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Abstract

T

oxoplasma gondii (T. gondii) is a prevalent apicomplexan parasite that causes
pathology in all warm-blooded vertebrates including livestock and humans.
Following ingestion the parasite traverses the intestinal epithelium and disseminates
across endothelial barriers gaining access to distal immunoprivileged sites such as
the central nervous system (CNS), placenta and retina. A likely tactic T. gondii
employs to achieve such pervasive infections is exploiting leukocytes as Trojan
horses, thereby eluding the host immune system and gaining access to otherwise
restricted sites. This process is somewhat understood, but the underlying molecular
mechanisms remain elusive. In the present study I examine the role of matrix
metalloproteinases (MMPs), proteinases that process the components of the
extracellular matrix (ECM), as well as their endogenous inhibitors, the TIMPs, in the
dissemination of T. gondii via murine bone marrow derived dendritic cells (BMDCs). I
demonstrate that the mRNA expression of several MMPs and TIMP1 in BMDCs is
considerably altered upon infection by T. gondii. The expression of MMP12, MMP13,
MMP14 and TIMP1 was most notable. The same MMP targets were also implicated
in three functional assays where BMDCs degraded ECM components in the
presence of the MMP inhibitors BB94, MMP inhibitor V and GM6001. The data
presented herein strongly indicate that T. gondii modulates the mRNA expression of
MMPs and TIMPs in parasitized BMDCs and that this modulation enhances the
migration of BMDCs, although post-transcriptional pathways should not be
overlooked. Characterizing the underlying molecular mechanisms that T. gondii
employs to regulate MMPs could expedite the development of therapeutic strategies
that reduce the pervasiveness of T. gondii infections, thus ameliorating
toxoplasmosis in human risk groups. Also, research concerning the regulation of
MMPs and cellular migration bears relevance to several other fields such as
oncology, embryology and immunobiology.
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Antigen presenting cell
Batimastat
B lymphocyte
Bone marrow derived dendritic cell
Chemokine C-C ligand
Chemokine C-C receptor
Chemokine C-X-C receptor
Cluster of differentiation (e.g. CD1)
Conventional dendritic cell
Threshold cycle
Central nervous system
Dendritic cell
Plasmacytoid dendritic cell
Extra cellular matrix
Green fluorescent protein
Human foreskin fibroblast
Half maximum inhibitory concentration
Interleukin
Interferon
Inhibition constant
Lipopolysaccharide
Major histocompatibility complex
Matrix Metalloproteinase
MMP inhibitor V
Multiplicity of infection
Membrane type matrix metalloproteinases
Macrophage
Oregon green 488
Pathogen associated molecular pattern
Pattern recognition receptor
Parasitophorous vacuole
Quantitative polymerase chain reaction
Red fluorescent protein
Toxoplasma gondii
Cytotoxic T lymphocyte
Helper T lymphocyte
Tissue inhibitor of matrix metalloproteinases
Toll like receptor

3!

!

Table of contents
Abstract & Key words .................................................................................... 2
Acknowledgments .......................................................................................... 2
Abbreviations & Acronyms ............................................................................ 2
Table of contents ............................................................................................ 4
1. Background .......................................................................................... 5 - 14
1.1 Toxoplasma gondii ............................................................................................. 5
1.2 Dendritic cells ..................................................................................................... 7
1.3 The Extracellular Matrix & Matrix Metalloproteinases ...................................... 11
1.4 Project aims and hypotheses ........................................................................... 12
1.5 Summary .......................................................................................................... 13

2. Materials & Methods .......................................................................... 15 - 19
2.1 Parasites & cell culture ..................................................................................... 15
2.2 Mouse BMDCs ................................................................................................. 15
2.3 Reagents .......................................................................................................... 15
2.4 Total RNA extraction ........................................................................................ 16
2.5 cDNA synthesis ................................................................................................ 16
2.6 Quantitative polymerase chain reaction (qPCR), ΔΔCT method ...................... 17
2.7 Motility assay.................................................................................................... 18
2.8 Oregon green-488 (OG-488) gelatin degradation assay .................................. 18
2.9 Transmigration assay ....................................................................................... 19

3. Results ................................................................................................ 19 - 26
3.1 Quantitative polymerase chain reaction (qPCR), ΔΔCT method ...................... 19
3.2 Motility assay.................................................................................................... 20
3.3 Oregon green-488 gelatin degradation assay .................................................. 20
3.4 Transmigration assay ....................................................................................... 20

4. Discussion .......................................................................................... 26 - 31
4.1 Quantitative polymerase chain reaction (qPCR), ΔΔCT method ...................... 27
4.2 Functional assays ............................................................................................ 28
4.3 Conclusions and perspectives ......................................................................... 30

5. Bibliography ....................................................................................... 31 - 39
6. Supplementary Data .......................................................................... 40 - 42

4! !

!

1. Background
1.1 Toxoplasma gondii
he promiscuous protozoan Toxoplasma gondii (T. gondii) is an obligate intracellular
parasite that belongs to the apicomplexan phylum together with Plasmodium and
Cryptosporidium spp. (Nicolle & Manceaux 1908) . The crescent formed parasite is capable
of infecting the nucleated cells of all warm-blooded vertebrates. Consequently the parasite is
a major source of livestock morbidity and has an estimated global human prevalence of 30%
(Hill et al. 2005). There is only one described species of Toxoplasma, however there are three
genotypically distinct strains of the parasite, which differ by less than 1%, that dominate in
Europe, North America and Africa, these are: types I, II and III (Howe & Sibley 1995). There
are four morphologically distinct stages in the life cycle of T. gondii: the tachyzoite (tachos:
“swift”, Gr.); bradyzoite (brady: “slow”, Gr.), sporozoite (sporos: “seed for sowing”, Gr.) and
merozoites (meros: “part”, Gr.) stages, reviewed by Dubey et al. (1998). The parasites
definitive hosts, i.e. a host in which it can sexually reproduce, include all member of the
felidae genus (cats) (Dubey et al. 1970, Dabritz & Conrad 2010). Infection occurs when
either: (i) tissue cysts or (ii) sporulated oocysts are ingested by a warm-blooded vertebrate,
e.g. when humans drink or eat foodstuff or water contaminated by felid feces (oocyst
sporozoites) or eat undercooked meat (tissue cyst bradyzoites) (Bowie et al. 1997). Also, T.
gondii tachyzoites can traverse the placenta and infect the growing fetus, provided that the
mother is T. gondii seronegative upon infection and becomes infected during pregnancy
(Martin 2001).

T

The lifecycle of T. gondii is separated into an asexual and a sexual cycle (figure 1A). The
sexual life cycle begins when tissue cysts are ingested by a Felid (cat). Cats can become
infected by sporulated oocysts, but only at high inoculation doses (Dubey et al. 1970), this
rout will therefore not be discussed. Upon ingestion, gastric acid and gastrointestinal enzymes
degrade the tissue cyst wall. When in the small intestine, bradyzoites emerge and actively
penetrate enterocytes. Invasion involves the sequential discharge of micronemes and
rhoptries, which are apically oriented organelles that contain effector proteins (Leriche &
Dubremetz 1991, Nichols et al. 1983) (figure 1B). Following invasion, bradyzoites form an
intracellular nonfusogenic vacuole, the parasitophorous vacuole (PV), where the parasite
replicates and differentiates into merozoites. Subsequently merozoites undergo sexual
differentiation, yielding micro- and macro-gametocytes that produce thick walled zygotes,
which differentiate into oocysts. Infected host cells ultimately rupture expelling oocysts into
the intestinal lumen and eventually the feces. Initially oocysts comprise a single cytoplasmic
mass, the sporoblast. Oocysts sporulation takes 5 days. This involves differentiation of the
sporoblast into 2 sporocysts, each of which contain 4 sporozoites, i.e. one oocyst contains 8
parasites. Tissue cysts are also formed in definitive hosts.
The asexual cycle commences upon T. gondii cysts entering the small intestine of an
intermediate host, although asexual reproduction also occurs in cats. After ingestion, T.
gondii sporozoites or bradyzoites are liberated from oocysts or tissue cysts in the small
intestine, respectively. The parasite then rapidly penetrates the intestinal epithelium, as
described above, infecting enterocytes and goblet cells. The PV is established upon invasion.
Within the PV sporozoites/ bradyzoites differentiate into tachyzoites, which replicate via
endodyogeny until the host cell ruptures (Piekarski et al. 1971). Tachyzoites then traverse the
lamina propria and subsequently achieve widespread dissemination via the hosts circulatory
and lymphatic systems through a Trojan horse mechanism, described below. As the host
immune system gradually mounts a response, tachyzoites re-infect new host cells and revert
!
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to bradyzoites, which encyst upon re-infecting new host cells due to interactions with the host
immunesystem. The tissue cysts wall is derived from the PV together with several host cell
derived components (Dubey 1997, Lindsay et al. 1991, Ferguson & Hutchison 1987). Tissue
cysts are approx. 5 – 50 µm in diameter and are typically formed in striated muscle, cerebral
tissue or retinal tissue (Dubey et al. 1970).

A.

B.

Figure 1: A: The life cycle and infection routs of Toxoplasma gondii. Figure modified from (Dubey et al.
1998). B: The morphology and organelles of Toxoplasma gondii tachyzoite. Figure modified from (Baum et
al. 2006).

