1-
FAK signaling axis in hypermo-
tility (Paper III) (Fig. 4). While the 
canonical role of the TIMPs is to 
regulate MMPs, numerous 
MMP-independent roles for the 
TIMPs have been identified, in-
cluding pro-metastatic effects, 
(reviewed in (149)). Jung and col-
logues identified CD63 as a re-
ceptor for TIMP1 in human 
breast epithelial cells (140). 
CD63, a ubiquitously expressed 
tetraspanin, localizes to the cell 
membrane and to the endoso-
mal system. Like other tetra-
spanins, CD63 interacts with nu-
merous proteins, including in-
tegrins (150).  Upon binding 
TIMP1, CD63 undergoes a con-
formational change and acti-
vates $1-integrin (ITGB1, CD29) 
(140, 151). In normal and cancer 
cells, activated ITGB1 recruits 
FAK, which auto-phosphorylates 
Tyr-397 and subsequently re-
cruits SH2 domain containing 
proteins such as SRC kinase (147) and phosphatidylinositol-4, 5-bisphosphate 3-kinase (Pi3k) (148), 
leading to MAPK activation and cytoskeletal rearrangements (140, 152, 153). Through this mech-
anism, TIMP1-CD63 signaling functions as a key regulator of cancer cell survival (140), metastasis 
(154) and stem cell migration (151, 155). However, the TIMP1-CD63-ITGB1 axis has not been 

 
Figure 4. Schematic representation of T. gondii-mediated activation of the 
TIMP1–CD63–ITGB1–FAK signaling axis in parasitized DCs (Paper II). In T. gondii 
(T.g.)-infected DCs, ! TIMP1 transcription is activated leading to TIMP1 secretion. 
" Secreted TIMP1 binds to and activates CD63 (146), which in turn interacts with 
ITGB1 on the cell membrane (140). # Activated ITGB1 induces FAK signaling, 
which in turn activates SRC and PI3K signaling (147, 148) leading to DC hypermo-
tility. $ Secreted TIMP1 also inhibits MMPs (Paper I). 
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investigated in leukocytes or in the context of infection. A ligand–receptor interaction linked to 
apoptosis has been described for TIMP1-pro-MMP-9–CD44 (156) and TIMP2, -3 and -4 exert cyto-
kine-like functions (149). However, in paper I we observed a strong down-regulation of mmp9 and 
timp2, 3 and 4 transcription in T. gondii-challenged DCs.  
 Because TIMP1 is upregulated in DCs upon T. gondii infection (Paper I) and stimulates cell mi-
gration via CD63-ITGB1-FAK (140, 148, 151), we investigated the putative role of TIMP1 in T. gondii-
mediated DC hypermotility. To this end, we analyzed the motility of T. gondii-infected DCs treated 
with monoclonal antibodies targeting ITGBI and pharmacological inhibitors targeting FAK and its 
downstream effectors, SRC and Pi3k. Because treatments with pharmacological inhibitors and an-
tibodies can have off target effects, we silenced timp1, cd63, itgb1 and fak transcription in primary 
DCs and examined cell motility upon T. gondii infection. First, FAK and SRC were phosphorylated 
in DCs upon T. gondii infection. Knock down of timp1 blocked hypermotility and treatment with 
recombinant TIMP1 (rTIMP1) partially restored hypermotility. Similarly, gene silencing of cd63, 
itgb1 and fak and antagonism of ITGB1, FAK, SRC and Pi3k abolished hypermotility. While ITGB1 
signaling is activated by ECM components, because an inhibitory effect on hypermotility was ob-
served upon antibody blockade and gene silencing of ITGB1, hypermotility-related ITGB1 signaling 
is likely more dependent on CD63 activation than on tactile adhesion-dependent interactions with 
ECM components. Additionally, a dysregulation of focal adhesion-related integrin signaling was 
reported in T. gondii-infected monocytic cells (157). In hypermotile infected monocytes, fibronectin 
(the main ECM ligand for ITGB1) dependent ITGB1-mediated phosphorylation of FAK is reduced 
compared with unchallenged monocytes (157). However, as our experiments were performed 
with collagen and not fibronectin the observed relative reduction in infected monocyte FAK phos-
phorylation is in relation to adherent monocytes, where the majority of focal adhesions are largely 
dependent on ITGB1-fibronectin, which leads to higher “background” FAK phosphorylation. FAK is 
a central node that bridges signaling cues to the actin-cytoskeleton via integrins (158), and its 
phosphorylation is likely a key step in the cytoskeletal changes that underlie the migratory activa-
tion of T. gondii-infected DCs. With this in mind, TIMP1 upregulation is consistently associated with 
cancer progression and pro-metastatic effects (159), likely through its activation of CD63–ITGB1-
FAK signaling (160). Because DCs display the hypermigratory phenotype throughout infection (79) 
and TIMP1 secretion by infected DCs is maintained up to 24 h post infection (Paper I), TIMP1 is a 
prime candidate for a feedback loop that maintains hypermotility of infected DCs over time. With 
the dual effects of TIMP1 in mind, namely inhibition of MMP-dependent ECM remodeling (Paper 
I) and promoting migration (Paper III), TIMP1 secretion mediates two aspects of amoeboid migra-
tion, high-speed locomotion and non-proteolytic migration (70, 161). Further, besides their roles 
in immune responses, MMPs contribute to immunopathology in bacterial, viral and parasitic in-
fections through tissue destruction (130). Therefore, by inhibiting proteolytic activity, TIMP1 may 
counteract MMP-mediated tissue destruction during T. gondii infection. From the perspective of 
the host, under conditions of T. gondii infection,  while TIMP1 likely mediates parasite dissemina-
tion it minimizes tissue damage and inflammation, which may be especially advantageous in 
dampening the effects of encephalitic infection.  

