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“Every person has a path to
follow. It widens, narrows,
climbs and descends. There
are times of desperate
wanderings. But with
courageous perseverance and
personal conviction, the right
road will be found. This is
what brings real joy.”
-Konosuke Matsushita
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Abstract 
 

Toxoplasma gondii is an obligate intracellular parasite that infects virtually all warm-
blooded organisms. Systemic dissemination of T. gondii in the organism can cause life-
threatening infection that manifests as Toxoplasma encephalitis in immune-
compromised patients. In addition, mounting evidence from epidemiological studies 
indicates a link between chronic Toxoplasma infection and mental disorders. To better 
understand the pathogenesis of toxoplasmosis, basic knowledge on the host-parasite 
interactions and the dissemination mechanisms are essential. Previous findings have 
established that, upon infection with T. gondii, dendritic cells (DCs) and microglia 
exhibit enhanced migration, which was termed the hypermigratory phenotype. As a 
result of this enhanced migration, DCs and microglia are used as vehicle cells for 
dissemination (‘Trojan horse’) which potentiates dissemination of T. gondii in mice. 
However, the precise mechanisms behind the hypermigratory phenotype remained 
unknown. In this thesis, we characterized host-parasite interactions upon infection with 
T. gondii and investigated the basic mechanisms behind the hypermigratory phenotype 
of T. gondii-infected DCs and microglia. 
 
In paper I, we observed that upon infection with T. gondii, DCs underwent rapid 
morphological changes such as loss of adhesiveness and podosomes, with integrin 
redistribution. These rapid morphological changes were linked to hypermotility and 
were induced by active invasion of T. gondii within minutes. T. gondii-infected DCs 
exhibited up-regulation of the C-C chemokine receptor CCR7 and chemotaxis towards 
the CCR7 chemotactic cue, CCL19.  
 
In paper II, we developed a 3-dimensional migration assay in a collagen matrix, which 
allowed us to characterize the hypermigratory phenotype in a more in vivo-like 
environment. The migration of T. gondii-infected DCs exhibited features consistent 
with integrin-independent amoeboid type of migration. T. gondii-induced 
hypermigration of DCs was further potentiated in the presence of CCL19 in a 3D 
migration assay. 
 
In paper III, we identified a parasite effector molecule, a Tg14-3-3 protein derived 
from parasite secretory organelles. Tg14-3-3 was sufficient to induce the 
hypermigratory phenotype. Transfection with Tg14-3-3-containing fractions or 
recombinant Tg14-3-3 protein induced the hypermigratory phenotype in primary DCs 
and in a microglial cell line. In addition, Tg14-3-3 localized in the parasitophorous 
vacuolar space and host 14-3-3 proteins were rapidly recruited around the 
parasitophorous vacuole.  
 
In paper IV, we found that mouse DCs dominantly express the L-type voltage-
dependent calcium channel, Cav1.3. Cav1.3 was linked to the GABAergic signaling-
induced hypermigratory phenotype. Pharmacological inhibition of Cav1.3 and 
knockdown of Cav1.3 abolished the hypermigratory phenotype in T. gondii infected 
DCs. Blockade of voltage-dependent calcium channels reduced the dissemination of T. 
gondii in a mouse model. 
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In paper V, we showed that microglia, resident immune cells in the brain, also 
exhibited rapid morphological changes and hypermotility upon infection with T. gondii. 
However, an alternative GABA synthesis pathway was shown to be involved in the 
hypermigratory phenotype in microglia. 
 
In summary, this thesis describes novel host-parasite interactions, including host cell 
migratory responses and key molecular mechanisms that mediate the hypermigratory 
phenotype. The findings define a novel motility-related signaling axis in DCs. Thus, T. 
gondii employs GABAergic non-canonical pathways to hijack host cell migration and 
facilitate dissemination. We believe that these findings represent a significant step 
forward towards a better understanding of the pathogenesis of T. gondii infection. 
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Sammanfattning 
 

Toxoplasma gondii är en obligat intracellulär parasit som kan infektera praktiskt taget 
alla varmblodiga vertebrater. Systemisk spridning av T. gondii i värden kan vara 
livshotande och orsaka Toxoplasmaencefalit hos individer med nedsatt immunförsvar. 
Epidemiologiska studier har på senare år påvisat ett samband mellan 
Toxoplasmainfektion och flera neuropsykiatriska tillstånd. Grundforskning kring värd-
parasit interaktioner är central för att bättre förstå de förlopp som orsakar sjukdomen 
toxoplamos. Vid T. gondii infektion uppvisar flera immunceller, som dendritceller 
(DC) och mikroglia, en förhöjd rörlighet och migration, en så kallad hypermotil 
fenotyp. Parasiten kan således använda DC och mikroglia som ’farkoster’(Trojanska 
hästar), vilket leder till ökad spridning. Dock är de underliggande molekylära 
mekanismerna för fenotypen enigmatiska. Den här doktorsavhandlingen (arbeten I-V) 
karakteriserar cellulära och molekylära interaktioner mellan värd och parasit vid 
Toxoplasmainfektion och undersöker basala mekanismer som ligger till grund för den 
så kallade hypermigratoriska fenotypen av Toxoplasmainfekterade DC och mikroglia.  
 
Sammanfattningsvis beskriver den här doktorandsavhandlingen nya värd-parasit 
interaktioner, inklusive värdcellers migrationssvar och viktiga molekylära mekanismer 
som förmedlar hypermotilitet. Studierna identifierar och definierar en ny 
motilitetsrelaterad signaleringskaskad hos DC. T. gondii använder så kallad 
GABAergisk signalering för att ta över kontrollen av värdcellens migration, vilket ökar 
parasitens spridning. Vi tror att observationerna representerar ett signifikant steg framåt 
mot att bättre kunna förstå bakomliggande mekanismer för sjukdomen toxoplasmos. 
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1.1.3. Toxoplasmosis 
Infection with T. gondii is usually asymptomatic in a healthy human host. There may 
be mild flu-like symptoms. Although latent toxoplasmosis is known to be 
asymptomatic, recent meta-analysis studies suggest that T. gondii might be involved in 
the onset of psychiatric diseases such as schizophrenia and bipolar disorder (13). 
During acute infection and congenital infection, people may develop complaints of a 
decrease in visual acuity (ocular toxoplasmosis) (14). Infection during early pregnancy 
can lead to transplacental transmission of T. gondii and causes a wide range of clinical 
manifestations including miscarriage, hydrocephalus, microcephaly, seizures, mental 
retardation and retinochoroiditis (congenital toxoplasmosis) (15). The most serious 
clinical features are toxoplasmic encephalitis caused by a transition from latent 
bradyzoites to rapidly dividing tachyzoites seen in immunocompromised patients (16, 
17).  
 