In healthy individuals tissue cysts often remain latent for the entire lifespan of the human
host. Bradyzoites are maintained in a slow proliferative mode and are confined to tissue cysts
through subjugation by the host immune system (Dubey et al. 1998). Some
immunocompetent individuals develop mild symptoms upon infection such as
lymphadenopathy, flulike symptoms and mild ocular disease (Pepose et al. 1985). However,
T. gondii becomes opportunistic upon impairment of the host immune system.
Immunocompromised and immunosuppressed individuals, such as AIDS patients and
transplant recipients, therefore often develop severe toxoplasmosis upon infection or the
reemergence of a latent infection (Luft & Remington 1992). Over time, such individuals
develop severe toxoplasmic encephalitis and necrotizing toxoplasmic retinitis (Mariuz & Luft
1992, Slavin et al. 1994, Berger et al. 1993). Also, tachyzoites can cause congenital
toxoplasmosis (i.e. fetal infection) through traversing the placenta, which manifests as
neonatal malformations, severe ocular disease, severe encephalitis and often stillbirth
(Montoya & Liesenfeld 2004). Congenital toxoplasmosis and toxoplasmosis in
immunocompromised individuals is often lethal (Luft & Remington 1992).
The mechanisms by which T. gondii disseminates are partially described but the details
remain elusive. In 2006 Lambert et al. and Courret et al. independently discovered that the
parasite shuttles itself throughout its host using a Trojan horse strategy. This involves T.
gondii tachyzoites actively invading and hijacking host leukocytes, which become
hypermotile upon infection. The Trojan horse strategy allows T. gondii to elude the host
defenses and disseminate to distal locations throughout the host (Lambert et al. 2011).
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Importantly, the Trojan horse strategy has allowed T. gondii to traverse endothelial barriers
and gain access to immunoprivileged sites such as the central nervous system (CNS), retina
and fetus, reviewed by Lambert and Barragan (2010). Leukocytes of both myeloid and
lymphoid origin have been implicated in this mechanism, including: Natural killer (NK) cells
(Persson et al. 2009); T lymphocytes (T cells) (Persson et al. 2007, Schaeffer et al. 2009);
neutrophils (Norose et al. 2008); monocytes (Courret et al. 2006) and macrophages (MØs)
(Lambert et al. 2011). However, T. gondii preferentially infects dendritic cells (DCs)
(Lambert et al. 2006, Bierly et al. 2008, Courret et al. 2006). DCs line the intestinal basal
lamina and are likely among the first leukocytes to interact with and become infected by T.
gondii tachyzoites. This, together with the rapid dissemination of T. gondii (Derouin & Garin
1991, Hitziger et al. 2005) suggests that the parasite primarily exploits DCs as Trojan horses.
1.2 Dendritic cells.
endritic cells (DCs) are immunological sentinels that bridge the innate and adaptive
arms of the immune system. Following Steinman and Cohn’s (1973) discovery of DCs
in mouse peripheral lymphoid organs, it has become apparent that there are several distinct
DC subpopulations including, but not limited to, epidermal Langerhans cells (LCs),
interstitial (dermal) DCs, splenic marginal DCs, thymic DCs and T-zone interdigitating DCs
(Banchereau & Steinman 1998). Another more inclusive categorization distinguishes between
conventional DCs and plasmacytoid DCs, discussed later. Murine DCs are most commonly
characterized on the basis of cluster of differentiation 1 (CD1), CD4, CD8, CD11b, CD11c,
CD40, CD80 and CD86 expression as well as phagocytic and T cell priming competence
(Banchereau & Steinman 1998, Craig et al. 2009) (table 1). Human DCs are defined by
similar markers, however the surface marker expression of human DCs is more dynamic and
therefore harder to characterize (Banchereau & Steinman 1998). These proteins facilitate
lymphocyte co-stimulation (CD86, CD80 and CD40), protein and lipid antigen presentation
(major histocompatibility complex (MHC) class-II and CD1, respectively), complement
system cross talk (CD11c), adhesion (CD11b) and pathogen recognition (CD11b). All human
and mouse DCs stem from CD34+ myeloid or lymphoid bone marrow derived hematopoietic
stem cells and the vast majority eventually differentiate into professional antigen presenting
cells (APCs). Nucleated cells are able to express antigens through MHC class I presentation.
However only cytotoxic T cells (Tcyt) and some other CD8+ leukocytes are able to sample
MHC class I. APCs are defined as MHC class II presenting cells. Through this mechanism
APCs present antigens to both T and B lymphocytes (T and B cells). Apart from DCs and
MØs, B cells, endothelial cells and thymic epithelial cells are APCs. Although the latter two
require interferon stimulation to express MHC class II and to mature into APCs. Antigen
presentation is a multi step process, briefly:

D

(i)
(ii)
(iii)

(iv)
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Recognition: Microbial antigens or other immunogenic antigens (e.g. mutated or
damaged host proteins) are recognized by pattern recognition receptors (PRRs).
Uptake: Immunogenic proteins/ hole cells are internalized through receptor mediated
endocytosis, phagocytosis or pinocytosis.
Processing: The antigen enclosing early endosome/ phagosome fuses with a
lysosome and all proteins are enzymatically and biochemically degraded, yielding a
multitude of peptides, some of which encompass immunogenic epitopes i.e. are
antigens. A specialized endoplasmic reticulum (ER) processed MHC-class II laced
vesicle then fuses with the phago- or endolysosome.
Presentation: High affinity peptides bind and stabilize MHC-class II while free
MHC class II are degraded. The vesicle then fuses with the plasma membrane and
MHC class II-antigen complexes are presented.
7!
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Like all innate leukocytes DCs recognize pathogens unspecifically through germ-line
encoded receptors, PRRs. The PRRs include the toll like receptors (TLRs), C-type lectin
receptors (CLRs), NOD-like receptors (NLRs), RIG-like receptors (RLR) and scavenger
receptors. PRRs are present both intracellularly, either free in the cytoplasmic or bound to the
endo/ phagosome membrane, and extracellularly bound to the plasma membrane. These
receptors recognize a vast multitude of non-host molecules such as lipopolysaccharides
(LPSs) (gram negative bacteria) through TLR4, profilin (T. gondii) or flagellin (flagellated
bacteria) through TLR11 (flagellin also through TLR5) and CpG DNA through TLR9 (DNA
viruses). Collectively, molecules recognized by PRRs are identified as pathogen associated
molecular patterns (PAMPs) or damage associated molecular patterns (DAMPs).
There are two main classes of DCs, conventional DCs (cDCs) and plasmacytoid DCs (pDCs)
(table 1). Conventional DCs (cDCs), which make up the majority of the DC population, are
present in the steady state and reside in both peripheral and lymphoid tissues. However, nonsteady state cDCs exist, such as inflammatory cDCs (a.k.a. inflammatory monocytes), which
are short-lived monocyte-derived cells that circulate in the blood. These cells are non-steady
state DC progenitors that mature into DCs upon inflammatory stimuli or pathogen
recognition. cDCs are further divided into resident and migratory cDCs. Migratory cDCs are
classical DCs in that they reside in dermal, epidermal or mucosal tissues (the skin, lungs and
intestine, respectively) were they sample antigens. Upon encountering a pathogen these DCs
become activated, induce inflammation and migrate into the lymphatic’s where they present
antigens to lymphocytes. Resident DCs are restricted to the lymphoid organs, i.e. the lymph
nodes, spleen and thymus. Their most apparent functions are to augment migratory DCs
antigen presentation, direct adaptive immune responses and regulate self-tolerance (Shortman
& Naik 2007). The maturation of most cDCs occurs in peripheral tissues, however, some
cDCs are derived from circulating monocytes. pDCs on the other hand become fully mature
in the bone marrow and require stimulation by Flt-3 Ligand and the transcription factor E2-2
to mature (Bjorck 2001, Cisse et al. 2008). Furthermore, pDCs do not mature into
professional APCs. They are TLR7High (ssRNA) and TLR9High (CpG DNA) and secrete high
levels of antiviral cytokines, predominantly INFα and INFβ, upon activation (Diebold et al.
2003, Diao et al. 2004). pDCs predominantly combat viral infections.
Before encountering an antigen DCs are in a resting state were they patrol tissues while
sampling antigens. These cells are PRR High, CD80Low and CD86Low. Apart from searching for
immunogenic antigens these cells promote self-tolerance and the killing of oncogenic cells.
The migration of resting DCs is slow and mainly dependent on cell deformation and
squeezing. Furthermore, when tissue densities become to great, e.g. when the basement
membrane is encountered, resting DCs can resort to pericellular proteolysis, which involves
the secretion of numerous proteases (Wolf et al. 2007, Sabeh et al. 2004). Upon activation,
e.g. by PRR stimulation, resting DCs become polarized away from antigen sampling and
towards a mature phenotype. This involves the down regulation of PRRs, decreased
phagocytosis, the contraction of dendrites as well as the upregulation of co-stimulatory
proteins (e.g. CD80 and CD86), inflammatory cytokines, proteinases and the transfer of
antigen loaded MHC class II to the plasma membrane (Aiba & Tagami 1998, Banchereau &
Steinman 1998). Also, DCs adopt a rounded morphology and lose adhesive structures known
as podosomes. Furthermore, mature DCs lose sensitivity for the peripherally expressed
chemokine’s chemokine C-C motif ligand (CCL) 20, CCL5 and CCL3 as the chemokine
receptors chemokine C-C motif receptor (CCR) 1, CCR5, CCR6 and chemokine C-X-C motif
receptor (CXCR) 1 are down regulated. Simultaneously CCR7 is upregulated, which
sensitizes mature DCs to CCL19 and CCL21 that facilitate chemotaxis towards the lymphatic
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system (Sozzani et al. 1998, Yanagihara et al. 1998, Dieu et al. 1998, Caux et al. 2000).
Moreover, the integrin expression of mature DCs is altered. Integrin’s are transmembrane αβ
heterodimers whose extracellular domain binds extracellular matrix (ECM) components as
well as immunoglobulin family adhesins, such as intracellular adhesion molecule 1 (ICAM1)
and vascular adhesion molecule 1 (VCAM1), while the intracellular domain is linked to the
cytoskeleton (Luo & Springer 2006). This coupling of the substratum and cytoskeleton
provides a signaling link, which mediates cytoskeletal remodeling through actin-myosin
polymerization (Wei et al. 1997, Mostafavi-Pour et al. 2003, Calderwood et al. 2000).
Presumably, DCs can sense integrin’s pliability. However, integrin mediated signaling is
poorly characterized. Mature DCs integrin dependent cytoskeletal remodeling enables
morphological changes that augment migration, e.g. the formation of lamelipodia and
filopodia, which are leading edge projections of migrating cells (Banchereau & Steinman
1998, Janeway & Medzhitov 2002, Comoy et al. 1997). Specifically mature DCs utilize
amoeboid pseudopodal migration for extravasation as well as interstitial migration. This
mode of migration is defined by DCs ellipsoid morphology, leading edge actin-rich
protrusions, week substratum adhesion and the absence of focal adhesions (Lammermann et
al. 2008).
The fine-tuning of DCs adhesive specificity, migratory capacity, stimulatory capacity,
chemotactic responsiveness and tissue remodeling capacity facilitate the migration of mature
DCs to the follicles of secondary lymphoid organs, i.e. the lymph nodes, spleen, Payers
patches and adenoids. Here DCs prime B and T cells, which in turn mount adaptive immune
responses. The nature of the adaptive immune response evoked by any given DC is
contingent on the expression profile of co-stimulatory and adhesive receptors as well as the
DCs cytokine profile. Some DC subsets primarily elicit humoral responses, i.e. the
stimulation of plasma B cells (plasma cells) antibody secretion, which primarily targets
extracellular pathogens, while others elicit helper T cell (TH) (e.g. TH1 via IL-12 secretion or
TH2 by IL-4 secretion) or cytotoxic T cell (Tcyt) responses (Banchereau & Steinman 1998,
Craig et al. 2009) (table 1).
In the context of infection by T. gondii DCs adopt a mature-like phenotype, which does not
conform to classical DC maturation (Weidner et al. 2013). While T. gondii infected DCs lose
their podosomes, become rounded and down regulate several of the same surface proteins as
classically activated DCs, these changes are not dependent on TLR4 or MyD88 signaling
(Lambert et al. 2006) and they transpire over a much shorter time interval compared to
classical DC activation (5 – 10 min post invasion) (Weidner et al. 2013). Also, classical DC
maturation entails a gain in motility that is dependent on chemotaxis whereas T. gondii
induces a hypermigratory phenotype upon infection that is independent of chemotaxis,
although infected DCs do upregulate CCR7 (Weidner et al. 2013). Furthermore, T. gondii
induced phenotypes in DCs are dependent on live parasite invasion and are not elicited by
sonicated or heat-killed parasites or parasite lysates (Lambert et al. 2006). Interestingly,
recent work suggests that type II and III strains of T. gondii consistently become
phagocytized by MØs, after which the parasite inhibits lyso-phagosomal fusion, enters the
cytoplasm and hijacks the host cell (Zhao et al. 2014).
At some point during infection T. gondii hijacked DCs penetrate endothelial barriers and
migrate through dense tissues. Therefore, these cells likely invoke pericellular proteolysis.
Several proteases are involved in this process including the ECM degrading matrix
metalloproteinases (MMPs) (Kis-Toth et al. 2013, Kouwenhoven et al. 2002, Ratzinger et al.
2002).
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+

+

Expression

+

+

+

+

+

+

+

Cytokine
Secretio
n
IL1, IL6, α
/IL1F1
and
TNFα,

Maintenance of immunological tolerance and
induction of TH1 polarized immune responses.

