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ABSTRACT OF THE DISSERTATION

Toxoplasma gondii interactions with vascular endothelium under fluidic shear stress
by
Katherine Snyder Harker
Doctor of Philosophy in Biological Sciences
University of California, Irvine, 2014

Assistant Professor Melissa B. Lodoen, Chair

Toxoplasma gondii is a highly successful parasite that infects approximately one-third of
the human population and can cause fatal disease in immunocompromised individuals.
Systemic parasite dissemination to organs such as the brain and eye is critical to disease
pathogenesis. T. gondii can disseminate via the circulation, and both intracellular and
extracellular modes of transport have been proposed. To examine the dynamics of both of these
dissemination mechanisms we have developed a fluidic system combined with time-lapse
fluorescence microscopy. Using this approach, we showed that T. gondii-infected primary
human monocytes and THP-1 cells exhibited altered adhesion dynamics compared to
uninfected monocytes: infected cells rolled at significantly higher velocities (2.5 to 4.6-fold) and
over greater distances (2.6 to 4.8-fold) than uninfected monocytes before firmly adhering. Since
infected monocytes appeared delayed in their transition to firm adhesion, we examined the
effects of infection on integrin expression and function. T. gondii did not affect the expression of
LFA-1, VLA-4, or MAC-1 or the ability of Mn®* to activate these integrins. However, T. gondii
infection impaired LFA-1 and VLA-4 clustering and pseudopod extension in response to integrin

ligands.
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We then applied this same fluidic system to questions of extracellular parasite adhesion
to endothelium and showed that shear force influenced parasite adhesion and motility dynamics
and the outcome of parasite interactions with endothelium. Extracellular parasites were capable
of adhesion to primary human endothelium in shear stress conditions, and interestingly, shear
stress enhanced T. gondii helical gliding, resulting in a significantly greater displacement. In
addition, shear stress increased the percentage of tachyzoites that invaded or migrated across
the endothelium. By examining T. gondii deficient in the adhesion protein MIC2, we found that
MIC2 contributed to initial adhesion but was not required for adhesion strengthening. These
data suggest that in fluidic conditions, T. gondii adhesion to endothelium may be mediated by a
multistep cascade of interactions that is governed by unique combinations of adhesion

molecules.

This dissertation work has led to a better understanding of the mechanisms by which T.
gondii interacts with and migrates across endothelium into tissues, where the parasites

ultimately cause disease.
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CHAPTER 1

INTRODUCTION TO TOXOPLASMA GONDII AND MECHANISMS OF

DISSEMINATION



T. gondii biology and life cycle

Toxoplasma gondii is a eukaryotic protozoan pathogen belonging to the phylum
Apicomplexa, subclass coccidia. This subclass contains a diverse group of unicellular parasitic
organisms distinguished by their motile and invasive life stages, obligate intracellular niche and
ability to form spores (1). Many human and animal pathogens belong to the phylum
Apicomplexa, including Plasmodium, Crytopsporidium, Sarcocystis, and Babesia, which are the
causative agents of malaria, cryptosporidiosis, sarcosporidiosis, and babesiosis, respectively. T.
gondii is globally distributed and has a complex population structure. Genetic analysis of
European and North American isolates of T. gondii indicates the presence of three stable
multilocus genotypes (strain types I-lll) that show low levels of divergence at the DNA sequence
level (2). However, isolates from South and Central America, Africa, and Asia have much
greater genetic diversity and have been classified into haplogroups IV-XII (3).

T. gondii is an obligate intracellular parasite capable of infecting nearly any nucleated
cell in any warm-blooded animal (1). In its asexual stages T. gondii has a haploid genome that
is comprised of approximately 8 x 107 base pairs (4). The population structure in North America
and Europe is remarkably clonal, consisting of three dominant linages, types I, II, and lll, that
differ in their virulence by host. Type | is recognized as being the most virulent in mice, whereas
type Il is more commonly associated with human disease, and type Ill with disease in livestock
(1, 5). Sexual replication of all T. gondii strain types occurs in the gut of infected felids, making
them the parasite’s definitive host. A single infected cat can shed millions of oocysts in their
feces into the environment over the course of several weeks (6). Upon sporulation, which
occurs between 1-21 days, oocysts containing sporozoites are highly infective and can be
ingested by a secondary host, which can include humans, livestock, poultry, and rodents,
among others. Transmission of oocysts typically occurs via contaminated water or vegetation
and following ingestion there is a conversion to the tachyzoite life stage in the gut of the newly

infected host.