4.3 |"Erk signaling in hypermotility (Paper IV, Part 1) (Fig. 5). MAPK extracellular signal regulated 
kinase 1/2 (p44/p42, Erk) plays central roles in cell motility and migration through; regulating tran-
scription following nuclear translocation; and activation of substrates in the cytoplasm (162). As 
its name implies, Erk acts downstream of extracellular signals, including; growth factors, integrin 
and Ca2+ flux, all of which induce Ras-Raf-Mek-mediated Erk phosphorylation (163, 164). Ras pro-
teins are small GTPases that function as molecular switches by cycling between an inactive GDP- 
and active GTP-bound state. To propagate signal transduction from extracellular stimuli, Ras is 
tethered to the cell membrane by farnesylation (136). Despite the central roles played by Erk sig-
naling in immune responses (165), the mechanisms that govern Ras-Erk signaling in immune cells 
remain elusive (166). Recently we showed that the MAPK p38 is not involved in DC hypermotility 
(167). Because Erk plays a key role in cancer cell metastasis (168) and leukocyte activation (165), 
we investigated Erk activity in T. gondii tachyzoite-infected DCs. First, while erk transcription was 
transiently modulated by T. gondii infection, total Erk expression remained consistent, likely due 
to its 50 h half-life (169). Next, we investigated Erk phosphorylation in DCs upon T. gondii challenge. 
We observed a rapid phosphorylation of Erk along the same time frame as T. gondii-mediated 
migratory activation of DCs. Predictably, T. gondii-mediated Erk phosphorylation was dependent 
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on Mek, as inhibition of Mek abolished Erk phosphorylation. Antagonism of Met-mediated Erk 
phosphorylation also blocked hypermotility. To evaluate the specific roles of Erk1 and Erk2, we 
knocked down their expression individually and analyzed DC motility upon T. gondii infection. 
Knock down of both erk1 and erk2 transcription, which share complete substrate redundancy 
(170), abolished T. gondii-mediated hypermotility. These observations prompted us to investigate 
signaling pathways upstream of Erk activation in parasitized DCs. In macrophages, T. gondii infec-
tion induces Erk phosphorylation downstream of TLR-MyD88 signaling and independently of TLR-
MyD88 (171). Previously, we showed that the onset of the hypermigratory phenotype in DCs de-
pends on live intracellular parasites and the discharge of T. gondii secretory organelles, inde-
pendently of TLR-MyD88 signaling or chemotaxis (Paper I) (79, 110, 111). In the next section, two 
pathways, namely the VDCC and Met signaling axes, are presented with respect to their impact on 
Erk-mediated hypermotility in T. gondii-infected DCs. 