Effector function

Table 1: The surface marker expression, cytokine secretion and effector function of murine and human conventional
and plasmacytoid DCs.

+

+

CD11b , CD11c , CD1c, CD3 , CD14 , CD19 , CD20 ,
+
+
+
CD56 , CD172a and HLA-DR .
+

+

+

+

+

Induction of TH1 immune responses, cross+
presentation of extracellular antigens to CD8 T
cells and the promotion of TCYT activation.

+

IFNβ,
IL12

+

CD1a , CD3 , CD11c , CD14 , CD19 , CD20 (MS4A1),
+
+
+
+
BDCA-3 (thrombomodulin), CLEC9a , XCR1 , HLA-DR
+.
and CD56

+

+

+

+

Secretion of anti-viral pro-inflammatory cytokines
in the circulatory system.

+

+

+

+

IL-6, IL12, INFα,
INFβ

+

+

CD11c , B220 , IRF7 , IRF8 , Spi-B , TLR7 , TLR9 ,
+
+
+
CD303 , Neuropilin-1 and IL-3 R α .

-

+

IL12,
IFNγ

CD4 T cell activation in the spleen.

+

-

CD4 , CD8 , CD1d1 , CD11b , CD11c , CD207
+
+
+
(Langerin), CLEC9a , MHC class II (I-A/I-E), CD205
+
(DEC-205) and XCR1 .

INFγ, IL2,
IL6

+

+

+

Cross-presentation of extracellular antigens to
+
CD8 T cells and maintenance of immunological
tolerance.

CD4 , CD8 , CD11c , CD11b , MHC class II (I-A/I-E)
+
and CD172a and SIRP α.
-

+

-

CD4 T cell activation in the mucosa.

-

+

+

INFγ, IL2,
IL6

+

+

CD4 , CD8 , CD11c , CD11b , MHC class II (I-A/I-E),
+
CD172a and SIRP α.
-

+

+

+

+

Cross-presentation of extracellular antigens to
+
CD8 T cells, promotion of immunological
tolerance and TH2 polarized immune responses.
+

IL12, IL23

+

CD4 , CD8 , CD1d1 , CD11c , CLEC9a , CD205 (DEC
+
+
+
205), TROP1 , CD103 (Integrin αE), CD207
+
+
(Langerin), MHC class II (I-A/I-E) and XCR1 .

Promotion of immunological tolerance and the
promotion of TH1 polarized immune response.

+

IL6, IL10

+

CD11c , DEC-205 /CD205 , CD11b and MHC class II
(I-A/I-E).

+

+

Secretion of anti-viral and pro-inflammatory
cytokines in the blood.

+

IL6, IL12,
INFα,
INFβ
+

CD11c , B220 (CD45R ), IRF7 , IRF8 , Spi-B , TLR7 ,
+
+
+
+
+
TLR9 , BST2 (Tetherin), Siglec-H , Ly-6C and Gr-1 .

References: Naik et al. (2007), Banchereau and Steinman (1998), Diao et al. (2004)
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1.3 The Extracellular Matrix and Matrix Metalloproteinases
he ECM is a physical framework that provides cells with scaffolding as well as
biochemical support. It is divided into the basement membrane and the interstitial matrix,
both of which are comprised of a multitude of fibers (e.g. collagen, fibronectin, elastin and
laminin), proteoglycans and polysaccharides woven into an intricate network (Khokha et al.
2013). Each tissue expresses a unique configuration of these components, which are
predominantly produced and secreted by fibroblasts (Fries et al. 1994). Several tissue specific
physiological processes are determined by the composition of the ECM, e.g. cell migration
and tissue remodeling. The ECM is constantly being remodeled, in part by proteolytic
enzymes such as the matrix metalloproteinases (MMPs).

T

As their name indicates MMPs are endopeptidases that use a Zn2+ ion cofactor to degrade
ECM proteins, although they have several other substrates (table 2). The first matrix
metalloproteinase, MMP1, also known as human skin collagenase, was discovered by Gross
and Lapiere (1962) while studying the reabsorption of the tadpole tail. To date, 23 members
of the MMP family have been described in humans spanning 7 groups defined by domain
homology and ECM substrate specificity. These are the collagenases, gelatinases,
enamelysins, stromelysins, matrilysins, membrane type (MT) MMPs, metalloelastase and
other MMPs (table 2), reviewed in an immunological context by Khokha et al. (2013). The
MMPs are essential in several physiological processes such as angiogenesis, tissue
remodeling, bio-activation, apoptosis, cell migration, cell differentiation and cell proliferation
(Khokha et al. 2013, Visse & Nagase 2003). MMPs are comprised of 3 domains, MT-MMPs
of 4, these are; an approx. 80 amino acid pro domain, an approx. 170 amino acid catalytic
domain linked to an approx. 200 amino acid hemopoxin domain by a hinge region and, in the
case of the transmembrane MMPs, a transmembrane domain (Visse & Nagase 2003, Khokha
et al. 2013). MMP 7 and 26 lack the hemopoxin domain and MMP23A/ B have replaced it
with an immunoglobulin like domain. The function of the hemopoxin domain is to confer
substrate specificity. Whereas the pro domain imposes a level of regulation on newly
translated MMPs by dislodging the Zn2+ ion cofactor through a single cysteine-switch motif,
thereby rendering proMMPs inactive (Visse & Nagase 2003). All MMPs are secreted in a
proMMP form with the exceptions of MMP11 and the MT-MMPs whose pro domain is
cleaved intracellularly (Visse & Nagase 2003). The catalytic domain holds the Zn2+ binding
pocket (HEXXHXXGXXH), which is stabilized by an 8 amino acid downstream methionineturn (met-turn). These two elements constitute the active site that binds the Zn2+ ion cofactor
and hydrolyses substrate peptide bonds (Visse & Nagase 2003). The catalytic domain of
some MMPs also encompasses motifs that confer substrate specificity such as the fibronectin
type II motif of the gelatinases (MMP2 and 9). There are three ways that MMPs hydrolyze
substrate peptide bonds: (i) base catalysis (ii) acid-base catalysis and (iii) His/ Glu catalysis.
All catalytic reactions involve the Zn2+ cofactor and (i) and (iii) also directly involve active
site residues (i): Glu; (iii): His and Glu, to coordinate a water molecule nucleophile that
hydrolyses the substrate scissile peptide bond (Visse & Nagase 2003).
Due to their ubiquitous expression and baseline presence, MMPs are tightly regulated at
several levels. The transcription of MMPs is largely dependent on the transcription factors
activating protein 1 (AP1) and nuclear factor κB (NFκB) (Clark et al. 2008). Also, MMP
transcription is likely regulated epigenetically as 13 of 23 MMP gene promoters contain CpG
repeats, which are the sites subject to methylation and thereby silencing (Chernov & Strongin
2011). Four endogenous MMP inhibitors have been described in humans and mice, these are
tissue inhibitors of MMP (TIMP) 1 (TIMP1), TIMP2 TIMP3 and TIMP4.
The TIMPs differ somewhat in MMP substrate affinity, but all TIMPs can inhibit all MMPs.
!
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TIMP3, which is the only TIMP that binds to the ECM, has the broadest inhibitory spectrum
while TIMP1 has the narrowest, as it has a low affinity for MT-MMPs. However, all TIMPs are
capable of binding all MMPs (Visse & Nagase 2003, Overall 2002). The TIMPs encompass 2
domains; an approx. 125 amino acid N’ terminus domain and an approx. 65 amino acid C’
terminus domain, each of which holds 3 cysteine switch motifs that facilitate MMP inhibition
(Visse & Nagase 2003). The cysteine switches allow the TIMPs to wedge themselves into the
MMPs active site, thereby dislodging the Zn2+ cofactor and rendering the MMP inactive much
like the pro domain (Khokha et al. 2013, Williamson et al. 1990, Murphy et al. 1991).
Interestingly, TIMPs can augment MMP activity, e.g. MMP2 can become activated by
proMMP2 binding TIMP2, which allows MMP14 to cleave the pro domain
of MMP2 (Shofuda et al. 1998). Other endogenous MMP inhibitors include α2-macroglobulina
(a β-amyloid precursor) and the glycol-phosphatidyl-inositol (GPI)-anchored glycoprotein
Reversion-inducing-cysteinerich protein with kazal motifs (RECK). RECK inhibits MMP2, 9 and 14 (Murphy & Nagase
2008).
1.4 Project aims and hypotheses
The aims of this project were to characterize the expression profiles of MMP2, 9, 12, 13, 14
and 19 as well as TIMP1 in murine bone marrow derived dendritic cells (BMDCs) infected
by Toxoplasma gondii (T. gondii) and to determine the impact this modulation has on the
motility of parasitized BMDCs. To begin with the influence asserted by T. gondii on the
transcription of MMPs in parasitized BMDCs was examined (hypothesis (i)). This was done
using quantitative polymerase chain reaction (qPCR) by determining the expression fold
change of several MMP mRNAs in BMDCs upon infection by T. gondii compared to
noninfected BMDCs. I then went on to assess the operative significance of MMPs for the
motility of infected and noninfected BMDCs (hypothesis (ii)). Three in vitro migration assays
were used for this were the migration and transmigration of parasitized and noninfected
BMDCs was assessed in the presence of broad-spectrum MMP inhibitors.
The hypotheses were that:
(i)

The MMP expression of BMDCs is modulated upon infection by Toxoplasma
gondii.