1.2. Host-parasite interactions 
As an obligatory intracellular parasite, T. gondii tachyzoites have the ability to invade 
all nucleated cell types. During the invasion process, parasites secrete effector 
molecules that are involved in parasite virulence, transcriptional modification, and host 
cell migratory capacity. Here, we describe the invasion process of T. gondii as well as 
parasite effector molecules and their roles. 
 
1.2.1. Lytic cycle of T. gondii  
During the lytic cycle, T. gondii tachyzoites invade cells, replicate inside of them and 
subsequently egress from the cells. After egress, the parasites will repeat the process by 
invading neighboring host cells until the host immune system intervenes. Host cell 
invasion consists of 4 steps; gliding motility, attachment, penetration and the formation 
of the PV (Fig 3).  
 
Gliding motility 
Gliding motility is a type of movement driven by the actin-myosin system without 
locomotory organelles such as cilia or flagella. Gliding motility allows parasite to cross 
biological barriers and expand the range of host cells (18). T. gondii shows three basic 
behaviors on a 2 dimensional (2D) surface, circular gliding (full circles), helical gliding 
(half-circle followed by a flip), and twirling (parasite spins its apex while standing on 
its base) (19). While circular gliding is characterized by moving counterclockwise in a 
circular pattern and remaining in the same spot on the substrate, helical gliding is 
clockwise spiral movement were the parasite rotates along it longitudinal axis, resulting 
in host cell invasion (19). Recent findings in a 3 dimensional (3D) matrigel based 
environment indicate that parasites move in irregular corkscrew-like trajectories (20).    
 
Attachment 
Once a parasite finds a susceptible site for entry, the parasite positions the apical 
secretory structures in contact with the host cell membrane. The parasite is covered in 
glycosylphosphatidylinositol (GPI)-anchored surface antigens (SAGs). SAG1 
structures recognize sulfated proteoglycans on the host cell followed by microneme 
(MICs) protein secretion (21). Subsequently, rhoptry neck proteins (RON) RON2, 
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1.2.2. Parasite effector molecules and their roles  
During the invasion process, parasite derived excreted/secreted antigens (ESA) are 
secreted into the host cells, leading to alterations in multiple host cell functions such as 
apoptosis, the cell cycle, immune response and cell migration.  
 
Rhoptry proteins 
Rhoptry effector proteins are found in the host cell cytosol, the host nucleus, and also 
on the surface of the PV. The T. gondii profilin-like protein (toxofilin) has been 
proposed to contribute to tachyzoite invasion by depolymerizing host actin and 
facilitating entry (32). ROP5, ROP17, ROP18 are secreted kinases, which form 
complexes on the PV membrane. These complexes prevents accumulation of 
immunity-related guanosine triphosphatases (IRGs) (33). ROP16 activates the 
transcription factors STAT3 and STAT6 by direct phosphorylation (34). Following 
transcriptional modulation, interleukin-12 (IL-12) production is downregulated and IL-
4 production and the Th2 response are upregulated (34).  
 
Dense granule proteins 
Dense granule proteins are translocated to the host nucleus (GRA24 and GRA16) or are 
localized to the PV membrane (GRA15 and GRA6). GRA24 forms a complex with p38 
and bypasses the classical MAPK phosphorylation cascades followed by activation of 
transcription factors such as EGR1 and c-Fos (35). GRA16 binds to the host 
phosphatase PP2A-B55 and herpesvirus-associated ubiquitin-specific protease 
(HAUSP) and shuttles to the host nucleus. The complex with PP2A-B55 and HAUSP 
controls p53 levels (36). In type II parasites, GRA15 activates TRAF6 and IκB kinase 
(IKK), leading to the translocation of NF-κB. This results in the release of 
proinflammatory cytokines, including IL-12 (37). GRA6 localization is restricted to the 
PV membrane and its cytosolic domain interacts with calcium modulating ligands 
(CAMLG) to activate calcineurin, which subsequently stimulates the nuclear factor of 
activated T cells 4 (NFAT4) and promotes the synthesis of the chemokines CXCL2 and 
CCL2 (38).14-3-3 proteins have been found in dense granules and localized to the PV 
(39,40). However their functions remains unclear. 
 
1.2.3. 14-3-3 proteins and their functions  
The 14-3-3 proteins are a family of highly conserved acidic proteins with molecular 
masses ranging from 27 to 32 kDa. There are seven identified human 14-3-3 isoforms, 
which all form stable homo- and hetero dimers. Three modes of action are known. (I) 
14-3-3 protein binding can alter the ability of the target protein to interact with other 
proteins. (II) 14-3-3 binding can modify the target protein localization by facilitating 
nuclear export of its target protein or masking a nuclear import sequence on the target 
protein. (III) 14-3-3 can bridge two proteins together in a phosphorylation-dependent 
manner (reviewed in 41). For example, in resting cells, a 14-3-3 dimer binds to 
phosphorylation sites found in the N- and C- terminal regions of Raf to maintain an 
inactivate stage in the cytosol. In response to proliferative signals, 14-3-3 binding to the 
C-terminal sites of Raf facilitates dimerization in a Ras-dependent manner, leading to 
MEK/ERK activation (42). In addition, protein kinase D generates 14-3-3 binding sites 
on several targets, eg. slingshot homolog (SSH). SSH dephosphorylates cofilin to 
activate actin remodeling and 14-3-3 binding to SSH negatively regulates the actin 
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cytoskeleton (43,44). In cancer cells, upon epidermal growth factor (EGF) stimulation, 
14-3-3τ binds to the phosphorylated RhoGDIα, resulting in the release of Rho GTPases 
and promoting EGF-induced RhoA, Rac1, and Cdc42 activation to promote cell 
migration (45). 
 