4.4 |" VDCC-Ras-mediated Erk signaling in hypermotility (Paper IV, Part 2) (Fig. 5). In paper II we 
reported that the L-type VDCC CaV1.3 mediates hypermotility. Downstream of VDCC activation, 
Ca2+ influx activates Ca2+ sensing proteins locally at the plasma membrane (138, 172). In the con-
text of cell migration and cytoskeletal reorganization, Ca2+ influx activates calmodulin (CaM) and 
its downstream kinase CaM kinase II (CaMkII), which impacts cytoskeleton organization and cell 
motility by regulating actin dynamics through the Ras-Erk pathway (138, 173). Based on our dis-
covery of VDCC-mediated hypermotility (Paper II) and studies in neurons (174) and T cells (175, 
176) where VDCCs mediated Erk phosphorylation, we hypothesized that Erk is phosphorylated 
downstream of VDCC-signaling in T. gondii-infected DCs. In paper II we showed that activation of 
VDCC signaling can bypass the inhibitory effect of GABAergic antagonism on hypermotility and 
antagonism of VDCCs blocked hypermotility. To examine Erk activity downstream of VDCC signal-
ing, we treated DCs with VDCC antagonists and agonists and analyzed Erk phosphorylation. Sup-
porting a role for Erk as an effector of VDCC signaling, Erk phosphorylation was blocked in T. gondii-
infected DCs upon L-type VDCC antagonism and activation of L-Type VDCCs in unchallenged DCs 
induced Erk phosphorylation. Further, specific inhibition of CaV1.3 blocked infected-DC Erk phos-
phorylation. Because Ras mediates VDCC-Erk signaling (138), we investigated its role in VDCC-me-
diated Erk phosphorylation in unchallenged DCs. VDCC-mediated Erk phosphorylation was 
blocked upon inhibition of cell membrane Ras activity. Next, we examined the signaling elements 
downstream of VDCC activation, namely CaM and CaMkII, which act upstream of Ras-Erk. Similar 
to inhibition of VDCCs and Erk, hypermotility and Erk phosphorylation were blocked upon inhibi-
tion of CaM and CaMkII signaling. Based on these data, we concluded that VDCC/CaV1.3 mediates 
hypermotility through Erk, likely via CaM-CaMkII-Ras signaling in live T. gondii-infected DCs. 

4.5 |"Met-Ras-Erk signaling in hypermotility (Paper IV, Part 3) (Fig. 5). In paper III we showed that 
the TIMP1-CD63-ITGB1 axis mediates hypermotility through activation of the tyrosine kinase FAK. 
In the context of Erk-mediated cell motility, RTK-growth factor ligation constitutes a potent mech-
anism for migratory activation (177). The RTK Met, activated by its ligand hepatocyte growth factor 
(Hgf) mediates metastasis in numerous malignant cancers (178, 179) and regulates Langerhans 
cell (skin DC) migration to the lymphatics (180). Binding of Hgf to Met results in receptor dimeriza-
tion and autophosphorylation on multiple tyrosine residues, generating binding sites for adapter 
and signaling proteins such as son of sevenless (SOS). As a guanine-nucleotide exchange factor 
(GEF) specific to Ras GTPases, SOS in turn exchanges Ras-GDP for Ras-GTP at the cell membrane, 
locally activating Ras, which in turn stimulates Raf-Mek-mediated phosphorylation of Erk and cell 
motility (181, 182). Thus, we hypothesized that Met signaling was activated in T. gondii-infected 
DCs with an impact on Erk phosphorylation and DC hypermotility. First, analysis of met and hgf 
transcription during T. gondii infection showed that both met and hgf were transiently upregulated. 
Next, we treated DCs with recombinant Hgf (rHgf), which led to a potent phosphorylation of Erk 
and an induction of cell motility. Inhibition of Met signaling blocked T. gondii- and rHgf-mediated 
Erk phosphorylation and cell migration. We next established Ras as a link between Met and Erk, 
as rHgf-mediated Erk phosphorylation was blocked by inhibition of Ras activity at the cell mem-
brane. Having shown that Met signaling impacts on infected DC motility via Ras-Erk signaling, we 
analyzed Hgf and Met protein expression in DCs upon T. gondii infection. Surprisingly, Hgf secre-
tion was not upregulated upon T. gondii-infection. However, Met protein was elevated in infected 
DCs compared to non-infected by-stander DCs and unchallenged DCs, indicating a selective up-
regulation of Met in T. gondii-infected DCs.  Further and consistent with Met antagonism, gene 