(ii)

The modulation of MMPs in parasitized BMDCs potentiates the dissemination of
Toxoplasma gondii in vitro.
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1.5 Summary: After excystating in the lumen of the small intestine of a warm blooded vertebrate T. gondii
traverses the intestinal epithelium and rapidly infects host leukocytes, predominantly dendritic cells (DCs).
The parasite hijacks these cells and exploits them as Trojan horses, using them to shuttle itself throughout
the host to distal sites such as the brain and retina were the parasite forms tissue cysts. These can lay
latent for the entire life span of the host. The molecular mechanisms T. gondii exploits to hijack host
leukocytes are somewhat described but much remains undescribed. Modulating the matrix
metalloproteinase (MMPs) secretion of parasitized DCs is a plausible mechanism employed by the
parasite. Image modified from (Goldszmid & Trinchieri 2012).
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Table 2: Classification of MMPs and their substraits.
1,8,13

1,8,13

1,8,13

13

1

1

13

1,13

7

2, 9

1

7

13

12

26, 7

14, 17, 25

8

3, 10, 11

7

7

14, 15, 16,

3, 10, 11

,

7, 26

1,13

Substrate

7

12

9

3

12

Class and MMP

7

9

25

12

Collagenases
MMPs: 1, 8, 13

7

2

12

Collagens I
, II
, III
, IV , VII , VIII , IX , X , XI and XIV , collagen telopeptides , casein ,
1
1,13
1,8,13
1
1
1,8,13
1,8,13
1,13
antichymotrypsin , gelatin , Clq
, entactin , tenascin , aggrecan
, link protein
, fibronectin ,
1,8,13
1,8,13
1,8,13
1,8
1
1
, myelin basic protein (MBP)
, α2-macroglobulin (α2M)
, ovostatin , IL-1β , proTNFα ,
vitronectin
1,8,13
1,8,13
1,8,13
1,8
8
13
, proMMP-2
, proMMP-9
, α1Pl , substrate P , SPARC
IGFBP-3
7, 26

12

Collagen IV , aggrecan , casein , docorin , elastin , enactin , fibronectin , fibulin-1 , α2M , gelatin
26
7
7
7
7
7
7
7
7
7, 26
7
IGFBP-1 , laminin , link protein , MBP , PARC , proTNFα , α1-Pl , proMMP1 , 2 and 9 , tenascin ,
7
7
vitronectin , Fas Ligand
12

2

14, 16

23

2,

Matrilysins
MMPs: 7, 26
12

2, 9

14

23

, autoproteolysis of proMMP-23 , Mca-peptide

2, 9

Elastin , collagen IV , gelatin , fibronectin , vitronectin , laminin , entactin , aggrecan , myelin basic
12
12
12
12
protein , α2M , α1Pl , proTNFα
2, 9

3

14

22, 28, 27

2, 9

Metalloelastases
MMP: 12
2

2, 9

3

14

19

2, 9

Collagen I , III , IV , V , VII , X , XI and XIV , gelatin , fibronectin , laminin , aggrecan , link protein
9
2, 9
2
2
2, 9
2
2, 9
2
2, 9
2, 9
, elastin , vitronectin , tenascin , SPARC , decorin , MBP , α1-antichymotrypin , IL-1β , proTNFα ,
9
9
9
9
, decorin , entactin , α2M , casein
3, 10

, α1Pl

2, 9

3, 10, 11

14

19

, large tenascin C , aggrecan , caseine

14, 15, 16, 24

3, 10

IGFBP-3 , substance P

2

Gelatinases
MMPs: 2, 9

Collagen III , IV
,V
, IX , X and XI , teropeptides (collagen I and II) , gelatin
, aggrecan
,
3, 10
3, 10
3, 10, 11
3, 11
3, 11
3, 11
3, 11
3, 11
link protein , elastin , fibronectin
, vitronectin , laminin , entactin , tenascin , SPARC ,
3, 11
3, 11
3, 11
3, 11
3, 11
3, 11
3, 11
3, 11
, ovostatin , α1Pl , motrypsin , IL-1 β , proTNFα ,
decorin , myelin basic protein , α2M
3, 11
3, 11
3, 11
3, 10
3, 10
11
11
3,
IGFBP-3 , substance P , T kininogen , casein , proMMP1 , proMMP3 , proMMP7 , proMMP8
10
3, 10
, proMMP9

2

Stromelysins
MMPs: 3, 10, 11

proMMP2
, IL-8 , CD44 , α2M , Collagen I , II , and III
, IV , gelatin
, fibronectin
14
14, 17, 25
17
14, 15, 25
14
14, 15
14, 15
14
25
, vitronectin , fibrin
, fibrinogen , laminin
, proteoglycans , entactin
, aggrecan
, α1Pl ,
14
15
15
25
25
25
25
25
25
25
decorin , tenascin , perlecan , CXCL2 , CXCL5 , CCL15 , CCL23 , vimentin , CXCL12 , CCL2 ,
25
25
14, 15, 17
CCL7 , CCL13 proTNFα
19, 22, 21

3

Membrane-type
MMPs: 14, 15, 16,
17, 24, 25

Gelatin

14

Other MMPs: 19,
21, 23A, 23B, 27,
28

References: Hidalgo and Eckhardt (2001), Marco et al. (2013), Overall (2002)

14! !

!

2. Materials & Methods
2.1 Parasites & cell culture
RFP expressing PRU (type II) T. gondii tachyzoites were maintained by 48 h passages in
human foreskin fibroblast (HFF) monolayers. Recently egressed PRU tachyzoites were
seeded on 100% confluent HFF monolayers. The 48 h schedule was maintained by adjusting
the drop number, i.e. the multiplicity of infection (MOI). Parasites were cultured in Dulbecco
modified Eagle medium (DMEM) with 10% fetal bovine serum (FBS) (D10); L-glutamine (2
mM), HEPES (0.02 M), MEM (1x) and gentamycin (20 µg/ ml). HFFs were maintained by 4
day passages in D10 supplemented with L-glutamine (2 mM), HEPES (0.02 M), MEM (1x)
and the antibiotics gentamycin (1 mg/ ml) and geneticin (1 mg/ ml).
2.2 Mouse BMDCs
Bone marrow derived mouse dendritic cells (BMDCs) were purified from 6 to 10 week old
C57BL/6 mice, provided by the animal facility of the department of microbiology, tumor and
cell biology (MTC) at the Karolinska institute. Ethical approval was obtained for all protocols
involving animal cells. Mice were sacrificed by cervical dislocation and hind leg tibia and
fibula were detached. Subsequently, muscle tissue and ligaments were removed and bones
were cleaned in 70% EtOH and stored in PBS. Trochanters were then removed and bone
marrow was extracted and purified. Next, bone marrow derived cells were plated at a density
of 2×10! cells per well in 6 well plates in Roswell Park Memorial Institute medium (RPMI)
with 10% fetal bovine serum (FBS) (R10) and supplemented with Granulocyte macrophagecolony stimulating factor (GM-CSF) (100 ng / ml) at 37 ºC and 5% CO2. Loosely adherent
cells were then harvested after 6 days of culture. R10 and D10 are collectively referred to as
complete medium (CM).
The homogeneity of each BMDC population varies with BMDCs (CD11c+ and CD11b+)
representing approx. 40% to 60% of the population (figure S5 shows a representative
fluorescent associated cell sorting (FACS) plot of a bone marrow derived leukocyte
population enriched for DCs where 42,5 % of the population are DCs). The majority of the
cells in any given bone marrow derived population are myeloid derived, however, lymphoid
cells are present (Inaba et al. 1992). Furthermore, some cells are in an intermediate phase of
differentiation and others have committed to other lineages, e.g. MØ or neutrophils. BMDCs
are distinguishable from these cells by size and morphology. Also, BMDCs adhere loosely to
plastic, which many similar cells do not e.g. MØs. Therefore, gently washing cultures whilst
cultivating them helps purify the population for BMDCs.
2.3 Reagents
The Zn2+ chelating MMP inhibitors Batimastat (BB94) (Santa Cruz BiotechTM), GM6001
(MilliporeTM) and MMP Inhibitor V (MMPI-V) (MilliporeTM) were used in motility assay,
oregon green-488 (OG-488) degradation assay and transmigration assay. All inhibitors were
added at concentrations between 0.1 and 25 µM concurrently with BMDCs, i.e. BMDCs were
not pre-incubated with the inhibitors. All inhibitors were dissolved in the miscible solvent
dimethyl sulfoxide (DMSO), which had no biological affect on motility at concentrations
below 1% (figure S1). DAPI (1000x) (InvitrogenTM), which binds and stains A-T rich DNA
segments, and phalloidin (100x) (InvitrogenTM), which binds and stains F-actin preventing its
depolymerization, were used to stain BMDCs for microscopy.
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Non screened

qPCR
Screened

Table 3: Half maximum inhibitory coefficients (IC50) and inhibitory coefficients (Ki) of the broadspectrum MMP inhibitors BB94, MMPI-V and GM6001 (nM unless otherwise noted). Values are the
median of IC50 values found in the literature. No inhibition values were found for MMP10, 11, 17, 18,
19, 20, 21, 22, 23A, 23B, 24, 25, 27, 28 and 29. S and W indicate strong and weak inhibition defined
as: iC50 < 5.5 nM=S and IC50 > 5.5 nM=W, i.e. strong (S) < 5.5 nM > weak (W).
MMP

BB94 (IC50, nM)

MMPI-V (Ki (nM)

GM6001 (IC50, nM)

2
9
12
13
14
19
1
3
7
8
15
16
26

1.55
(S)
G, J, C, L
0.67
(S)
C
5 (S)
F, C, D
3
(S) (Δ*)
C, E, H, I, J, K
1.2
(S)
A, K, C
0.65
(S)
E, I
6 (W)
Å
10 (W)
-

E, G ,I ,F ,U ,J

0.73 (S)
B
2.1 (S)
B
0.45 (S)
B
1.1 (S)
B
1.6 (μM) (W)
B
42 (W)
B
2.5 (S)
B1
1.1 (S)
-

B

3.7
(S)
A, O
10.85
(W)
T
5.1 (S)
A, Q, R
5.2
(S)
A, S, T
4.27
(S)
-

A, N, O

3

A, P, N, T, U, V, W, X

7.26

A, M, N, Y

(S)
(W)

Z
1 (S)
N, P
6.5
(S)
A
8 (S)
A
0.36 (S)

References: A: Galardy et al. (1994); B: Yamada et al. (2000); B1: Mori et al. (2001); D: Fray et al. (2001); E:
Miller et al. (1997); F: Yamamoto et al. (1998); G: Lee et al. (2005); H: Bailey et al. (1998); I: Sheppard et al.
(1998); J: Fray et al. (2001); K: Castelhano et al. (1995); L: Yamamoto et al. (1998); M: Neelarapu et al. (2011);
N: Ma et al. (2004); O: Johnson et al. (2007); P: Ma et al. (2006); Q: Johnson et al. (2007); R: Nuti et al. (2013);
S: Ledour et al. (2008); T: Johnson et al. (2007); U: Nuti et al. (2013); V: Auge et al. (2003); W: Singh et al.
(1995); X: Moroy et al. (2007); Y: Ledour et al. (2008); Z: Buisson-Legendre et al. (1999); Å: Davies et al.
(1993).*Secreted MMP14 ΔMMP14 .