Tachyzoites are crescent in shape and approximately 2 x 8 um in size. They have a
polar morphology with an apical conoid ring and apical secretory organelles from which they
secrete proteins involved in motility and invasion (7). Tachyzoites invade nucleated host cells by
active penetration (8) and establish a non-fusogenic vacuole (9) within which they rapidly
replicate by endodyogeny. During this life stage, the parasite readily invades, replicates within,
and then ruptures host cells. Ultimately, tachyzoites will enter the circulation and disseminate to
secondary tissues. The tissue damage associated with the primary infection induces a strong
inflammatory response from the host (10). It is thought that this immune response in addition to
parasite-specific stress responses contributes to the following life stage conversion to the
bradyzoite.

Bradyzoites reside in tissue cysts in host cells for the life of the host and are
characterized as multiplying very slowly and having a quiescent metabolic program (11).
Additionally, bradyzoites express stage specific genes and are antigenically distinct from those
expressed by tachyzoites (12). Recrudescent infection can occur if the immune status of the
host is comprised, resulting in stage conversion back to the rapidly replicating and destructive
tachyzoite. Bradyzoite-containing tissues cyst also represent a secondary means of
transmission, as the tissue of chronically infected secondary hosts can be ingested by another
intermediate host, which includes other carnivorous mammals, or a felid, completing the life

cycle.

Clinical outcomes and the immune response to T. gondii

Human infection with T. gondii is predominantly the result of the ingestion of parasite
cysts. This could be ingestion of infected tissue from another intermediate host containing
bradyzoites or the ingestion of oocysts from the environment; in either case there is a stage
conversion to the tachyzoite in the gut. Additionally, humans can become infected by organ

transplantation or blood transfusion from an infected donor, or the parasite can be transmitted



vertically from mother to child when there is a primary material infection during or immediately
prior to pregnancy.

The immune response to T. gondii infection, acute or recrudescent, is dominated by a
strong pro-inflammatory response and skewing toward a T-helper-1 adaptive program. Innate
immune cells, such as monocytes, neutrophils, and dendritic cells (DCs), are recruited to the
primary site of infection where they sense the pathogen via Toll-like receptors (TLRs) and
express and secrete interleukin-12 (IL-12) (13, 14). IL-12 then induces the production of
interferon-gamma (IFN-y) by natural killer (NK) cells and T cells (15, 16). These responses
largely serve to control parasite burden. Within two weeks after infection the humoral response
has been initiated and antibodies can be detected in sera. These antibodies have many
protective roles including opsonization for phagocytosis, blocking invasion, and activating the
classical complement cascade (17, 18). Ultimately, the majority of tachyzoites are cleared from
the host; however, a fraction disseminate to secondary sites where they differentiate into
bradyzoites and establish latent infection as tissue cysts. It is the dissemination of parasites into
tissues that leads to the development of disease in the immunocompromised host or results in
the potential to develop disease later in life in the immunocompetent host.

In humans, infection is typically asymptomatic and results in the establishment of life-
long latent infection. Symptomatic disease (called toxoplasmosis) occurs in specific populations
including the congenitally infected fetus and newborn, and in immune compromised individuals
by either acute infection or reactivation of latent infection. The clinical manifestations of disease
are influenced by the parasite strain type, host genetic background and host immune status,
among other factors. In the immunocompetent, primary infection with T. gondii is generally
asymptomatic, however in a minority of cases it can be associated with fever and mild flu-like
symptoms (19). The most common manifestation of disease is asymptomatic cervical
lymphadenopathy; however, T. gondii infection is associated with 3-7% of clinically significant