 

 !"#%"!"

silencing of Met inhibited T. gondii-infected DC hypermotility. Altogether, we concluded that Met 
signaling is activated in T. gondii-infected DCs and mediates migratory activation through Ras-Erk 
signaling. While Hgf was secreted by both non-infected and infected DCs at detectable levels, it is 
unlikely to play a significant role in DC motility, as knock down of Met did not impact baseline 
motility. Ligand-independent activation of Met (or Met transactivation) are regulated by tyrosine 
kinase cross-talk, integrin signaling and adapter proteins (183-185). In support for tyrosine kinase-
mediated transactivation of Met in T. gondii-infected DCs, pharmacological antagonism of FAK and 
Pyk2 blocked Erk phosphorylation similar to Met antagonism. In breast cancer cells, ITGB1 trans-
activates Met (186). In paper III we described a TIMP1-CD63-ITGB1-FAK signaling axis in T. gondii-
infected DCs where gene silencing and antagonism of ITGB1 and FAK abolished hypermotility. 
Further, TIMP1 was recently shown to promote the activation of the RTK c-Kit in colorectal cancer 
(187). Given that Met and FAK signaling is activated by T. gondii (Paper IV) as well as EGFR, which is 
activated by MIC1-, 3- and 6- (188), and ITGB1 (Paper III) and Ca2+ signaling (Paper II) are activated 
in infected cells, several signaling pathways that mediate cytoplasmic activation of Met are likely 
active in T. gondii-infected DCs. Therefore, while Hgf-mediated Met signaling cannot be ruled out, 
cytoplasmic Met transactivation likely plays a role in hypermotility. From these data, we concluded 
that Met-Ras-Erk signaling mediates hypermotility in infected DCs and is likely activated intracel-
lular activation of Met. Future studies will demonstrate the exact mechanisms hijacked by T. gondii 
that stimulate Met signaling.  
 Consistent with our previous studies, a milieu of RTK cross-talk with Erk phosphorylation in 
T. gondii-infected immune cells has emerged similar to the that of metastasizing cells (189-191). 
The data presented here demonstrate that T. gondii orchestrates the migratory activation of par-
asitized DCs through the Ras-Erk signaling cascade via integrin activation, tyrosine kinase signaling 
and GABA/VDCC activation. Finally, this work highlights conserved signaling mechanisms between 
neurons, metastasizing cells and immune cells in the context of infection, which should be taken 
into consideration when designing therapies that target Met, VDCCs or Ras-Erk signaling.  
 
 
 

 

Figure 5.  Schematic model for 
VDCC-CaM-CaMkII- and Met-medi-
ated Ras-Erk dependent hypermi-
gration of parasitized DCs. ! 
Upon T. gondii (T.g.) infection GABAA 
signaling activates " the VDCC 
CaV1.3 (Paper II), which activates 
CaM-CaMkII (Paper IV). # The RTK 
Met is also activated in T. gondii-in-
fected DCs (Paper IV). $ VDCC-
CaM-CaMkII and Met signaling con-
verge on the activation of the small 
GTPase Ras (Paper IV), % which 
leads to Erk phosphorylation via 
Raf-Mek signaling (Paper IV) and mi-
gratory activation of DCs. 
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CHAPTER 5. METHODS 
In this thesis we characterize cell signaling and proteolysis events orchestrated by T. gondii in parasi-
tized DCs to induce migration. To this end, we used and developed in vitro assays to model different 
aspects of cell migration. We applied conventional assays and techniques, which we modified for 
optimal quantification of our parameters of interest. To quantify cell motility and migration, we used 
conventional and modified transmigration assays as well as a 2D motility assay in collagen developed 
in our lab (110, 111). To investigate ECM proteolysis, we developed a gelatin degradation assay to 
complement the limitations of conventional methods (Paper I). To functionally assess specific pro-
teins of interest and their role in hypermotility, we utilized pharmacological agonists and antagonist 
as well as gene silencing techniques together with in vitro cell biology assays and biochemical assays. 
For analysis of specific effectors in hypermotility, we examined transcription by qPCR and translated 
protein by western blotting and ELISA. In this section, the functional assays employed in this thesis 
to quantify cell motility and migration are discussed. For more detailed methodological descriptions, 
the reader is referred to the methods sections of the respective papers. 