1.3. Immune cells and T. gondii infection 
In the previous chapter, we described parasite effector molecules. The parasite has the 
ability to modulate transcription factors in a host cells including their immune 
responses. In mice, T. gondii infection is controlled by interleukin-12 (IL12) and 
interferon-gamma (IFN-γ). Dendritic cells (DCs), monocytes and macrophages are the 
first host cells to respond to T. gondii and produce IL-12, which stimulates natural 
killer (NK) cells and T-helper cell type 1 (Th1) cells to release IFN-γ (46,47,48,49). 
IFN-γ signaling induces STAT1 phosphorylation and its translocation to the nucleus, 
leading to enhanced expression of interferon-stimulated genes (ISGs) (50). As a 
fundamental component of the immune response, DCs serve as sensors in peripheral 
tissue, which allow processing and presentation of antigens for priming of adaptive 
immune response and pathogen clearance. In the central nervous system (CNS), T. 
gondii infection is controlled by infiltration of immune cells and microglia, the resident 
immune cells in the brain. In this section, the focus is on immune responses to T. gondii 
and migratory activation in DCs and microglia.  
 
1.3.1. Immune response to T. gondii 
Dendritic cells 
DCs are innate immune cells and several distinct DC subpopulations have been 
characterized, including, epidermal Langerhans cells (LCs), interstitial (dermal) DCs, 
splenic marginal DCs, thymic DCs and T-zone interdigitating DCs (51). The 
differences are characterized by cluster of differentiation 1 (CD1), CD4, CD8, CD11b, 
CD11c, CD40, CD80 and CD86 expression as well as phagocytic and T cell priming 
competence (51,52). Alternatively, DCs can be categorized into two classes: 
conventional DCs (cDCs) and plasmacytoid DCs (pDCs). cDCs are present in the 
steady state, residing in both peripheral  (migratory cDCs) and lymphoid tissues 
(resident cDCs), as well as non steady state (inflammatory cDCs). Migratory cDCs 
become activated upon encountering a pathogen, induce inflammation and migrate into 
the lymphatics where they present antigens to lymphocytes. Resident DCs are restricted 
to the lymphoid organs, i.e. the lymph nodes, spleen and thymus. Inflammatory cDCs 
are non-steady state DC progenitors that mature into DCs upon inflammatory stimuli or 
pathogen recognition (53). pDCs become fully mature in the bone marrow. They are 
TLR7High (ssRNA) and TLR9High (CpG DNA) and secrete high levels of antiviral 
cytokines, predominantly IFNα and IFNβ, upon activation (54, 55).  
 
DCs express a broad range of pattern recognition receptors. Toll-like receptors (TLRs) 
recognize pathogens, which can induce pro-inflammatory cytokine production and 
enhanced antigen presentation to naïve T cell 
s. Following antigen uptake, DCs undergo a maturation process, which includes 
relocation of the major histocompatibility complex (MHC) from within the cell to its 
surface, down-regulation of antigen internalization as well as changes in surface 
expression of chemokine receptors. Mature DCs leave the periphery to migrate to 
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secondary lymphoid organs, where they encounter naïve T cells continuously 
circulating in the lymph nodes. When they encounter, antigen loaded MHC molecules 
on DCs interact with T cell receptors. DC co-stimulatory signals (CD86 and CD40) and 
T cell receptor recognition of a presented peptide induces differentiation into effector T 
cells and T cell clonal expansion (reviewd in 56). DCs play a key role in immunity 
against T. gondii as they produce the pro-inflammatory cytokine IL-12 (57). IL-12 
promotes a T-helper cell type 1 (Th1) response by inducing T cell differentiation and 
stimulating their secretion of IFN-γ (58). TLR11 and TLR12 recognize toxofilin, a T. 
gondii actin-binding protein, inducing MyD88-mediated IL-12 production (34,59). In 
addition, TLR2 and TLR4 are activated by GPI-linked surface proteins, and endosomal 
TLR7 and TLR9 are activated by T. gondii RNA and DNA (60,61,62). Both depletion 
of DCs (63) and IFN-γ receptor knock-out (KO) (64) during T. gondii infection 
severely impairs host survival.  
 
T. gondii infection in the central nervous system 
The homeostasis of the central nervous system (CNS) is maintained by the blood brain 
barrier (BBB). The barrier separates circulating blood from brain extracellular fluid and 
selectively limits passive diffusion of toxins, transports nutrients and prevents 
infiltration of circulating immune cells (65). The breakdown of the BBB caused by 
inflammatory responses alters the transport of molecules between the blood and the 
brain, and leading to increased extravasation of immune cells. Microglia are the 
resident immune cells that originate from yolk sac progenitors (66). They compose 5-
20% of the total glial cell population and are distributed throughout all parts of the 
brain (67). They are similar to tissue macrophages in the periphery and express a broad 
range of pattern recognition receptors. Their functions are divided into two categories, 
M1 and M2 activation states. The M1 stage of microglia produces of pro-inflammatory 
and neurotoxic mediators. The M2 stage of microglia secretes anti-inflammatory 
mediators and are involved in tissue repair and remodeling (68). The resting state 
microglia have a small cell body with fine cellular processes (a ramified morphology). 
The breakdown of the brain homeostasis by pathogens, trauma and neurodegenerative 
diseases leads to changes in the morphology, the gene expressions and the functional 
behavior of microglia (microglial activation). 
 