lymphadenopathys (20). In immunocompromised patients, toxoplasmosis is typically associated



with recrudescent infection and often presents in the central nervous system (CNS) as
encephalitis, an inflammation of the brain. These patients can suffer initially from minor focal
neurological deficits, most often difficulty with speech, and can then progress to more severe
symptoms including focal motor deficits and seizures (1). Immunocompromised patients may
also show signs of ocular toxoplasmosis, which commonly presents as acute chorioretinitis, an
inflammation of the choroid and the retina. Patients have difficulty with vision and typically
present with active retinal lesions (21). In the case of congenital infection, disease can manifest
in either the brain or the eye, or both. Neonatal manifestations of toxoplasmosis include
hydrocephalus, an abnormal accumulation of cerebral spinal fluid around the brain, intracranial
calcifications, chorioretinitis and sometimes blindness (1). Congenital, ocular and CNS infection
are of particular interest because they each require dissemination of the parasite to distinct
tissue sites: invasion of the uterus during pregnancy and breaching of the blood-brain and
blood-retinal barriers, respectively. These topics will be discussed in further detail below.
Primary infection of pregnant women with T. gondii is typically asymptomatic for the
mother, but it can result in transmission of parasites to the fetus. The placenta is the primary
natural barrier to congenital infection; however, tachyzoites can invade and replicate within the
trophoblast layer, which is a layer of specialized epithelial cells separating the mother and fetus
(22). TORCH syndrome is a diverse group of congenitally acquired infections that include
toxoplasmosis. The acronym stands for the following: Toxoplasmosis, Other (a category that
includes Sypilius, Varacella-Zoster Virus infection, and Human Immunodeficiency Virus
infection, among others), Rubella, Cytomegalovirus, and Herpes Simplex Virus infection. The
causative agents of these perinatal infections are quite diverse, however they share many
clinical features including targeting of the CNS, leading in many cases to microcephaly and
intracranial calcification (23). During pregnancy the barrier integrity of the placenta is inversely
proportional to gestational age, which may contribute to the increased likelihood of T. gondii

transmission as pregnancy progresses (23). Transmission of T. gondii during weeks 10-24



results in more severe clinical disease, whereas transmission during weeks 24-40 usually
results in subclinical infection or disease manifesting later in life (24). If left untreated, 85% of
children with a subclinical infection will ultimately develop signs and symptoms of
toxoplasmosis, in most cases as ocular disease (25). Infection of the fetus results in the
development of necrotic foci and severe inflammation in the brain and eye as a result of rapid
tachyzoite replication (19). Ultimately this can lead to a myriad of clinical outcomes associated
with ocular and cerebral toxoplasmosis, which are discussed below.

Ocular toxoplasmosis is most commonly associated with postnatal acquired infection;
however, congenital infection can result in chronic and recrudescent disease (26). In either
case, the clinical and morphological appearance of ocular toxoplasmosis is variable, and
distinguishing the type of infection after the onset of symptoms is difficult. Disease in the eye
tissue typically presents as necrotizing chorioretinitis, though this is variable and can also
extend to neighboring tissues beyond the choroid (21). Recurrent chorioretinitis is common and
patients often present with clustered retinal lesions near old hyperpigmented scars that were the
result of earlier retinal pigment epithelium destruction caused by infection (21). In some cases,
parasites have been identified in an active retina lesion within or near the focus of inflammation
by immuno-histopathology (27). However, disease is variable, and mouse models suggest a
possible autoimmune component, as parasite cysts are not always in close proximity to the
focus of inflammatory infiltrates and tissue destruction (28). In addition, in congenitally acquired
ocular toxoplasmosis, the location of the lesion within the eye does not appear to be random.
Cysts tend to localize centrally in the macular region, and it has been suggested that this
localization is influenced by the developing vascular architecture and microenvironment (29).
Ocular disease in congenitally infected newborns is more frequently associated with legal
blindness than postnatally acquired infection (21); however there can be a significant delay in
the onset of symptoms, up to several years after birth, making diagnosis with congenital ocular

toxoplasmosis difficult.