5.1 |" Gelatin degradation assay (Paper I) 
(Fig. 6). Advances in imaging and machine 
learning (ML) technology have made high 
content imaging (HCI)-based assays viable 
options for detecting complex cellular phe-
notypes through epifluorescence micros-
copy. Further, conventional techniques, such 
as zymography, measure proteolytic activity 
on the population scale, which does not al-
low investigation of subpopulation pheno-
types and are often highly variable. Thus, we 
adapted an assay based on fluorescent gela-
tin (192) to analyze single cell proteolytic ac-
tivity. To this end, we used a glass slide cham-
ber setup coated with a thin layer of fluores-
cent gelatin, which lost fluorescence upon 
proteolytic cleavage. We opted to use cell cul-
ture medium supplemented with FBS, which 
contains many of the components present in 
ECM. To analyze the data, we programmed a 
pipeline in the open source package cell pro-
filer, which automatically analyzed HCI data 
and could distinguishes between non-in-
fected cells (stained with DAPI) and T. gondii-
RFP-infected cells (DAPI + RFP), providing 
data for both populations on the single cell 
level. After optimizing the incubation time-
frame during which DCs degraded gelatin 
and the thickness of the gelatin coat, we en-
sured that the assay was reproducible. One 
of the strengths of this assay is the cumula-
tive read out over the incubation period, 
complementing some of the limitations in 
other functional assays such as transmigra-
tion assays, which only take into account the 
phenotype of the cells that manage to trans-
migrate (79). 

  

 

Figure 6. Gelatin degradation assay. ! OG-488-gelatin coated 
slides were incubated with DCs ± RFP-expressing parasites for 
24h then imaged at 10x (80 images per well,100-200 cells/image, 
approx. 10000 imaged cells per well.) DCs were visualized by nu-
clear DAPI staining. DAPI/RFP signal defined infected DCs DAPI 
with no RFP signal defined non-infected DCs. " A pipeline was 
produced in cell profiler to automatically determine infected and 
non-infected cells. Each population was then overlapped with ab-
sence of OG-488 signal (gelatin degradation). Images show epiflu-
orescence images of DAPI (upper left), OG-488 gelatin (lower, left) 
and cell profiler projections of cells (upper, right) and gelatin deg-
radation (lower right).  The reader is referred to the methods sec-
tion of paper I for further details.  
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5.2 |"In Vitro migration assays (Paper I, II, III, IV). To measure singe cell motility, we used an in 
house developed semi-high-throughput method for quantifying random directional locomotion 
in two dimensions (Paper I) (110). The assay was conducted in a 96-well plate format and non-
infected and T. gondii-infected cells were distinguished by presence of fluorescent GFP- or RFP-
expressing parasites. Further in gene silencing experiments, we transduced DCs with lentivirus 
harboring shRNA against mRNAs of interest. Transduced cells were also made to express GFP, 
which was used to distinguish transduced cells from non-transduced cells in live cell imaging. In 
order to avoid drift during live imaging, type I collagen was titrated to a final concentration of 0.75 
mg/ml. For analysis, cell tracking was tested by both automated and manual methods. Due to 
enhanced migration upon infection with T. gondii and overlapping cells, we opted for manual track-
ing for higher accuracy. Live cell imaging was performed for 1 h, 1 frame/ min, at 10x magnifica-
tion. We then consolidated time-lapse images into stacks and tracked cell motility with ImageJ, 
finally yielding mean velocities. Due to the format and relative low number of cell used in this 
assay many conditions can be assessed simultaneously and transduced DC motility can easily be 
evaluated. However, the motility of DCs in vivo, in the lymphatics and interstitial matrix, is generally 
higher than that measured in this motility assay (163, 194), as motility assays on plastic or glass 2-
dimensional (2D) confinements have the limitation of over-emphasizing adhesion-dependent mo-
tility (70, 101, 110). 