In mice, T cells (CD8+ and CD4+) and NK cells together with the CNS resident cells 
(microglia, astrocytes and neurons) control the proliferation of tachyzoites by IFN-γ 
(64). Microglia  produce pro- and anti-inflammatory cytokines such as IL-1β, IL-10, 
TNF, IL-12 and IL-15 (reviewed in 69). IFN-γ activated microglia increase production 
of nitric oxide (NO), which blocks enzymatic activity and damages the parasitite DNA 
to stop intracellular parasite replication (70). Astrocytes also produce IL-1, IL-6 and 
granulocyte-macrophage colony-stimulating factor (GM-CSF). Although infected 
astrocytes and microglia can clear the parasites, in neurons, tachyzoites convert into 
cyst-forming bradyzoites (71). However, the precise mechanisms behind cyst formation 
in neurons are still unclear. The reactivation of latent toxoplasma cysts is mainly due to 
the reduction and functional disturbance of T cells (CD4+ and CD8+), as well as 
impaired macrophages and NK cells (72, 73). 
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Murine models and human 
There are discrepancies in the cell responses to T. gondii between murine cells and 
human cells. Both murine cells and human cells rely on IFN-γ and STAT1 signaling to 
control parasite replication, however human cells lack functional TLR11 and 12, most 
IRGs, and there are no clear contributions of GBPs to control infection (74,75). In 
microglia, iNOS expression and subsequent NO production is more prominent in 
murine microglia and not in human microglia (76). In murine astrocytes, tachyzoite 
replication is inhibited by the disruption of the PV by the IFN-γ-induccible immunity-
related GTPases (IRG). Irgm3 (IGTP) and IIGPI (77–79), whereas in human astrocytes, 
tryptophan starvation of the parasite caused by enzyme indoleamine 2,3-dioxygenase is 
the key antiparasitic molecule (80). Although the mouse is a natural host and a natural 
infection model for understanding the immune response to T. gondii, the differences 
between species should always be taken into consideration when trying to describe the 
immune response in humans. 
 
1.3.2. Migratory activation of dendritic cells and microglia  
Both DCs and microglia chemotaxis towards chemokine gradients. Matured DCs 
express the C-C chemokine receptor (CCR) 7 and downregulate CCR5. CCR7 binding 
to its ligands (CCL19 and CCL21) guides the migrating cells across interstitial tissues 
to the secondary lymphoid organs where the adaptive immune responses are initiated 
(81,82). Under pathological conditions in the CNS, activated microglia change their 
morphology from a ramified form to amoeboid form and migrate to the site of injury. 
ATP mediated Gi/o protein-coupled P2Y12 receptor activation induces membrane 
ruffling and chemotaxis of microglia (reviewed in 83). DCs are known to migrate in an 
amoeboid fashion. When matured DCs migrate into lymphnodes, DCs are guided by 
tissue-immobilized gradients of CCL21 in an integrin-independent manner (84). 
Amoeboid migration is the mode of locomotion regulated by rapid cycles of actin 
polymerization and actin-myosin contraction, with a low adhesive and non-proteolytic 
activity (85). Another form of migration, mesenchymal motility, is an adhesion-
dependent mode of migration characterized by cell polarization along the axis of 
migration, and extending a leading edges in the direction of movement, followed by 
retraction of the trailing edge at the opposite end (85). The detail comparisons of 
amoeboid migration and mesenchymal migration are described in Table 1.  
 
DCs also transmigrate through endothelial monolayers. The transmigration process 
is a sequential, multistep process that consists of rolling and firm adhesion to the 
endothelium, followed by locomotion across the endothelium. Leukocytes roll along 
the endothelium via selectin-mediated interactions. This results in the activation of β1 
and β2 integrins on the leukocyte surface with subsequent binding of VCAM-1 and 
ICAM-1 receptors on the surface of endothelial cells. Interactions between leukocytes 
and ICAM-1 induce phosphorylation of VE-cadherin via s-Src as well as reducing VE-
cadherin binding to p-120 catenin and beta-catenin, resulting in adhesion junctions 
(AJs) destabilization (86). In addition, cross-linking of VCAM-1 and ICAM-1 on the 
endothelial cells stimulates an increase in cytosolic free calcium ions, which will 
activate myosin light-chain kinase, leading to actin-myosin contraction in the 
endothelial cell. Furthermore, the leukocyte has a flattened phenotype and forms a 
protrusive leading edge and a uropod.  At the leading edge, RhoA contributes to actin 
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polymerization via the formin mDia1 in lamellipodia and or filopodia extending 
between endothelial cells (87). In the uropod, RhoA induces myosin light chain (MLC) 
phosphorylation and inhibits MLC phosphatase via its downstream targets ROCK1 and 
ROCK2, which that generate a contractile force through non-muscle myosin II 
interaction with actin bundles (88). Subsequently, leukocytes homophillically interact 
with platelet/endothelial-cell adhesion molecule CD31(PECAM-1) on the apical side 
(89) and CD99 on the basolateral side (90) 
 
Table 1. Comparison of amoeboid and mesenchymal migration���������� �	���
(85,91) 

 
 
 
 
 
 
 
 
 
 

 Amoeboid Mesenchymal 
  

 
 
 
 
 
 
 

 

Speed Fast Slow 
Polarity Well-defined  

front, rear 
Multiple, competing lamellipodia 

Adhesion Relatively weak 
mostly intracellular 

Strong, mostly ECM with well-defined adhesion 
complexes 

In vivo 
Migration 

Squeezing through 
pores in matrix 

Traction via adhesion to ECM, matrix 
degradation as necessary 

Signaling 
pathway 

GEF 
� 
Rho 
� 
ROCK 
� 
MLC (Phosphorylation) 
� 
Actin-myosin  
contraction 
 

1) 
GEF                
� 
Cdc42, Rac 
� 
Actin 
�     
Lamellipodia 
Filopodia 

2) 
GEF 
� 
Integrin 
fascin 
� 
� 
Adhesion  
cell front 

3) 
Rho A 
� 
� 
� 
� 
� 
Contraction 

4) 
Dyanmin 
MAP4K4 
� 
� 
� 
� 
Adhesion 
disassembly 
cell rear 

�������������������������������������
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1.4. T. gondii dissemination in the host  
Following oral infection, resident and non-resident leukocytes are parasitized by 
sporozoites from the oocyst or bradyzoites from tissue cysts in the intestinal tissues. 
Subsequently, the parasites are transferred into the circulation, which is dependent on 
either direct tissue penetration by parasite motility (gliding motility and 
transmigration) or host cell-mediated transfer (hypermigratory phenotype, Trojan 
hose mediated migration). T. gondii can rapidly disseminate throughout the host. In 
rodents, parasites are found in distal sites, such as the spleen, within a few hours after 
natural infection. Here, the focus is the possible pathways that facilitate parasite 
dissemination in the host 
 
1.4.1. Gliding motility  
T. gondii tachyzoites migrate across cellular barriers. This process, powered by gliding 
motility, can be experimentally modeled by in vitro and ex vivo transmigration assays, 
which measure paracellular or transcellular migration (92,93). The T. gondii type I lines 
indicated a long distance migration in vivo and higher frequency for transmigration 
compared to type II and III lines in vitro and ex vivo (92).  
 