Infection of the CNS also occurs in both congenital infection and recrudescent infection
in immunocompromised patients. In the context of recrudescent infection, tissue cysts are
predominantly found in the neurons of the cerebral cortex, hippocampus, basal ganglia and the
amygdala (30). Latent infection is typically characterized as asymptomatic, though it has been
associated with mental disorders, such as schizophrenia (31). Immunosuppression of the
chronically infected host, as in the case of transplantation or AIDS, can result in excystation of
parasites from the tissue cyst. Subsequently an acute inflammatory immune response ensues
that includes the increased expression of IL-12 and IFN-y, recruitment of monocytes, dendritic
cells, and CD4" and CD8" T cells, and the activation of resident microglia (32, 33). In AIDs
patients, cerebral toxoplasmosis is the most common CNS pathology and is associated with
encephalitis (34). Other associated clinical features include headache, incoordination, dementia
and seizures, and in 75% of cerebral toxoplasmosis cases there is an onset of focal
neurological abnormalities such as hemiparesis, weakness on one side of the body, or aphasia,
difficulty with language comprehension (35). Congenital infection of the fetal brain is distinct and
is associated with psychomotor or mental retardation, hydrocephalus, microcephalus (reduced
brain growth), intracranial calcifications, deafness, and epilepsy (19). It should be noted
however, that the severity of disease is greatest when infection occurs early during pregnancy,

before week 20 (36).

Mechanisms of T. gondii dissemination

Upon primary infection T. gondii spread rapidly to tissues distant from the initial site of
infection (37). Itis in these tissue sites that the parasite will encyst and establish a chronic, life-
long infection of the host. The reactivation of these encysted parasites later in life contributes
substantially to severe disease pathology in the immunocompromised host, as described above.
How T. gondii spreads to these secondary tissue locations via the circulation is not well

understood. There are three proposed mechanisms the parasite is thought to use to



disseminate in the host: 1) The parasite may invade a motile immune cell population and exploit
these cells for leukocyte-assisted transfer from the primary site of infection to secondary
locations and across biological barriers (38-40). In addition to the protection from both innate
and humoral immune responses provided by intracellular transport, parasites may also gain
access to a variety of otherwise inaccessible tissues due to the inherent migratory functions of
the immune cells they hijack. 2) Extracellular parasites circulating in the blood may directly
adhere to and migrate across endothelium. In acutely infected mice, extracellular T. gondii are
found in the blood, and free tachyzoites injected directly into the blood can disseminate to
distant sites (38, 39). 3) A combined strategy using both intracellular transport and extracellular
adhesion and motility may also be used. In this scenario the invaded leukocyte circulates in the
blood, shuttling the parasite away from the primary site of infection to a secondary location
where the parasites may then egress and transmigrate across the cellular barrier under their
own power by either a transcellular or paracellular route (41). Little is known about the
molecular mechanisms required for T. gondii to disseminate away from the primary site of
infection to reach secondary locations. The mechanisms of leukocyte assisted transfer and

extracellular parasite adhesion and motility will be discussed in further detail below.

Leukocyte-assisted transfer

One potential mechanism of parasite dissemination is through the exploitation of motile
immune cells. Migratory leukocytes are an ideal target for pathogen dissemination due to their
innate homing and migratory behavior. T. gondii infection of DCs enhances their migratory
capacity in a parasite strain-specific manner (39, 42). This hypermotile phenotype coincides with
actin cytoskeletal rearrangement, morphological changes, and a redistribution of integrins at the
cell surface (43). Infection of macrophages reduces the expression of the integrins oL, a4, and
a5 and adhesion to the extracellular matrix components, fibronectin, laminin and collagen IV

(44). Additionally, T. gondii-infected macrophages show an enhanced transmigratory capacity in



transwell assays (40). These data suggest that the dysregulation of actin assembly, integrin
expression and localization, and subsequent loss of adhesiveness in leukocytes enhances their
migratory capacity. In addition to DCs and macrophages, other immune cell types have also
been implicated as potential ‘Trojan horses’ for T. gondii, including neutrophils (45), T cells (46),
NK cells (47), and monocytes (38, 48).