CHAPTER 6.CONCLUDING REMARKS & FUTURE DIRECTIONS 

Key to the pervasive nature of T. gondii tachyzoite dissemination is the parasite’s ability to actively 
invade any nucleated cell and evade clearance. Ironically, T. gondii hijacks the very attribute of the 
cells tasked with its recognition, DCs, that link pathogen recognition and clearance: cell migration. 
Previous work has demonstrated the advantages conferred by Trojan horse-mediated dissemina-
tion over extracellular parasite migration, especially for type II parasites (79-83). Here, using in vitro 
functional models for cell migration we unravel some of the signaling elements that underlie the 
hypermigratory phenotype induced in DCs by T. gondii. Understanding the mechanisms employed 
by the parasite to disseminate is key to blocking parasite entry to vital organs such as the brain, 
where the parasite persists. Further, as T. gondii infection is widespread many clinical treatments 
interact with the parasite, e.g. the hypertension medication nifedipine, which impacts T. gondii-
infected DC migration (Paper II and IV).  

One of the long-standing questions in the field of T. gondii dissemination concerns the mech-
anism of blood brain barrier (BBB) traversal and parasite entry into the brain parenchyma. To en-
ter the brain parenchyma, T. gondii needs to cross the brain endothelium. In vitro models of the 
BBB using polarized epithelial/endothelial monolayers have demonstrated that both free tachyzo-
ites and parasitized leukocytes transmigrate (79, 193-195). Intravital two-photon microscopy has 
recently been used to visualize live T. gondii in vivo infection. In the context of T. gondii Trojan horse 
dissemination, Konradt and collogues recently showed that monocytes shuttle T. gondii to the 
brain endothelium where the parasite enters the brain parenchyma via first infecting endothelial 
cells of the brain vasculature (196). However, the small field of view in intravital two-photon imag-
ing requires high parasite loads to capture trans-endothelial migration events. Because entry into 
the brain parenchyma occurs under low parasitemia in natural infections in rodents, the observed 
dependence on endothelial cell infection to enter the brain may be an artifact of high parasitemia. 
Combining insights from intravital imaging with imaging of brain sections and light sheet micros-
copy of whole brain will help illuminate the mechanisms employed by T. gondii to enter the brain. 
As T. gondii dissemination in the periphery occurs via both free parasites (10, 196) and parasitized 
leukocytes (79-81), with differences between parasite lineages (10, 75), passage into the brain pa-
renchyma likely occurs via both routes. Future investigation will reveal the relative weight of both 
strategies in T. gondii BBB traversal. The capillary beds in the brain vasculature make up a vast 
network and in post venule capillary beds blood pleasure is low. Here, as T. gondii replication pro-
gresses and the host cell volume expands, one mechanism of entry could simply be enlarged par-
asitized leukocytes obstructing capillary blood flow, providing egressed parasites with a shielded 
niche from fluidic pressure inside the capillary lumen and time to cross into the brain parenchyma.  

Recent advances in T. gondii genetics have accelerated the discovery rate of parasite virulence 
genes that interface with and manipulate the host. Sidik and colleagues recently published a 
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CRISPR/Cas9 whole genome loss-of-function screen, where all protein-coding genes in the T. gondii 
genome were knocked out and scored in terms of in vitro fitness (197). In collaboration with San-
garé and colleagues, we adopted this library to screen for genes involved in in vivo dissemination 
and found that the ROP protein TgWIP dissolves podosomes in primary DCs through modulation 
of the WAVE complex (35). In the next few years, studies that utilize CRISPR/Cas9 whole genome 
loss-of-function screens will likely unravel other genetic determinants that underlie the host-par-
asite interactions that facilitate T. gondii dissemination. However, while such screens provide valu-
able insights, they cannot detect complex phenotypes at the subcellular level. Fisch and colleagues 
recently published a proof-of-concept high content imaging (HCI)/ machine learning (ML) workflow 
to study T. gondii-host interactions (198). Integrating HCI and ML with CRISPR/Cas9 whole genome 
loss-of-function screens will vastly expand the phenotypes that can be screened and facilitate the 
investigation of complex subcellular host-parasite interactions on a genome wide level. 