1.4.2. Trojan horse migration 
T. gondii tachyzoites infected migratory immune cells shuttle the parasite throughout 
the host via a Trojan horse mechanism. DCs are one of innate immune cells that 
encounter pathogens in the periphery. Upon infection with T. gondii, parasitized DCs 
shows enhanced migration that helps disseminate in a mouse model, termed the 
hypermigratory phenotype (94,95,96). The hypermigratory phenotype includes 
enhanced transmigration, enhanced random directional migration (hypermotility) 
(paper I), enhanced migration in a 3D matrix (paper II), chemotaxis (paper I) and 
enhanced dissemination in a mouse model. Mounting evidence indicates that not only 
DCs but also monocytes have been shown to transport tachyzoites to the brain (96,97) 
and T cells have been reported to shuttle parasites in the circulation at a later stage of 
infection (29,98). In addition, macrophages (99), neutrophils (100,101) and NK cells 
(102) have been suggested to contribute to parasite dissemination. We characterized 
that all type I, II and III induced a hypermigratory phenotype in DCs and type II (and 
III) parasite induced a more potent hypermigratory phenotype in vitro compared to type 
I parasites. Infected leukocytes in the circulation were preferentially associated with 
type II and III lines (95), which found mainly intracellular in the circulation soon after 
infection (95). These indicated that type I parasites may enter the circulation as 
extracellular parasites while type II and III parasite infect host cells to disseminate 
during early dissemination.   
 
1.4.3. Passage to disseminate 
Knowledge about the passage of T. gondii across restrictive biological barriers such as 
the BBB remains limited. Adoptive transfer (i.v. or i.p.) of parasitized CD11c+ and 
CD11b+ cells led to CNS penetration (96). In an in vitro BBB model, CD11b+ cells 
exhibited preferential transmigration while upon adoptive transfer in mice no 
preferential delivery into the CNS compared with CD11b- cells was observed (97). 
More recent findings show that replication of tachyzoites in the endothelium is 
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Table 2.  VDCCs and their function in immune cells 
(abbreviations m; mouse, h; human, r; rat) 
�

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   

Channel type α1 Immune cell Function 

High 
voltage 
activated 

L type Long 
lasting 

Cav1.1 m T cell127,128 Cytokine production 
Cav1.2 h DC129,130 

h T cell131,132 
h monocyte133 
m mast cell134,135 
m T cell127,128 

IL-12 production 
Maturation 
TNF-α production 
Anti-apoptotic 
Cytokine production 

Cav1.3 h monocyte133 
h T cell131,132 
m DC (paper IV) 
r B cell136,137 

TNF-α production 
Maturation 
Migration 
Receptor activation 

Cav1.4 h T cell131,132 
m T cell127,128 

Maturation 
Cytokine production 

N type Neuronal Cav2.1   
P/Q 
type 

Purkinje 
cell 

Cav2.2   

R type Resistant Cav2.3   
Low 
voltage 
activated 

T type Transient Cav3.1 m T cell138 immune response 
Cav3.2   
Cav3.3   
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2. Aims of the thesis 
 
Hypothesis 
Toxoplasma gondii effector molecules modulate motility-related host cell signalling to 
induce enhanced motility, hypmernigratory phenotype, in dendritic cells and microglia.  
 
Specific aims are as follow. 
  
I. To characterize the migratory phenotype of T. gondii infected DCs. 
II. To develop a new method to further characterize the migration of T. gondii 

infected immune cells in vitro.  
III. To investigate the roles of T. gondii derived effector molecules in the 

hypermigratory phenotype. 
IV. To study the roles of GABAergic signalling mediated Ca2+ influx in the T. gondii 

infected DCs. 
V. To investigate the role of microglia in T. gondii infection in primary cortical 

microglia 
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3. Methods  
 
This thesis describes the migratory phenotype induced by T. gondii. For quantifying the 
migratory capacity, we used conventional methods including transwell systems (BD) 
and chemotaxis assays (µ-slide, ibidi) as well as newly developed methods in our 
laboratory, a 2D motility assay and a 3D migration assay. These new assays 
complement some of the limitations of conventional methods. The detailed comparison 
of methods is described in Table 3. For identifying the signaling pathway involved in 
the migratory phenotype, we focused on Ca2+ signaling. 
 
2D motility assay 
The 2D Motility assay quantifies single cell motility on a 2D surface. In order to avoid 
drift during live imaging, collagen type I was titrated at 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, the 
manual method was more accurate than the automated method. This is a simple and 
semi-high- throughput method for quantifying random directional locomotion of cells.  
 
3D migration assay 
The 3D migration assay was developed for measuring the migratory capacity in a more 
in vivo-like environment. Collagen and MatrigelTM were tested for creating 3D matrix. 
Although the MatrigelTM was more reprisentative for the ECM, a collagen matrix forms 
more consistent gel and the data was reproducible. Z-stack images were acquired with 
optimal interval and image analysis was optimized by comparing Imaris spot function, 
Image J, Cell profiler and manual quantification. Imaris Spot function detects the most 
accurate XYZ position of cells. The data was further analyzed and migrated distances 
were semi-automatically quantified by using Excel macro and R. The detailed method 
is described in Paper II. 
 