Other pathogenic microorganisms have similarly been shown to hijack immune cells as a
means to disseminate throughout their host. Theileria, another member of the phylum
Apicomplexa, has been shown to transform infected mononuclear phagocytes and induce
migration into distant non-lymphoid tissues including the brain and heart (49). Additionally,
Theileria annulata infection of macrophages alters actin dynamics and establishes a polarized
morphology in a Src-kinase dependent manner (50). These properties promote dissemination of
Theileria-infected cells and are thought to contribute to disease pathogenesis (51). Neisseria
gonorrhea adhere to the uropod of recruited neutrophils via a type IV pilus, avoid phagocytosis,
and ‘hitchhike’ as a means to facilitate their spread throughout the epithelial cell layer (52).
During Listeria infection, a subset of monocytes are infected with the bacteria and have been
shown to transport L. monocytogenes into the brain of infected mice (53). A precedent for
leukocyte-assisted transfer as a mechanism for dissemination among microorganisms is clearly
evident.

A likely target for T. gondii leukocyte-assisted transfer in the blood is the monocyte,
since these cells circulate in the bloodstream and interact with the endothelium homeostatically.
Monocytes are mononuclear leukocytes of hematopoietic origin. They are derived from
monoblasts residing in the bone marrow and are the precursors to mononuclear phagocytes in
various tissues such as lung alveolar macrophages, liver Kupffer cells, peritoneal macrophages,
and a large variety of DC populations (54). Monocytes are defined by the surface expression of
CD11b and CD14 or CD16 in humans, and CD11b, F4/80, and an absence of B cell, T cell, DC,

and NK cell markers in mice (55). However, it is important to note that monocytes are a



phenotypically heterogeneous and diverse group of leukocytes that can be further classified into
two broad groups. In humans, the expression of CD16 (FcyRIIl), the Fractalkine receptor and
adhesion molecule CX3CR1, and the chemokine receptors CCR2 and CCRS5 distinguish
classical (CD14"CD16° CX3CR1°“CCR2") monocytes from non-classical or resident monocytes
(CD14"°CD16"CX3CR1"CCR5") (56). Similarly, in mice, classical or inflammatory (Ly6C/Gr1"
CX3CR1*CCR2") monocytes are distinguished from resident (Ly6C/Gr1°“CX;CR1"CCR2"")
monocytes by the expression of lymphocyte antigen 6 complex (Ly6C), also called Gr1,
CX3CR1 and CCR2 (57). These two classes of monocytes in either species can be further
distinguished by their expression of adhesion molecules, suggesting different tissue trafficking
patterns. In general, classical monocytes are thought to be short-lived and selectively recruited
to sites of inflammation or to lymph nodes where they differentiate into DCs or other tissue
specific phagocytes. Classical monocytes represent 90-95% of the total monocyte population in
circulation in humans, whereas in mice they only represent about 50% (57). Non-classical or
resident monocytes are longer-lived, are found in both resting and inflamed tissues, and appear
to have patrolling behavior that helps to initiate an early immune response to infection in mice
(58).

Either of these monocyte populations may be parasitized during T. gondii infection.
Where this infection takes place remains controversial. Infection of monocytes in the gut has
been shown in mice (45); however, whether these infected monocytes are in fact carrying
parasites into the circulation and ultimately to secondary tissues is unclear. Monocytes
represent an attractive target for dissemination via the circulation since they homeostatically
interact with the endothelium and have the potential to extravasate into tissues. Additionally, T.
gondii has been shown to preferentially infect monocytes over other peripheral blood leukocytes
(PBLs) (59), and monocytes are found to harbor the parasites in acutely infected individuals
(60). T. gondii-infected monocytes can transmigrate across a blood-brain barrier model in vitro

(48) and have been shown to shuttle the parasite into the brain in mice (38). Monocytes,
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therefore, appear to function as a key ‘Trojan horse’ for parasite spread in the blood.