2.4 Total RNA extraction
Total RNA was extracted using TRIzol reagent (Life TechnologiesTM) as previously
described (Chomczynski & Sacchi 1987). Briefly, 4×10! BMDCs per condition (i.e.
noninfected, 4 and 10 h; T. gondii infected, 4 and 10 h) were suspended in 1 mL TRIzol (Life
TechnologiesTM) and frozen at -25 °C overnight. Samples were then thawed and phase
separated by chloroform treatment followed by centrifugation. Subsequently, each sample
was divided into a phenol, an intermediary and an aqueous phase. The RNA containing
aqueous phase was then extracted and homogenized with isopropanol then pelleted and
purified by EtOH treatment. Purified RNA was then dissolved in laboratory grade water and
remnant DNA contamination was degraded by Turbo DNase free kit (InvitrogenTM). Finally,
total RNA concentrations were measured by spectrophotometry with a Nanodrop (Nanodrop
Technologies, Inc.) at 260 nm (ribonucleotides peak abs.). RNA was then stored at -80 °C.
2.5 cDNA synthesis
Complimentary DNA (cDNA) was synthesized from total RNA by reverse transcription. Two
µg of total RNA together with oligo(dT)12-18 (InvitrogenTM) and dNTPs (InvitrogenTM) was
incubated for 5 min at 65 ºC. Subsequently, 4, 1 and 1 µl of 5 × first strand buffer
(InvitrogenTM), DTT (InvitrogenTM) (a reducing agent), and super script III (InvitrogenTM) (a
reverse transcriptase) were added, respectively, and samples were incubated for 1 h at 50 ºC
followed by 15 min at 70 ºC. cDNA samples were stored at -80 ºC. Reverse transcriptase
negative (super script III-) controls were run to ensure that samples were free from genomic
contamination.
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2.6 Quantitative polymerase chain reaction (qPCR), ΔΔCT method
Target gene expression was quantified by qPCR in T. gondii infected as well as noninfected
BMDCs from 3 separate mice. Reactions were run in the 7900 PCR system (Applied
BiosystemsTM). Pre mixed Power SYBR® Green PCR master mix (Life TechnologiesTM)
(components: AmpliTaq Gold® DNA Polymerase, ROX reference dye, dNTPs, MgCl2 and
the reporter dye SYBR Green, which emits light upon binding to dsDNA) was used together
with target reverse and forward primers (0.15 µM) (table 3) and cDNA (2 ng/ µl). The final
reaction volume per well amounted to 10 µl. cDNA was extracted from noninfected
(reference) and T. gondii infected (conditioned) BMDCs at 4 and 10 h times points as
described earlier. Reactions were run in MicroAmp® optical 384-well reaction plates (Life
TechnologiesTM). Each run consisted of 46 cycles commencing with one 5 min denaturation
step at 95 °C followed by 45 consecutive cycles of 95 °C (denaturation) and 60 °C (annealing
and elongation) for 15 sec and 1 min, respectively. A dissociation cycle was performed
subsequent to each qPCR run with the stages: 95 °C for 15 s; 60 °C for 1 min; 95 °C for 15
sec and 60 °C for 1 min. The dissociation cycle melts the dsDNA amplicon. This terminates
SYBR green fluorescence emission in a heat dependent manner. Thus, the temperature at
which the amplicon strands exponentially separate is tracked by measuring the reduction in
fluorescence. Strand separation is rapid, temperature specific and corresponds to the
amplicons size. The temperature at which strand separation occurs is then correlated to
amplicon size determined by agarose gel electrophoresis and used to control primer
specificity. All gene specific primers (for MMP2, 9, 12, 13, 14 and 19 and TIMP1) were
obtained from the literature (table 4). Primers were chosen based on amplicon size (60 – 200
bp), exon-junction location and GC-content. All samples were run in triplicate.
qPCR products were confirmed using SDS 2.3 (Applied BiosystemsTM) and threshold cycle
(CT) values were calculated by RQ manager 1.2 (Applied BiosystemsTM). The CT value is the
cycle when SYBR Greens fluorescence reaches the threshold value. RQ 1.2 sets the threshold
automatically. Each cycle corresponds to a doubling in fluorescence intensity and therefore
target cDNA. Excel (MicrosoftTM) was used to calculate delta CT (ΔCT) values, which are
target CT values normalized to the CT value of a gene known to be highly expressed, i.e. an
endogenous control (ΔCT = CTtarget- CTendogenous controll). GAPDH was used as the endogenous
control. Reference (non-infected) and conditioned (infected) ΔCT values were then compared
to generate ΔΔCT values, which represent the differences in amplification (in CT) between the
reference and target, i.e. noninfected and infected samples. Due to the exponential nature of
qPCR amplification ΔΔCT values are logarithmized with the base 2 (2-ΔΔCT) to accurately
represent the fold change difference between the initial numbers of transcripts.
To optimize the efficiency of amplification, cDNA and primer concentrations were modified.
Some primers amplified secondary products as determined by agarose gel electrophoresis and
dissociation cycle, these of target aplicons were lost when primer concentrations were
reduced to 0.15 µM from 0.4 µM. Also, several practical elements were changed. 96 and 384
optical well plates were tested, this involved altering the volumes of all reactants. Ultimately
384 optical well plates were used as these allowed a larger number of samples to be run at
once with lower reactant volumes per well. The volumes of master mix/ primer and cDNA
template added to each well is important to keep in mind when reaction volumes are small
(10 µl), as adding 1 µl of template is non-optimal. Several primers were substituted due to the
amplification of secondary products, detected by agarose gel electrophoresis and qPCR
dissociation curves. Dissociation plots of all final primers are shown in figure S4.
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Table 4: Primers used in qPCR screening.
Primer

Forward and reverse sequence 5’→3’

Amplicon (bp)

Exon

1

MMP2 (NM_013599.3)
MMP9 (NM_008610.2)
MMP12 (NM_008605.3)
MMP13 (NM_008607.2)
MMP14 (NM_008608.3)
MMP19 (NM_021412.2)
TIMP1 (NM_011593.2)
GAPDH (NM_008084.2)

Fd: AACTACGATGATGACCGGAAGTG
1
Rv: TGGCATGGCCGAACTCA
1
Fd: CGAACTTCGACACTGACAAGAAGT
1
Rv: CACGCTGGAATGATCTAAGC
1
Fd: GAAACCCCCATCCTTGACAA
1
Rv: TTCCACCAGAAGAACCAGTCTTTAA
2
Fd: GATTCTTCTGGCGCCTGCAC
2
Rv: CGCAGCGCTCAGTCTCTTCA
1*
Fd: AGGAGACGGAGGTGATCATCATTG
1*
Rv: GTCCCATGGCGTCTGAAGA
1
Fd: GCCCATTTCCGGTCAGATG
1
Rv: AGGGATCCTCCAGACCACAAC
1
Fd: CATGGAAAGCCTCTGTGGATATG
1
Rv: AAGCTGCAGGCACTGATGTG
Fd: CCCATCACCATCTTCCAGGA
Rv: CGACATACTCAGCACCGGC

88
113
129
239
142
74
108
70

7
8
8
9
6
7
7
8
10
10
3
3
4
5
3
4

References: 1: Wells et al. (2003); 1*: Wells et al. (2003) (MMP14 FD modified: A8 → G); 2: Ulrich et al.
(2005).

2.7 Motility assay
1×10! BMDCs per well were incubated with freshly egressed T. gondii tachyzoites (PRU,
type II) at an MOI of 3 for 4 h at 37 ºC and 5% CO2. Noninfected samples were run in
parallel. Subsequently, bovine collagen I (1 mg/ ml) (InvitrogenTM) and the MMP inhibitors;
BB94, MMPI-V or GM6001 (0.1 µM, 1 µM, 10 µM or 25 µM) were added. Samples were
then loaded into labtech chamber slides, which were sealed with cover slips and hastily spun
at 1000 rpm. Infected cells were then mapped by fluorescence through RFP expression and
chambers were micrographed at 1 micrograph per min. for 1 h with the AxioImagerTM
(ZeissTM) imaging system using a differential interference contrast (DIC) filter. Images were
then compiled and approx. 50 cells were manually tracked with Image J (v. 2.4). Infected
cells were identified by overlaying the first DIC and RFP micrographs. Mean velocities of
Euclidean distances were then analyzed and plotted using chemotaxis and migration tool (v.
2.0) and excel (v. 15.0.4). To optimize this assay for MMP inhibition the collagen
concentration was altered and the inhibitors were titrated. The collagen concentration was
raised from 0.75 to 1 mg/ ml at which concentration the inhibitors impact became more
apparent (figure S2).
2.8 Oregon green-488 gelatin (OG-488) degradation assay
3×10! !BMDCs per well were incubated with freshly egressed T. gondii tachyzoites (PRU,
type II) at an MOI of 2 for 6 h at 37 ºC and 5% CO2. Noninfected samples were run in
parallel. OG-488 gelatin 100 µl aliquots were then centrifuged at 12000 rpm for 4 min.
Subsequently, glass coverslips were domed with OG-488-gelatin (0.2 mg/ml), dissolved in
PBS, for 1 h. The sedimented gel was then cross-linked with 1% paraformaldehyde (PFA) for
10 min. Two washing steps were then performed with PBS and R10 was added to block
exposed glass surfaces. BMDCs were then seeded on the OG-488 gelatin coated cover slips
in 500 µl of R10 and the assay was run over night (18h). Cover slips were then geltly washed
with PBS once and fixed with PFA (4%) for 10 min then incubated in DAPI (InvitrogenTM)
(1:1000) for 20 min., a DNA stain. BMDCs were then permeabilized with the detergent
Triton (0.25%) for 10 min. and stained with Alexa Flour 593 phalloidin (InvitrogenTM)
(1:100), which stains F-actin, for 40 min. Cover slips were then mounted onto slides,
micrographed and data was analyzed using Image J (v.2.4).
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Optimization of this assay involved testing several slide formats, which the gel was seeded
upon, as well as changing the concentration and duration of crosslinking, staining,
permeabilization, paraformaldehyde (PFA) (cross-linking step) and staining dyes. Crosslinking binds individual gelatin polymers together making the matrix harder for cells to
degrade. Initially the level of degradation was to low for quantification. PFA was therefor
used at 1% for 10 min instead of 2% for 15 min. The concentrations of DAPI and phalloidin
were altered, as there was a significant amount of background fluorescence with the initial
incubation times (30 min and 1 h, respectively). The washing volume of PBS was raised form
200 to 500 µl when 200 µl failed to remove PFA. Also the duration at which the reactants
were added was fine-tuned. The volume of R10 that cells were seeded in was optimized as
evaporation could lead to toxic salinity wile cells were incubated over night. The volume was
therefore raised from 200 to 500 µl. Several artifacts were consistently observed, all of which
had to be noted and excluded. More importantly, shadows cast by cells were sometimes
difficult to distinguish from degradation, this was kept in mind when assigning the threshold
value when quantifying degradation. The gels morphology and intensity differed within and
between slides. This made it difficult to set one standard threshold or to devise a standardized
way of setting the threshold. Therefore, Photoshop (CS6) was used to increase the contrast to
allow Image J (v. 2.4) to more easily exclude shadows and other noise.
2.9 Transmigration assay
BMDCs (3×10! /well) were challenged with T. gondii tachyzoites at an MOI of 2 for 6 h at
37 ºC and 5% CO2 (Lambert et al. 2006). A noninfected control was also run. Polycarbonate
filtered transwells (8 µm BD LabwareTM) were coated by transiently adding 50 µl of bovine
collagen I (1 mg/ ml) (InvitrogenTM) to the upper chamber. 600 µl of R10 medium was then
added to all lower chambers. BMDCs (3×10! cells), inhibitors (25 µM) and medium were
then added to upper chambers to a final volume of 300 µl and samples were incubated at 37
ºC and 5% CO2 for 18 h. Cells that had transmigrated, i.e. cells in the flow through of lower
chambers, were subsequently quantified by hemocytometery (BürkerTM chamber). The
collagen coat was intended to fill the pores and be as thin as possible. Collagen concentration
(figure S2), volume and gelling time were adjusted to accommodate this. Also, centrifugation
at different speeds and durations were used to assist the collagen in seeping through the 8 µm
pores. To make sure that the pores were filled with collagen transwell filters were incubated
with coomassie, which stains basic amino acids.