Ca2+ imaging 
DCs are immune cells with characteristics of semi-adherent and frequent 
Ca2+oscillation. In order to establish stable baseline Ca2+imaging, we optimized the 
coating reagent, 3-aminopropyltriethoxysilane. This induces a positive surface charge 
to facilitate cell adhesion. The ECM and poly-L-lysin mediated insufficient adhesions. 
Next, We optimized Ca2+ indicator. Fluo8H (Kd=232 nM) had the highest sensitivity in 
chemical indicators (Fluo4, Fluo8, Rod4 and Rod8) and allowed us to monitor Ca2+ 

signaling in DCs. The perfusion rate was adjusted so that DCs would not be removed or 
activated (0.5 ml/min). The method is described in detail in Materials and Methods of 
Paper IV. 
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Table 3. Comparison of in vitro migration assays 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Transmigration 
assay 

Chemotaxis 
assay 

2D Motility 
assay 

3D migration 
assay 

  

 

  

Measurement Frequency of 
cellular 
transmigration 
over time  

Velocity, 
distances, 
directionality  

Velocity, 
distances, 
directionality  

Velocity, 
distances, 
directionality  

Migration  
in vivo 

transendothelial 
migration/extrava
sation 

Chemotaxis ECM migration  ECM migration 

Strength Commercially 
available 

Commercially 
available 
Single cell 
observation 
over time 

Single cell 
observation over 
time 

in vivo-like 
high-through 
put 

Limitation Excludes cells 
not finding pore 
in transwell filter 
 

Exclude the 
possibility of 
chemokinesis 

2D surface 
(artificial 
environment) 

One direction 
to observe cell 
migration 
Underestimate 
migrated 
distance (end-
point assay) 
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4. Results  
 
The hypermigratory phenotype induced by T. gondii is a tightly regulated system that 
involves parasite effector molecules and modulation of the host cell migration 
machinery. In this thesis, we describe the finding of parasite effector molecules and a 
non-canonical signaling in a host cell linked to the hypermigratory phenotype. We 
found that T. gondii-derived 14-3-3 (Tg14-3-3) was sufficient to induce the 
hypermigratory phenotype (Paper III), which possibly modulates the host cell 
signaling. Upon infection with T. gondii, DCs underwent dramatic morphological 
changes and exhibited hypermotility on a 2 dimensional (2D) surface (Paper I) and 
further analysis in a more in vivo-like 3 dimensional (3D) assay confirmed the same 
phenotype as the 2D assay in vitro (Paper II). This rapid induction of hypermotility was 
linked to GABAergic-mediated calcium signaling (Paper IV). These findings were 
observed not only for DCs but also in primary cortical microglia (Paper V). 
 
 4.1. Paper I 
DCs in the peripheral tissues are in an immature state and switch to a mature stage 
when they encounter pathogens or antigens. This maturation process was also 
characterized by looking at cytoskeleton rearrangements. Here, we characterized rapid 
morphological changes upon infection with T. gondii.  
 
We showed that active invasion of T. gondii induced rapid cytoskeleton remodeling in 
DCs and induced a hypermigratory phenotype within minutes. This was dependent on 
intracellular parasite localization and secretory organelle discharges. DCs infected by 
T. gondii lost adhesive podosome structures, became rounded with veils and membrane 
ruffles, which was significantly more rapid than LPS-induced maturation. We found 
redistribution of F-actin together with integrins (CD18 and CD11c) and vinculin at the 
edges of the infected DCs whereas non-infected DCs had actin-rich podosome 
structures surrounded by vinculin. Interestingly, the morphological changes mediated 
by actin remodeling and the hypermigratory phenotype were independent of 
prostaglandin (PGE2) that regulates podosome dissolution in LPS-matured DCs. Upon 
infection with T. gondii, DCs exhibited up-regulation of chemokine receptor CCR7 and 
down-regulation of CCR5. Infected DCs acquired the ability to respond 
chemotactically to the CCR7 ligand, CCL19. In conclusion, active invasion of DCs by 
T. gondii induced morphological changes, which were linked to migratory activation. 
 
4.2. Paper II 
As described in paper I, shortly after parasite invasion, T. gondii-infected DCs 
exhibited hypermotility in 2D confinements in vitro and enhanced transmigration in 
transwell systems. However, interstitial migration in vivo involves interactions with the 
extracellular matrix in a 3D space and the behavior of T. gondii-infected DCs in an 
extracellular matrix remain unexplored. Here, we developed a 3D migration assay 
using a collagen matrix and analyzed the migration of T. gondii-infected DCs in 3D. 
 
The 3D matrix migration assay was performed in a bovine collagen I matrix in a 96-
well plate. By combining an automatic cell counting method using Imaris 3D software, 
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this assay allowed us to perform high-throughput analyses of 3D migration in a 
quantitative manner. After an 18 h incubation of cells on the collagen layer, we 
observed cell migration, which was dependent on actin polymerization, indicating 
active penetration of the matrix. Next, we examined if the hypermotility of cells was 
observed upon T. gondii infection in a 3D matrix in a quantitative manner. After 18 h, a 
significantly larger population of infected cells (55%) migrated father than 80 µm 
compared to the non-infected cell population (19%). The mean migrated distance was 
significantly longer in the T. gondii-infected cell population than the non-infected cell 
population. This migratory phenotype was also linked to morphological changes such 
as a rounded cell shape and loss of membrane extensions. Together with the result that 
blockade of integrins did not interfere with the migration in a 3D matrix, we concluded 
that this migratory phenotype was an amoeboid-like migration. As described in paper I, 
T. gondii infection up-regulated CCR7, down-regulated CCR5 and induced chemotaxis 
towards CCL19. In a 3D chemotaxis assay, we observed an increase of relative 
migratory distance towards the chemokine gradient only in infected DCs, but not in 
non-infected DCs and LPS treated DCs, meaning that T. gondii-induced 
hypermigration can be further potentiated by CCL19 in a 3D matrix. Altogether, these 
data support the hypothesis that the induction of amoeboid hypermigration and 
chemotaxis/chemokinesis in infected DCs potentiates the migration of T. gondii in a 3D 
matrix in an integrin-independent manner. Our new 3D migration assay allowed us to 
characterize the hypermigratory phenotype in a 3D matrix in a highly quantitative and 
reproducible manner. 
 
4.3. Paper III 
During active invasion, it is known that T. gondii secretes various proteins that 
modulate host cell functions. However, the parasitic effector molecules responsible for 
the onset of the hypermigratory phenotype had not been found. 
 