Monocyte extravasation occurs through a dynamic multi-step cascade of receptor-ligand
interactions, culminating in diapedesis. Monocytes are captured out of the blood flow by the
interaction of selectins on endothelium with their monocyte-selectin ligands, which are a
heterogeneous group of glycoproteins and glycolipids previously shown to participate in
leukocyte capture and/or rolling with varying affinities for particular selectins (61). This adhesion
initiates rolling movement, which allows the monocyte chemokine receptors to contact their
chemokine ligands on the surface of the endothelium (62), initiating G-protein coupled receptor
(GPCR) signaling events, and resulting in the ‘inside-out’ activation of integrins. Integrins are
heterodimeric transmembrane cell receptors that mediate rolling and firm adhesion. The
‘activated’ integrins will bind their endothelial ligands with both high affinity, in which the
conformation state of the extracellular domain results in the strongest receptor-ligand binding,
and valency, referring to the number of the those binding events. This binding will induce further
integrin clustering and ‘outside-in’ signaling leading to focal adhesion formation, cell spreading,
and sustained cell adhesion (63). Firmly adherent leukocytes can then crawl toward endothelial
cell junctions where they transmigrate and exit the circulation.

How T. gondii-infected human monocytes interact with vascular endothelium prior to
transmigration in the dynamic shear-stress conditions of blood flow remains poorly
characterized. Investigation of parasite dissemination strategies has largely been limited to
static tissue culture systems (40, 42, 44, 48, 64-66) or end-point analysis in vivo (38-40, 42, 44).
Modeling the dynamic environment of the circulation in an adaptable in vitro system that
includes shear force as an experimental parameter is critical for investigating the mechanisms
by which T. gondii manipulates monocyte-endothelial cell interactions. Such systems have been
used to examine selectin-mediated leukocyte tethering (67), Ca®* signaling during neutrophil
rolling (68) and the contributions of integrins to rolling adhesion under physiological shear flow

(69). The design and development of our in vitro microfluidic system will be discussed in greater
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detail in Chapter 2. The application of this system to investigate the interaction of T. gondii-
infected human monocytes with vascular endothelium in physiological shear stress is detailed in

Chapter 3.

Extracellular parasite adhesion and motility

Another potential mechanism of parasite dissemination from the blood into tissues is via
direct adhesion and motility of extracellular parasites to endothelium. In the circulation T. gondii
are found both as extracellular parasites (70) as well as within blood leukocytes (60).
Extracellular tachyzoites can adhere to and transmigrate through mouse ileum (64) and across
human retinal cultures ex vivo, in which the retina was freed from the choroid and was cultured
for several weeks until it presented as a mat of retinal glial cells supporting retinal neurons (71).
Additionally, extracellular tachyzoites have been shown to cross polarized epithelial monolayers
(64, 72) and human retinal endothelial cell monolayers (66) in vitro. Type | parasites are
associated with a stronger migratory capacity (64) and localize to intercellular junctions during in
vitro transmigration assays, suggesting a paracellular route of transmigration (72).

Extracellular mechanisms of dissemination through the vasculature have been described
for many pathogenic microorganisms. Amino et al. have shown that Plasmodium injected into
the skin can migrate through the tissue and enter capillaries where they then circulate (73).
Cryptococcus neoformans has been observed adhering to and transmigrating across brain
microvasculature in a urease dependent manner in vivo (74). Moreover, intravital imaging has
revealed a complex multi-step adhesion cascade for Borrelia burgdorferi culminating in
extravasation out of the vasculature in vivo (75, 76). These data suggest that an extracellular
mechanism of dissemination could similarly be used by T. gondii to exit the circulation and
disseminate into tissues.

The majority of Apicomplexan zoites are motile organisms, though many do not have

cilia or flagella with which to propel themselves in solution. Rather, they rely on a form of gliding
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motility to move across surfaces and invade host cells without modification to their overall
shape, as is used in amoeboid movement (77). T. gondii secretes adhesion molecules from
apical secretory organelles called the micronemes. These adhesins bind to stationary
substrates and are subsequently translocated via an actomyosin motor complex to the posterior
end of the parasite where they are cleaved, producing the net forward movement of the parasite
body relative the gliding surface (7). In the late 1990s Hakansson et al. defined classes of
movement for the T. gondii tachyzoite using video microscopy, and these modes of motility have
since been adopted by the field (78). These modes include helical and circular gliding, which
produce net forward movement, and twirling, which does not. Gliding motility of this type has
also been observed for the zoites of Plasmodium (77), Babesia (79) and Cryptosporidium (80).
The molecular mechanisms of parasite adhesion and motility are discussed in further detail in
Chapter 4.