3. Results
3.1 Quantitative polymerase chain reaction (qPCR)
The mRNA expression and the expression fold change of several MMPs and TIMP1 in
BMDCs was tested upon infection by T. gondii through qPCR. All primers were found in the
literature (table 4). The highest expression (lowest CT) was observed for MMP12 at both time
points followed by TIMP1. CT values correspond to the level of expression at 4 h (figure 2A)
and 10 h (figure 2B). The lowest expression was observed for MMP9 at both time points
(figure 2A and 2B). Expression was generally higher after 10 h, although by themselves
qPCR CT values are ambiguous and must be related to an endogenous control due to technical
differences between runs. The MMPs: 2, 12, 13 and 14 as well as TIMP1 were upregulated
after 4 h of infection; 2.83, 1.80, 4.22, 2.30 and 11.20 times respectively, while MMP9 and
MMP19 were not; 0.14 and 0.85, respectively (figure 2C). The upregulation had subsided
after 10 h. Only MMP2 and 13 and TIMP1were still upregulated; 1.3, 3.4 and 1.3 times,
respectively (figure 2D). The highest upregulation was observed for TIMP1 at 4 h, 11.22
fold. This sample also had the largest variance (SD = 10.8). These data show that the mRNA
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expression of MMPs and TIMP1 in BMDCs is significantly altered 4 and 10 h post infection
by T. gondii. We therefore concluded that T. gondii constitutively modulates the mRNA
expression of MMPs and TIMPs.
3.2 Motility assay
An in-house migratory assay, motility assay (Weidner et al. 2013) was used to functionally
determine the importance of MMPs in the context of T. gondii induced hypermotility by
running the assay in the presence of the broad-spectrum MMP inhibitors (figure 3A – 3E):
BB94 (figure 3C), MMPI-V (figure 3D) and GM6001 (figure 3E) (table 4 and figure 3). The
inhibitors were added at concentrations between 0.1 and 25 µM. No inhibitor reduced the
migration of infected BMDCs to the level of noninfected BMDCs, i.e. background migration,
and the inhibitors effect on background migration was not detectable. The strongest inhibition
of T. gondii induced hypermotility was observed for MMPI-V (figure 3D), which reduced the
mean velocity of parasitized BMDCs at the concentrations: 0.1 µM (p=1,0×10-03), 10 µM
(p=3,22×10-4) and 25 µM (p=1,22×10-7). GM6001 also had a significant effect, but only at 10
µM (p=3,051×10-9) and 25 µM (p=2,06×10-5) (figure 3E), while BB94 only had an effect at
25 µM (5,36×10-11) (figure 3B). We concluded that MMPs are important in the migration of
parasitized BMDCs.
3.3 Oregon green-488 (OG-488) gelatin degradation
To qualitatively and quantitatively analyze the ECM degradation of BMDCs, gelatin
covalently linked to OG-488, a fluorophore, was used as the substratum. Interestingly,
degradation was almost completely absent in infected samples (figures 4H, 5D – 5F and 5G)
while the degradation of noninfected BMDCs was plentiful (figures 4D, 5A – 5C and 5G).
Inhibition by GM6001 reduced the degradation of noninfected BMDCs by approx. 50%
(figure 5D) but had no effect on the degradation of T. gondii infected BMDCs (figure 5D).
Also, 70% of noninfected BMDCs but only 27% of infected BMDCs co-localized with
degradation (figure 5E). The few patches of degradation present in infected samples were
restricted to the base of the cell (figure 4H) while the degradation of noninfected BMDCs
typically formed long tunnels (figure 4D). Moreover, both noninfected and infected BMDCs
expressed typical morphologies as previously described (Weidner et al. 2013), briefly: T.
gondii infected BMDCs were rounded and lacked podosomes, or any other extensions, while
noninfected BMDCs were enriched in podosomes and were morphologically protracted with
distinct lamelipodia (figure 4C and 4G). We concluded that the pattern of degradation of
collagen by DCs is significantly altered upon infection by T. gondii. Interestingly minuscule
tracks of degradation were observed in infected samples (figure 4H). No BMDCs colocalized to these nor did extracellular parasites. Likely extracellular parasites carved these
tracks while trafficking between host cells.
3.4 Transmigration assay
The capacity of BMDCs to traverse a polycarbonate membrane through 8 µm wide pores
filled with collagen was then tested. Noninfected BMDCs transmigrated to a much lower
degree than infected BMDCs (figure 6). To test the role of MMPs in transmigration the assay
was run with the broad-spectrum MMP inhibitors: BB94, MMPI-V and GM6001 at 25 µM
overnight (18 h). Noninfected cells transmigration was not affected by any of the inhibitors
(figure S3). However, infected the transmigration of BMDCs was impeded by the inhibition
of MMPs: BB94 60% ± 2.5%; MMPI-V 42% ± 5.9% and GM6001 54% ± 4.2% (figure 6).
Figure 6 shows the mean from 2 experiments. Due to variations between cell populations and
inconsistencies in collagen coating, a statistically significant decrease could not be detected.
We concluded that MMPs are important for the transmigration of BMDCs over collagen.
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Figure 2: The mRNA expression of several MMPs and TIMP1 of BMDCs is modulated 4 and
10 h post infection by T. gondii. mRNA was extracted from infected and noninfected BMDCs,
then used to synthesize cDNA, which was analyzed by qPCR. BMDCs from 3 separate mice were
used (n=3). A & B: CT values from T. gondii infected BMDC (■) and noninfected BMDC (□) from
-∆∆CT
indicated time points. C & D: Fold change (2
) between infected and noninfected cells in the
expression of MMPs and TIMP1 at indicated time points. Error bars are from standard deviations
(SDs) calculated from the averages of three separate biological replicates each run three times
(n=3). All wells were run in triplicate.
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Figure 3: Broad spectrum inhibition of MMPs diminishes T. gondi induced hypermotility in BMDCs. BMDCs were infected with T. gondii (■) or
non-infected (□) and subsequently treated with complete medium (CM) or the MMP inhibitors: Batimastat (BB94); MMP inhibitor V (MMPI-V) or GM6001
(GM6001) at concentrations of 0.1 μM, 1 μM, 10 μM or 25 μM. BMDCs were then submerged in collagen and the motility assay was run. A & B:
Euclidian migration plots of 50 – 60 cells for each condition. A: Noninfected BMDCs treated with CM and B: T. gondii infected BMDCs treated with CM (0
μM), 0.1 μM, 1 μM, 10 μM or 25 μM of the inhibitors BB94, GM6001 or MMPI-V. One representative experiment was chosen from experiments shown in
figure C, D and E. C, D & E: Average velocities of BMDCs Euclidean migration in a collagen matrix: (C) BB94: 25 μM p= 5,36×10 , n=2. (D) MMPI-V: 0.1
-11

μM p=10 ; 1 μM p=1,00x; 10 μM p= 3,22x10 ; 25 μM p= 1,22×10 , n=2. E: GM6001: 1 μM p= 2,32x10 ; 10 μM p= 3,051×10 ; 25 μM p= 2,06x10 ,
n=3. Error bars are form SDs. Asterisks indicate a significant difference to CM (0, μM) T. gondii control (Students T test).
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Figure 4: The pattern of OG-488 gelatin degradation of BMDCs is significantly altered upon infection by T. gondii. BMDCs were infected
with T. gondii (PRU-RFP at an MOI of 2) for 6 h or not infected. Subsequently, cells were set on oregon green-488 coated coverslips and
incubated overnight (18 h). Cells were then stained and micrographed by fluorescent microscopy. The figure shows representative images of the
morphology of noninfected and T. gondii infected BMDCs and their respective patterns of OG-488 gelatin degradation at 100x magnification A &
E: Oregon green-488 gelatin. B & F: Nuclei stained with DAPI. C & G: F-actin stained with Alexa Fluor 593 phalloidin. D & H: Overlay of F-actin
OG-488 and DAPI.
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Figure 5: Noninfected BMDCs degrade OG-488 gelatin and co-localized with degradation to a
larger degree than T. gondii infected BMDCs. BMDCs were infected with T. gondii (PRU-RFP at an
MOI of 2) for 6 h or not infected. Subsequently, cells were seeded upon OG-488 coated coverslips and
incubated overnight (18 h). Cells were then stained and micrographed at 10 random locations per
coverslip by fluorescent microscopy at 40 x magnification. Immages were then analysed in Image J (v.
2.4). A & D: OG-488 gelatin degradation. B & E: Area of degradation. C & F: Overlay of DAPI and the
outline of degradation. G: The effect of GM6001 on degradation. H: Cells assoceation with degradation.
Degradation threshold value were set manually in Image J (v. 2.4). Graphs are from one representative
experiment of two. Standard deviations are from 10 technical replicates from one slide.
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Figure 6: Broad spectrum inhibition of MMPs diminishes the transmigration of BMDCs
infected by T. gondii. BMDCs were infected with T. gondii (PRU-RFP at an MOI of 2) for 6 h or not
infected then treated with the MMP inhibitors: BB94; MMPI-V or GM6001 at 25 μM and seeded
upon the transmigration filter were they were left overnight (18 h). The figure shows the mean from
two experiments. Nontreated and noninfected controls were also run. Error bars are form SDs. No
significant decrease could be detected as values differed between experiments. Noninfected
controls were also run (figure S3).