To screen the effector molecules, we fractionated parasite lysates and purified them by 
ion exchange chromatography. Fractions were tested for their ability to induce a 
hypermigratory phenotype in DCs, and we identified the fraction inducing the 
hypermigratory phenotype from the subcellular fraction. One of the responsible 
proteins for the hypermigratory phenotype was T. gondii-derived 14-3-3 protein, which 
is encoded by one gene (TGME49_263090). Inhibition of 14-3-3 protein by R18 
peptide abolished the hypermigratory phenotype. Next, to assess the role of Tg14-3-3, 
we produced recombinant Tg14-3-3 proteins and transfected DCs and a microglia cell 
line, BV2. In both cell types hypermotility was induced. Overexpression of Tg14-3-3 
by lentiviral transduction in DCs also showed the induction of hypermotility. Lastly, 
we examined the localization of Tg14-3-3 and host derived 14-3-3. Tg14-3-3 
localization was addressed by using reversible overexpression of a Shield 1 ligand-
dependent protein destabilization domain (DD) system. DDYFP-Tg14-3-3 expressing 
parasites also induced the hypermigratory phenotype in a shield 1-dependent manner. 
The localization of Tg14-3-3 was analyzed by transmission electron microscopy (TEM) 
and immunogold labeling using an antibody directed against YFP. We observed the 
YFP-Tg14-3-3 signal in the intraparasitic cytosol and in the perivacuolar space beneath 
the parasitophorous vacuole membrane (PVM). Interestingly, we observed that host 14-
3-3 proteins were recruited around the PVM that co-localized, at least in part, with the 
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dense granule protein, GRA7. Recruitment of host 14-3-3 to the PVM was rapid, with a 
distinct pattern being visible 6 h after T. gondii invasion and further reinforced by 24 h. 
Altogether, we showed that parasite-derived Tg14-3-3 was sufficient to induce a 
hypermigratory phenotype and was localized both in the parasite and perivacuolar 
space beneath the PVM. 
 
4.4. Paper IV 
Previous research from our group showed that GABAA receptor signaling triggered a 
hypermigratory phenotype in DCs upon T. gondii infection (114). However, the 
mechanism of the signal transduction pathway is still unknown. Here, we investigated 
down-stream effects of GABAergic signaling activated by T. gondii. 
 
GABAA receptors are ionotropic chloride channels and their functions are regulated by 
cation-chloride co-transporters (CCCs). We addressed the implication of CCCs 
(NKCCs and KCCs) in DC hypermigration. Interestingly, addition of bumetanide, at 
concentrations known to inhibit NKCC but not KCC activity in neurons (139), resulted 
in impaired hypermotility (Fig 9A and B) and a non-significant decrease in 
transmigration frequencies (Fig 9C). We therefore assessed if DCs expressed CCCs. By 
qPCR, we detected transcription signal corresponding to NKCCs and KCCs in T. 
gondii-challenged DCs and in unchallenged DCs (Fig 9D and E). Enhanced expression 
of NKCC1 transcripts was consistently observed in T. gondii-challenged DCs related to 
unchallenged DCs (Fig 9D). NKCC1/2 monoclonal antibody consistently exhibited 
reactivity with DCs measured by immunofluorescence (Fig F). Western blotting with 
NKCC1/2 antibody detected polypeptide bands ranging between 130-200 kDa in brain 
lysates and a single polypeptide band (≈ 170 kDa) in DCs and T. gondii-challenged 
DCs (Fig 9G), in line with previous characterizations in different cell types (140,141). 
Additionally, a phospho-NKCC1 antibody detected a polypeptide band in T. gondii-
challenged DCs and in non-challenged DCs (Fig 9H), suggesting the presence of the 
phosphorylated form of NKCC1 in DCs. Altogether, the findings suggested that 
bumetanide acts primarily on NKCC1 and implicated NKCC activity (mediating Cl- 

influx) in the hypermigratory phenotype of T. gondii-infected DCs.  
 
Under higher intracellular Cl- concentrations, GABA binding to GABAA receptor 
induces Cl- efflux. This leads to membrane depolarization and Ca2+ influx via voltage-
dependent Ca2+ channel (VDCC). We measured intracellular Ca2+ concentration 
changes upon addition of GABA in DCs. Ca2+ imaging indicated that DCs responded to 
GABA and increased their intracellular Ca2+ concentration. Next, the roles of Ca2+ and 
VDCCs in the hypermigratory phenotype were assessed. Removal of Ca2+ and 
inhibition of VDCCs abolished the hypermigratory phenotype. GABA synthesis and 
transportation inhibition also abolished the hypermigratory phenotype and this was 
rescued by addition of an L-type VDCC agonist (BayK8644) or GABA. However, 
reduction of the hypermigratory phenotype by inhibition of VDCCs could not be 
rescued by the addition of GABA, indicating a link between L-type VDCCs and the 
hypermigratory phenotype of T. gondii-infected DCs downstream of GABAergic 
signaling. In mouse DCs, an L-type VDCC, Cav1.3 was dominantly expressed and 
pharmacological inhibition and gene knockdown of  
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Fig 9. NKCC1 in DCs is linked to hypermotility 
(A) Representative motility plot analysis of DCs incubated with PTG tachyzoites for 3 h and treated for 1 h 
with bumetanide (1 μM) related to cells in complete medium (CM). Plots are representative of 3 independent 
experiments. (B) Motility analysis of DCs incubated with PTG tachyzoites for 3 h and treated for 1 h with 
bumetanide (1 μM) related to cells in complete medium (CM). Data represent means ± SD of 3 independent 
experiments. Asterisks indicate significant differences (*: p < 0.001, ns: p > 0.05, Pairwise Wilcoxon rank-sum 
test, Holm correction). (C) Transmigration frequency of DCs challenged with PTG tachyzoites for 5 h followed 
by treatment (1 h) with bumetanide (10 µM) related to cells in CM. Data represent means ± SD of 3 
independent experiments performed in duplicate. Asterisks indicate significant differences (*: p < 0.01, ns: p > 
0.05, One-way ANOVA, Tukey’s HSD test). (D) NKCC1 and NKCC2 expression in T. gondii-infected DCs. 
qPCR analysis of cDNA from DCs challenged with T. gondii tachyzoites (PTG, MOI 3) related to DCs in 
complete medium at indicated time-points. ΔCt values were calculated with mean of Actin and GAPDH as 
reference gene and are given as means ± SD of 3 independent experiments performed in duplicate. (E) KCC1, 
KCC2, KCC3 and KCC4 expression in T. gondii-infected DCs. qPCR analysis of cDNA from DCs challenged 
with T. gondii tachyzoites (PTG, MOI 3) related to DCs in complete medium at indicated time-points. ΔCt 
values were calculated with mean of Actin and GAPDH as reference gene and are given as means ± SD of 3 
independent experiments performed in duplicate. (F) Immunocytochemistry of DCs incubated with GFP-
expressing T. gondii tachyzoites (green), stained with NKCC1/2 monoclonal antibody (red) and DAPI (blue). 
Scale bars: 10 μm. (G) Representative Western blot of lysates from mouse hippocampus (brain), unchallenged 
DCs (DC), DCs challenged with T. gondii tachyzoites (DCs+Toxo) and tachyzoite lysate (Toxo lysate) 
immunoblotted with NKCC1/2 monoclonal antibody. GAPDH was used as loading reference. Data is 
representative of 4 independent experiments. (H) Representative Western blot of lysates from unchallenged 
DCs (-) and DCs challenged with T. gondii tachyzoites (+) for indicated time, immunoblotted with phospho-
NKCC1 antibody. GAPDH was used as loading reference. Data is representative of 4 independent experiments. 
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Cav1.3 reduced the hypermigratory phenotype. In a mouse model, parasitic loads were 
significantly lower in mice that received adaptively transferred benidipine-treated 
infected DCs compared to non-treated infected DCs. We demonstrated that the 
hypermigratory phenotype induced in DCs by T. gondii was dependent on the L-type 
VDCC subtype Cav1.3, and the activation of which was linked to GABAergic 
signalling. 
  