More recent work has focused on identifying the parasite adhesins that participate in T.
gondii motility and host invasion. Studies using genetically deficient parasites have identified
several microneme proteins (MICs) with roles in adhesion, motility, invasion and virulence in
mice (81-83). The most well characterized microneme protein associated with adhesion and
motility is microneme protein 2 (MIC2). MIC2 is conserved in apicomplexans and belongs to a
family of adhesins originally described in Plasmodium as thrombospondin-related anonymous
proteins (TRAPs) (84). TRAPs play a critical role in Plasmodium attachment and invasion (85).
MIC2 contains two extracellular adhesive domains, an N-terminal integrin-like A/l domain and
six thrombospondin type | repeats (86). The A/l domain of MIC2, like the A/l domain of integrins
LFA-1 and MAC-1, binds Intracellular Adhesion Molecule 1 (ICAM-1), and this interaction has
been shown to facilitate transmigration across polarized epithelium and human retinal
endothelium (66, 72). Under static assay conditions on protein substrates, MIC2 was found to
contribute to parasite adhesion, helical gliding and twirling movement (81).

Extracellular T. gondii adhesion and maotility on vascular endothelium in conditions of
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shear stress remain unknown. Chapter 4 will describe the use of an in vitro fluidic system
combined with time-lapse fluorescence microscopy to characterize parasite adhesion and
motility to a cellular substrate under conditions of shear flow and the contributions of MIC2 to

these processes.

Concluding remarks

T. gondii is a global pathogen of great health and economic importance. The
dissemination of tachyzoites throughout the host via the circulation underlies the development of
chronic infection and significantly contributes to pathogenesis. This dissertation describes the
development and application of an in vitro live-cell microfluidic and time-lapse fluorescence
microscopy system to investigate the effects of physiological shear flow on the interactions of
both infected human monocytes and extracellular tachyzoites with primary human endothelial
cells. Understanding how tachyzoites and infected monocytes interact with vascular
endothelium in shear flow conditions will fill a key knowledge gap in understanding how
parasites both exploit motile immune cells and mediate their own dissemination in the infected

host to cause disease.
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CHAPTER 2

APPLICATION OF FLUIDICS FOR STUDYING THE DYNAMICS OF CELL

ADHESION TO VASCULAR ENDOTHELIUM
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Reproducing the dynamic microenvironment of the human vasculature is critical to
understanding the mechanisms of pathogen dissemination via the circulatory system.
Traditional in vitro culture systems are static. They do not include many of the parameters
present in a natural vascular microenvironment, including fluid shear stress and a multitude of
cell-cell interactions. The goal for developing in vitro flow-based adhesion assays was to design
systems that mimicked the complex in vivo conditions of the vasculature in such a way that

cellular and molecular interactions could be examined under clearly defined flow conditions.

The parallel plate flow chamber and modern fluidics for mimicking the vasculature in
vitro

The parallel-plate flow chamber was developed in the early 20™ century by Burrows (87)
and was later adapted to study leukocyte adhesion in flow conditions during the mid-1980s by
Forrester and Lackie (88). Parallel-plate flow chambers have been used to define many of the
cellular and molecular interactions in the leukocyte adhesion cascade (69, 89-93). In addition,
they have been used to examine the adhesion and movement of many disseminating
pathogens, including Candida albicans (94) and Plasmodium berghei (95). In the early 2000s
Brown and Larson (96) introduced an improved design in which the scale of the device had
been drastically reduced. This design included a polymeric gasket held between two glass
plates by a vacuum. Over the last decade advances in microfabrication have permitted the
application of microfluidic technology for modeling dynamic cellular events in the vasculature.
This has led to the development of systems similar in principle to the parallel plate flow
chamber; however, these microfluidic devices are less expensive to produce, customizable,
relatively easy to assemble and handle, and can be used in conjunction with traditional
experimental techniques (97).