Previously, our group demonstrated that T. gondii induces cytoskeletal reorganization (110) 
and a redistribution of integrins (109) characteristic of amoeboid migration. Amoeboid cell motility 
does not depend on integrin-ECM binding (70), consistent with reduced adhesion of T. gondii-in-
fected DCs to ECM components (109, 110). In this thesis, we add abrogated gelatin degradation 
and dissolved podosomes to the attributes of hypermotile DCs (Paper I), consistent with parasi-
tized DCs undergoing a mesenchymal to amoeboid transition (MAT), reminiscent of that described 
in cancer cells and rapidly moving T cells (124). We further demonstrate a role for Ras-Erk and 
ITGB1-FAK singling in DC hypermotility (Paper IV and III).  

Rho GTPases were recently implicated in T. gondii-infected monocyte migration (36). However, 
the mechanism by which T. gondii modulates Rho GTPase signaling remains unknown. Like mon-
ocytes, DCs rely on Rho GTPase activity and regulation of the cytoskeleton for migration. Future 
investigation will demonstrate the host-parasite interactions that regulate Rho signaling in in-
fected leukocytes. The integrin adapter protein talin plays a central role in adhesion by coupling 
the cytoskeleton to integrins. Thus, its regulation might mediate integrin redistribution in parasi-
tized DCs.  

Recently, we demonstrated that hypermotility is dependent on Tg14-3-3 (41). However, the 
regulatory mechanisms modulated by Tg14-3-3 remain unknown. Because 14-3-3 proteins regu-
late integrin and MAPK signaling as well as MMP expression (199, 200), the observed dependence 
of hypermotility on 14-3-3 signaling might occur via these pathways. In paper I, we observed a 
dependency of hypermotility on MMP activity. However, the mechanisms by which MMPs regulate 
infected DC motility remain elusive. In addition to cleaving ECM components MMPs, and related 
ADAMs and ADAM-TS proteases, cleave biologically active substrates such as cytokines (e.g. 
ADAM17 cleaves TNF# (201)) and integrins (202). In metastatic cells, proteolytic cleavage of integ-
rins has been coupled to migratory activation (203). Because infected DCs secrete TIMP1, TIMP1 
stimulates DC migration and MMP inhibition decreases DC migration, it stands to reason that 
membrane bound MMPs, which have a low affinity for TIMP1, mediate the MMP dependent side 
of hypermotility. We investigated the putative role of MMP14 (also known as MT-MMP1) in infected 
DCs (Paper I). While MMP 14 was not upregulated, it was present on the cell membrane of infected 
and non-infected DCs. In mammary macrophages MMP14 interacts with ITGB1 and regulates cell 
migration through activation of the Erk pathway (204). Further adam10 and 17 transcription was 
stable during infection. Based on the data at hand, membrane MMPs likely play roles in MMP-
mediated infected DC motility and are suitable candidates for future investigation.  

In paper IV we discovered a dependency of hypermotility on RTK signaling. The RTK EGFR is 
phosphorylated by several T. gondii MIC kinases, promoting parasite survival through activation of 
AKT signaling (188). Our discovery that T. gondii hijacks Met signaling by Hgf independent path-
ways might have similar effects, as Met-signaling via AKT and Erk has anti-apoptotic effects in can-
cer cells (205). Further, because of RTKs cross regulation, EGFR might play a role in hypermotility 
via cross-talk with Met.  

In conclusion, the work presented in this thesis examines Trojan horse-mediated T. gondii dis-
semination, with a focus on the features and signaling determinants of hypermotile parasitized 
DCs. Through in vivo and in vitro models of T. gondii infection, we discovered novel signaling path-
ways involved in leukocyte migration, highlighting how the study of host-parasite interactions can 
be used to gain insight into basic cell and molecular biology. 
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