4.5. Paper V  
In the CNS, T. gondii infects microglia, astrocytes and neurons. Previously we found 
that during reactivation of toxoplasmic encephalitis in mice, microglia and astrocytes 
were infected (142). Result from in vitro assays indicated that upon infection with T. 
gondii, the transmigration frequency was significantly higher compared to non-infected 
microglia. Here, we characterized further the migratory phenotypes of microglia upon 
infection with T. gondii. Similarly to DCs, we confirmed that microglia underwent 
rapid morphological changes and exhibited enhanced random directional migration, the 
hypermigratory phenotype, upon infection with T. gondii in both a 2D and 3D setting. 
We confirmed that microglia also secreted GABA upon infection with T. gondii and 
also express several GABAA receptor subunits. However, we observed that inhibition 
of GABA receptors, GAD cofactor PLP or GAT4 enzyme did not have an effect on the 
hypermigratory phenotype in microglia. Because there is an alternative pathway to 
synthesize GABA (ALDH-mediated pathway), we inhibited ALDH1a1 and observed 
inhibition of the hypermigratory phenotype upon infection with T. gondii. These 
findings may indicate a novel GABAergic pathway is involved in the hypermigratory 
phenotype in microglia. 
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5. Discussion  
 
T. gondii is a successful parasite that actively invades cells to disseminate in the 
organism, which can then transform to a tissue cyst stage in order to stay within the 
host for a lifetime. The hypermigratory phenotype is one of the phenotypes induced by 
parasite effector functions.  
 
The phenotypical analysis revealed that T. gondii infection led to rapid morphological 
changes of DCs and microglia in 2D confinements. Upon infection with T. gondii, 
podosomes were dissolved and integrins were re-distributed on a 2D surface (paper I). 
In a 3D matrix, both non-infected DCs and infected DCs used integrin-independent 
migration (paper II). In addition, integrin expression levels in infected DC were either 
maintained or down-modulated (94). Jointly, these indicate that DCs used adhesion-
independent high-speed ameboid migration. 

 
The next natural question was to investigate which parasite effector molecules were 
involved in the hypermigratory phenotype. The hypermigratory phenotype was induced 
by active invasion and discharge of secretory organelles but not de novo protein 
synthesis in the host cell (paper I). We found that parasite-derived Tg14-3-3 was 
sufficient to induce the hypermigratory phenotype in DCs and a microglia cell line 
(paper III). 14-3-3 proteins have been described to regulate the host cell cytoskeleton 
(45), GABAA receptors (143), and GABAB receptors (144). The functions of 14-3-3 are 
diverse and the specific roles of Tg14-3-3 for regulating the hypermigratory phenotype 
require further investigation. 
 
Previous findings indicated that GABAergic signaling pathways in DCs are implicated 
in the hypermigratory phenotype (114). A detailed analysis of downstream signaling 
revealed that GABAergic signaling was linked to VDCC-mediated Ca2+ signaling to 
initiate the hypermigratory phenotype. Murine DCs dominantly expressed Cav1.3, 
which is also expressed in human monocytes (133), rat B cells (136), and human T 
cells (131). Cav1.3 is involved in cytokine production and receptor activation. Increased 
intracellular Ca2+ concentration results in many cellular processes including chemotaxis. 
Upon infection with T. gondii, DCs exhibited upregulation of CCR7 and chemotaxis 
towards CCL19. In a 3D chemotaxis matrix, T. gondii-infected DCs exhibited a further 
potentiated migratory capacity indicating that chemokines could induce both 
chemotactic and chemokinetic activation as well as enhanced dissemination in vivo. 
 
Interestingly, microglia also express GABAergic components and secrete GABA upon 
infection with T. gondii. However, an alternative GABA synthesis pathway seemed to 
mediate the hypermigratory phenotype in microglia (paper IV). The differences 
between the DC and microglia response could be due to physiological GABA 
concentration differences in the CNS (µM to mM range) and periphery (100 nM to 1 
µM in human serum) (111), GABAA receptor compositions, and down-stream signaling 
cascades.  
 
One of the key questions in parasitology is to understand how parasites interact with 
host cells. It is not only important to understand the mechanism of dissemination, but 
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also the pathogenesis and to determine pharmacological targets. The studies revealed 
one of the fundamental mechanisms of host-parasite interactions initiating the 
hypermigratory phenotype of T. gondii-infected DCs and microglia. The 
hypermigratory phenotype helps the parasite to disseminate in the host, where parasites 
can be delivered to immune organs such as the lymph nodes and spleen. The balance 
maintained by T. gondii and the host immune system identifies T. gondii as a one of the 
most successful studied pathogens. 
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