4. Discussion
BMDCs become hypermotile upon infection by T. gondii, reviewed by Weidner and
Barragan (2014). This phenotype has been coupled to several pathways including
GABAergic signaling (Fuks et al. 2012) and cathepsin L/ S upregulation (Moeen 2010). As
described herein, modulation of the host cells MMP/ TIMP system is likely yet another
dissemination tactic employed by T. gondii. Herein I have examined the transcriptional
modulation and functional relevance of several MMPs and one TIMP in parasitized BMDCs.
Seven targets were chosen for qPCR screening, these were TIMP1 as well as MMP2, 9, 12,
13, 14 and 19.The functional relevance of MMPs and TIMPs in the migration of DC has not
yet been characterized. Moreover, the MMP and TIMP mRNA expression or protein
secretion of DCs in the context of T. gondii infection, or any other intracellular pathogen, is
limited. I will therefore avoid discussing the potential roles of MMPs that are not known to
be expressed by DCs. However, extrapolations from data obtained from other related
lineages, such as MØ, are valid to some degree. This said, there are almost certainly several
MMPs and other proteases beyond those studied herein that play key roles in the
hypermigratory phenotype of DCs induced by T. gondii.
T. gondii’s journey from the intestinal lumen to the CNS, retina and placenta is rapid and
involves parasitized cells trafficking through several tissues and traversing numerous barriers.
Therefore, when designing in vitro experiments aimed at elucidating stages in this process it
is essential to select representative time points and in vitro conditions. Also, depending on
each experiment’s time frame and infection duration, MOIs must be adjusted. The time points
chosen for qPCR analysis, 4 and 10 h, were chosen based on the rate at which the parasite
proliferates in BMDCs as well as the time frames of the functional assays. Collagen, which is
the main component of the ECM, was the substratum in motility assay and transmigration
assay and gelatin, an irreversibly hydrolyzed derivative of collagen that also comprises a
significant portion of the ECM of most tissues, was used in the OG-488 gelatin degradation
assay. Also, the three dominant strains of T. gondii behave slightly differently, type I
parasites induces motility quicker and proliferates more rapidly than type II and III parasites.
Type I is also the most virulent strain (Lambert et al. 2009). However, research on one type is
applicable to the other two, as their genotypes diverge less than 1%, and they generally
induce the same phenotypes in host cells. Herein, PRU, a type II strain, was used in all
experiments. Type II parasites account for the majority of human infections.
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4.1 Quantitative polymerase chain reaction (qPCR) ΔΔCT method
Initially MMP expression was analyzed at 3 time points: 4, 7 and 10 h post infection. 7 h was
later excluded, as target expression at this time was intermediary of 4 and 10 h (data not
shown). Also, noninfected BMDCs were treated for 4 and 10 h with LPS, a potent activator
of DCs, and an inflamatory cytokine cocktail comprising TNFα, IL-6 and IL-1β which has
previously been used to trigger the expression and secretion of MMP9 and 12 in immature
and mature DCs (Kis-Toth et al. 2013). These conditions were therefore anticipated to
function as qPCR positive controls for MMP mRNA expression. Interestingly, the treatments
in combination induced a 3 fold upregulation of MMP14 compared to nontreated BMDCs at
10 h and the inflammatory cytokine cocktail by itself a 2 fold upregulation of MMP12 at 4 h.
However, both treatments failed to increase the general expression of MMPs (data not
shown). This is interesting in and of itself as it shows that a potent concoction of
inflammatory cytokines or LPS, or a combination of the two, cannot surpass nor equate the
MMP expression induced by T. gondii.
T. gondii induces a hypermotile phenotype as early as 10 min post infection in BMDCs
(Weidner et al. 2013). Furthermore, experiments conducted 48 h post infection in MØs
revealed that the infections effect on MMP expression persists for several days (Seipel et al.
2010). Also, MMP1 mRNA is detectable in MØs 30 min post treatment with α-particle
irradiation (Ghandhi et al. 2010). As MMP genes are of comparable lengths, this
demonstrates the time frame in which MMPs are transcribed in MØs, suggesting that the
transcription of MMPs in BMDCs takes place within a similar time frame. With the
assumption that the MMP secretion of BMDC requires de novo protein synthesis, i.e.
assuming that MMPS are not stored in granules, this establishes the minimum time frame of
T. gondii induced MMP secretion. These observations together with the data presented herein
show that MMPs are substantially upregulated at 4 h post infection and possibly earlier.
MMP expression should therefore be profiled at time points as early as 30 min post infection
in T. gondii infected BMDCs. Importantly, the qPCR results herein are from noninfected and
infected BMDCs in medium. Potentially, the MMP secretion of T. gondii parasitized BMDCs
is effected by extracellular signals, such as integrin signaling, or stress signals, e.g. depending
on tissue/ matrix density.
Several MMPs were upregulated at both time points, these were: MMP2, 12, 13 and 14 at 4 h
and MMP2 and 13 at 10 h post infection. The baseline MMP expression is also relevant in
the context of T. gondii infection as the parasite could effect MMPs post-transcriptionally,
e.g. by inducing the secretion of granuled MMPs or by augmenting MMP activation by
inducing hydrolysis of the pro domain of proMMPs. However, neither of these processes
have been described in DCs for any MMP, neutrophils are known to store MMP9 in tertiary
granules, which are secreted upon stimulation by interleukin-8 (IL8) or TNFα (Masure et al.
1991). MMP12 was slightly upregulated at 4 h but highly expressed in all samples, i.e. both
noninfected and infected samples at both time points. This suggests that MMP12 is
constitutively expressed by BMDCs, which is not surprising as MMP12, a.k.a MØ
metalloelastase, is known to be highly expressed by MØs, which are, as DCs, derived from
CD34+ hematopoietic stem cells.!Interestingly, MMP12 has been shown to be highly
upregulated in Langerhans cell histiocytosis (LCH), particularly in multisystem LCH,
suggesting that MMP12 is important for the migration of metastatic LCs (Rust et al. 2006).
TIMP1 is one of the four endogenous protein inhibitors of MMPs, described earlier. It is
unlikely that T. gondii would actively upregulate TIMP1, as this would inhibit MMPs and
therefore reduce the migratory capacity of BMDCs. However, inhibition of MMPs through
the upregulation of TIMP1 could work in the favor of T. gondii by reducing MMP mediated
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cleavage of non-ECM substrates such as proTNFα, which upon activation promotes
inflammation and leukocyte recruitment. Likely the elevated expression of TIMP1 in infected
cells is induced by the parasitized host cell to appease the preceding upregulation of MMPs
as the TIMPs/ MMP ratio is determinant for cell migration. Interestingly, TIMP1 was also
upregulated in a 2010 cDNA array, were the TIMP1 expression of BMDCs was upregulated
2 – 32 fold 8 h post infection by T. gondii (data not published). Of all its MMP targets TIMP1
has the lowest affinity for MT-MMPs. Interestingly, MMP14 (MT-MMP1) was upregulated 4
h post infection and equivalently expressed by noninfected and infected BMDCs at 10 h.
MMP14 is capable of activating several proMMPs (table 2) and has been shown to localize to
podosomes, which are central in the migration of resting DCs (Gawden-Bone et al. 2010).
However, podosomes are absent on T. gondii infected BMDCs and mature BMDCs activated
by LPS (Weidner et al. 2013). Additionally, MMP2 and 13 were upregulated at 4 h post
infection. Only MMP13 MMP was upregulated more than 1.3 fold at both times points. Its
substrates include both proMMP2 and proMMP9 (table 2). It is possible that MMP2 and
MMP9, the gelatinases, are modulated by T. gondii through such a pathway. However, it is
unlikely that the gelatinases play a central role in T. gondii induced migration at 4 and 10 h
post infection, assuming they are not stored in granules prior to infection, as they were
expressed at the lowest levels (noninfected and infected CT values: MMP2 4h: 34.5 and 32.9;
10 h: 34.8 and 28.6; MMP9 4 h: 31.7 and 32.5; 10 h: 31.8 and 29.5). The gelatinases role in
the migration of T. gondii infected BMDCs should be tested at earlier and later time points.
The housekeeping gene used in qPCR was GAPDH, which encodes glyceraldehyde-3phosphate dehydrogenase (GADPH), the enzyme that catalyzes the sixth step in glycolysis,
and should therefore be constitutively highly expressed. The housekeeping genes expression
(CT value) is used as a reference point that target expression is related to. Optimally the
housekeeping genes CT values should be between 21 and 23, as CT values in this interval
represent an abundance of transcript cDNA. The GADPH expression of infected BMDCs was
higher than that of noninfected BMDCs. All CT values were between 21.7 and 27.0 (4 h: 25.2
and 23.8; 10 h: 27.0 and 21.7, noninfected and T. gondii infected BMDCs, respectively). This
inconsistency should be taken into account when comparing the two time points. The reason
for the elevated GAPDH expression of T. gondii infected BMDCs might be explained by the
metabolic stress afflicted by the parasite on the its host cell, which would necessitate a larger
turnover of ATP and therefore a greater need for glucose catabolism. However, previous
qPCR experiments in the Barragan lab where GAPDH was used as the endogenous control
showed lower variationa between the GAPDH CT values of infected and noninfected
BMDCs. However these experiments were conducted with 1000x higher concentration of
cDNA, which could explain this discrepancy (Fuks 2010). To reduce the housekeeping genes
impact on target qPCR amplification a second housekeeping gene e.g. β-actin, could be used.
4.2 Functional assays
To establish the functional role of MMPs in the migration of parasitized BMDCs, three
broad-spectrum MMP inhibitors: Batimastat (BB94), GM6001 and MMP Inhibitor V
(MMPI-V) were used in three functional assays. All inhibitors were low molecular weight
broad-spectrum MMP inhibitors with IC50 values in the nM range (table 4). BB94, a
peptidomatic hydroxamate based inhibitor, and GM6001 and MMPI-V, which are
hydroxamic acid based inhibitors, inhibit MMPs by chelating Zn2+ at the catalytic domains
active site (Yamada et al. 2000, Grobelny et al. 1992, Kohn & Liotta 1995).
The IC50 values of all three inhibitors found in the literature ranged from 0.1 – 50 nM (table
4), wile the inhibitors only had a significant affect in the µM range in the assays used herein
(figure 3C - E). This apparent discrepancy between the literature and the observations
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described here is due to differences between the systems in which the activity of MMPs is
tested, i.e. purified MMPs in solution, MMPs secreted by eukaryotic cells or bacteria etc..
This complicates determining the importance of specific MMPs. However, if measurable
differences between the inhibitors are observed, as was the case in motility assay, relative
comparisons can implicate specific MMPs. A cut of at 5.5 nM was therefore made, where
IC50 values below 5.5 nM were characterized as strong inhibition, while IC50 values above
5.5 nM were characterized as weak inhibition. Inhibitors were thereafter compared on the
basis of strong versus weak inhibition. The results obtained from motility assay were
analyzed in this way. There, MMP12 was implicated as the principle target followed by
MMP14, while MMP2 and 9 seemed less important. No IC50 values were found for MMP19.
The reasoning behind these deductions is based on the inhibitors substrate specificity, which
is based on IC50 values fond in the literature. The inhibitors relative potencys in motility
assay, measured by impact on mean velocity was: MMPI-V> GM6001> BB94. Hence,
MMPs inhibited by MMPI-V and, to a lesser extent, GM6001 and not by BB94 facilitate
migration. Therefore, MMP12 (inhibited by MMPI-V and GM6001) followed by MMP14
(inhibited by GM6001) facilitate migration. All three inhibitors target MMP2 and MMPI-V
and BB94 target MMP9. As BB94 had a small effect on the mean velocity of BMDCs, these
data suggest that MMP2, 9 are not significant for the migration of parasitized BMDCs. This
is in line with the qPCR data, where MMP14 was upregulated, MMP12 highly expressed but
MMP2 and 9, the gelatinases, modestly expressed. However, MMP2 was upregulated at 4 h.
MMP13 was upregulated at both 4 and 10 h post infection but targeted by all inhibitors.
Interestingly, the gelatinases are well established as effectors in the migration of several
leukocytes, including DCs (Choi et al. 2011, Lu & Lai 2013b, Lu & Lai 2013a, Adhikary et
al. 2012, Moore et al. 2011, Elkington et al. 2009, Khandoga et al. 2006, Wang & Lai 2013).
Furthermore, previous studies have shown that T. gondii upregulates the gelatinases in DCs,
MØs, neutrophils and fibroblasts upon infection (Kluger et al. 2013, Wang et al. 2006,
Khokha et al. 2013). However, the gelatinases are the most studied MMPs. Consequently,
their importance has likely become inflated. Nevertheless, their known effector functions are
still relevant. MMP2 has been shown to cleave the interferon receptor-1 (INFR1) of
immature DCs (Khokha et al. 2013), which in the context of infection by T. gondii would
provide the parasite with protection against type I interferon (e.g. INFα and INFβ) induced
apoptosis or shutdown of protein synthesis. Also, INFR1 interacts with tyrosine kinase 2
(TK2), which has been implicated in IL12, IL6 and IL10 signaling. Inhibiting IL12 would
benefit T. gondii as IL12 signaling polarizes TH cells towards a TH1 phenotype whose cells
are directed at intracellular pathogens. Furthermore, elevated MMP9 concentrations have
been observed in the cerebral spinal fluid (CSF) of multiple sclerosis patients (Gijbels et al.
1992), a disease where T cells are overrepresented in the CNS, and several CNS infections
including bacterial meningitis and viral encephalitis (Leppert et al. 2001, Leib et al. 2001,
Pastuszka et al. 2008, Wang et al. 2008). Though, human monocytes infected by T. gondii
downgrade their gelatinase expression and secretion (Buache et al. 2007). Taken together the
literature suggests a role for the gelatinases in the migration of BMDCs infected by T. gondii,
which the qPCR and motility data presented herein, do not.
To visually examine and quantify the degradation of BMDCs, an ECM substrate
fluorescently labeled to gelatin, which looses its fluorescence when degraded, was used.
Interestingly the results obtained here were seemingly contradictory to both qPCR and
motility assay data, as noninfected BMDCs degraded the fluorescent substratum to a much
larger degree than T. gondii infected BMDCs. However, these results do not imply that
MMPs are absent or inactive, but merely that MMPs are not focally secreted. Also, of the
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3×10! BMDCs seeded upon the OG-488 gelatin, BMDCs in noninfected samples were
markedly more numerous compared to infected samples (data not shown). This suggests that
infected BMDCs were loosely adherent, which has been described before . Also, infected
BMDCs rarely co-localized with OG-488 degradation. These observations validate T. gondii
infected BMDCs hypermotile phenotype, which likely explains, to some degree, infected
BMDCs low level of detectable OG-488 gelatin degradation, i.e. infected cells do not have
sufficient time to degrade OG-488 gelatin due to their rapid movement. Interestingly, this
suggests that BMDCs T. gondii induced hypermotility is not explained by the secretion of
MMPs when migrating in a 2D setting. In vivo 2D migration does not occur, though in vitro
2D migration is somewhat representative of migration through sparse ECM or migration
parallel to the basement membrane. To determine BMDCs MMP secretion in a 2D setting
supernatants should be examined, e.g. through western blot, ELISA or zymography.
What setts the OG-488 degradation assay apart is that BMDCs migrate freely on top of their
substrate, while BMDCs are set in semi 3D conditions in the motility and transmigration
assays. With this in mind together with infected BMDCs rounded morphology, rapid
movement and reduced adherence it is possible that cells lose the ability to form protrusions,
such as lamellipodia and therefore lose the ability to focally degrade their substratum when in
a 2D setting. This is in line with the theory that leukocytes MMP secretion is dependent on
obstacles that necessitate degradation, such as the basement membrane or the ECM of dense
tissues. The former is essentially what was measured in transmigration, where BMDCs are
seeded on a membrane, which they traverse by migrating through pores filled with collagen.
Infected BMDCs transmigrated to a much larger degree than noninfected BMDCs. Infected
BMDCs traversal of the membrane was equally impeded by treatment with all three
inhibitors. In contrast to the qPCR and motility assay data these data, by the same reasoning
as previously described, implicate MMPs targeted by all inhibitors, i.e. the gelatinases and
MMP14 (table 4). Additionally, in the motility assay, where BMDCs are submerged in a
collagen matrix and therefore forced to degrade their surroundings, which is reminiscent of
interstitial migration, the inhibitors effect became clearer when the collagen concentration
was raised from 0.75 mg/ml to 1 mg/ ml, suggesting that the density of the matrix impacts
MMP secretion or activity.
Interestingly, narrow tracks of degradation were observed in the OG-488 gelatin degradation
assay (figure 5H). These tracks narrow width suggests that they were formed by T. gondii,
which is known to express serine-, cysteine- and metalloproteinases (toxolysins) (Kim 2004,
Berthonneau et al. 2000, Hajagos et al. 2012). These endogenous T. gondii proteases are
secreted by the parasite and used in extracellular gliding motility. Also, they might serve as
effectors in the hypermigration of parasitized BMDCs, however it is unlikely that they are
directly responsible for degrading ECM components, they could be secreted from the PV to
the cytoplasm of parasitized BMDCs were they could interact with host proteins e.g.
activating host proMMPs, though there is no data to support this. Further investigation of the
proteases endogenous to T. gondii in the context of parasitized BMDCs is necessary.
There are several plausible proteinase independent modes of migration that BMDCs could
employ to migrate in the OG-488 assay. These are likely dependent on integrin–substratum
interactions and actin-myosin driven cytoskeletal remodeling. Such modes of motility fall
into the amoeboid category of migration wile mesenchymal migration depends heavily on
MMP secretion, reviewed by Friedl and Wolf (2010). However, amoeboid and
messenchymeal migration overlap and are two extremes of one continuum. Continued
investigation of the effector molecules and signaling pathways modulated by T. gondii are
necessary to establish the role of specific MMPs and other effectors in the migration of
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parasitized BMDCs. Taken together the data presented herein suggest that T. gondii triggers
several host cell mechanisms to disseminate via BMDCs. Likely, T. gondii raises the baseline
expression of MMPs, as indicated by motility assay, transmigration assay and qPCR data.
This allows the host cell to disseminate when barriers are encountered, such as endothelial
barriers or when submerged in deep tissue. Though other means of migration are used when
obstacles are absent.
4.3 Conclusions and perspectives
The main aims of this project were to determine if the MMP expression profile of BMDCs is
altered upon infection by T. gondii and if this modulation augments the in vitro migration of
BMDCs. Indeed, T. gondii modulates the MMP expression of BMDCs, which markedly
increases the transmigration and motility of parasitized BMDCs. Interestingly, BMDCs
treated with LPS or an inflammatory cytokine cocktail failed to match the MMP upregulation
of BMDCs infected by T. gondii, suggesting that the MMP upregulation induced by T. gondii
is not characteristic of mature BMDCs, rather actively induced by T. gondii. Also, different
MMPs seem to be employed depending on the conditions in which BMDCs migrate
(transmigration, semi 3D migration, or 2D migration), suggesting that externally induced
cues may influence the MMP profile of parasitized BMDCs. This is likely somewhat
dependent on integrin signaling. Curiously, MMPs are not essential for the migration of
BMDCs, at least not under certain conditions, as MMPs were not implicated in the migration
of infected BMDCs on OG-488 gelatin, i.e. in 2D migration. Taken together these
observations indicate that upon infection by T. gondii BMDCs migrate through the ECM via
amoeboid pseudopodal migration facilitated by integrin-substratum interactions and actinmyosin dependent protrusions until the density of the ECM becomes to great or the basement
membrane is reached whereupon MMPs take on a central role.
Further elucidation of the underlying molecular mechanisms that regulate MMP expression,
activation and secretion is necessary to understand MMPs role in the migration of BMDCs
upon infection by T. gondii. To accomplish this the functional assays used herein can be
adjusted to better emulate the in vivo situation, e.g. transwells coated with polarized
endothelial cell monolayer can be used to simulate in vivo extravasation. Additionally, RNA
interference MMP knockdown or MMP knockout DCs should be produced and analyzed in
the context of infection by T. gondii through e.g. zymography, western blot, 3D migration as
well as the assays used herein to determine the role of specific MMPs. Ultimately, the role of
MMPs in the in vivo migration of parasitized DCs should be examined. Continued
investigation on this subject could lead to pharmaceutical therapies that target the
hypermotility of T. gondii infected Trojan horses, thus reducing the pervasiveness of T.
gondii infections and ultimately ameliorating toxoplasmosis in human risk groups.
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6. Supplementary figures

Figure S1: DMSO does not affect the migration of parasitized BMDCs T. gondii at 0.1% and 1%.
BMDCs were infected with T. gondii (■) (PRU-RFP at an MOI of 3) for 4 h or non-infected (□).Controls
were treated with complete medium (CM). 1% and 0.1% DMSO was applied 4h post infection and
BMDCs were submerged in collagen (0.75 mg/ ml) and micrographed for 60 min.
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Figure S2: Transmigration collagen titration.
BMDCs were infected with T. gondii tachyzoites
(PRU-RFP at an MOI of 2) for 6 h. Transwells
were coated with collagen at concentrations of
0.1, 0.5 or 1 mg/ mL. A non treated control was
also run (CM). Thereafter BMDCs were
transferred to transwells (upper chamber) and left
to transmigrate overnight (18 h). BMDCs in lower
wells were then quantified by hemocytometry.
Figure shows one representative experiment.
Error bars show the standard deviations from
duplicate wells.
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Figure S3: Broad spectrum inhibition of
MMPs does not effect the transmigration of
noninfected BMDCs. BMDCs were treated with
the MMP inhibitors: BB94; MMPI-V or GM6001 at
25 μM and seeded upon a transmigration filter
were they were left overnight (18 h). A nontreated control was also run. Error bars are form
SDs from three separate experiments.

Figure S4: Disassociation curves of all MMPs and TIMP1 and the endogenous control GADPH used in qPCR experiments.
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Figure S5: Flow cytometry of C57BL/6 mouse bone marrow derived cells. C57BL/6
mouse bone marrow derived cells were cultured as described in materials and methods. Cells
were then analyzed by fluorescence activated cell sorting (FACS) and gated on CD11c and
+
CD11b: 16.8% were CD11c and CD11b ; 39.8% were CD11c and CD11b ; 0.93% were
+
+
+
CD11c and CD11b ; 42.5% were CD11c and CD11b which corresponds to dendritic cells.
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