In vitro fluidic devices create tunable microenvironments in which to examine cell-cell

interactions in a more physiological setting. They can be made from metal, glass, or polymer-
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based materials. Most devices, including those employed in our research, are made from glass
and polydimethylsiloxane (PDMS), a silicon-based organic polymer. These types of materials
are favored because they are inexpensive, biocompatible, and optically transparent. PDMS-
based devices are produced using soft lithography to generate an elastic replica of a solid,
reusable mold of the desired channel geometry. The negative relief mold of the channel is
typically produced by laser-cutting poly(methyl methacrylate) (PMMA). A mixture of the PDMS
polymer is poured over the master mold, solidified by crosslinking, and then pealed off. Holes
can be manually punched to produce inlet and outlet ports to the channel. These molds are
then UV or plasma bonded to glass slides, generating leak-proof fluidic channels with tubing
access. The hand-made nature of these devices allows for control and customization of surface
chemistry, channel geometry and mechanical forces, making these systems highly adaptable.

The transition away from parallel plate flow chambers to modern fluidic devices affords
many practical advantages, one of which is a reduced reagent burden. Within a fluidic channel
the shear stress is proportional to the flow rate and inversely proportional to the channel
dimensions. As a result, in a small channel only a very low flow rate is required to generate
physiologically relevant shear stress. In addition, because of the reduced dimensions, fluid flow
in the channel is entirely laminar and devoid of turbulent mixing. The wall shear stress, t, is a
function of flow rate (Q), the channel dimensions (height h and width w), and fluid viscosity (m),
and can be calculated as follows:

t=6+Qem/(weh?

Small adjustments to the flow rate can produce substantial changes in shear stress within the
channel, meaning that only a limited amount of cells and culture media are required even when
the shear force being examined is high. This is particularly advantageous for the analysis of rare
primary human cells.

We are interested in addressing questions about how T. gondii-infected cells and

extracellular tachyzoites interact with the vascular endothelium. We aim to define the
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mechanisms by which parasites in the circulation interact with the vasculature and ultimately
leave the circulation and enter into tissues. To date, most of the research on T. gondii
dissemination has utilized either static in vitro assay systems (40, 42, 44, 48, 64-66) or long-
term in vivo dissemination studies (38-40, 42, 44). The application of fluidics allows us to
incorporate the mechanical forces of blood flow and better recapitulate the in vivo environment
while still retaining the control and flexibility of an in vitro system. Similar systems have been
recently been applied to questions of pathogenesis for other species and have improved our
understanding of cytoadhesion of Plasmodium-infected erythrocytes to brain microvascular
endothelium (98) and the adhesion and motility of Pseudomonas aeruginosa in conditions of
shear flow (99).

By using fluidic systems we can observe cell-cell interactions in real-time and determine
the molecules that mediate these interactions. Mechanisms found to be important in vitro can
then be tested in an in vivo model. Ultimately, we are interested in the effects of the dynamic
fluid-shear environment of the circulation, which can range from shear forces lower than 0.5
dyn/cm? in large veins to over 50 dyn/cm? in arterioles (100), on the cellular and molecular
interactions that mediate parasite dissemination. Fluidics provides the necessary tool to address

this question.

Fluidic systems for studying T. gondii interactions with vascular endothelium

To investigate the dynamics of infected leukocyte and extracellular tachyzoite adhesion
to vascular endothelium in shear stress conditions, we developed fluidic chambers in
collaboration with the Liu Lab in the department of Biomedical Engineering at the University of
California, Irvine. Our open-loop flow systems consist of a fluidic channel connected via
polyethylene tubing to a syringe pump on one end and a reservoir on the other end (Fig. 2.1).
The fluidic chambers are comprised of a PDMS channel mold bonded to glass, as described

above. For our purposes the glass bottom of the fluidic channel is coated with fibronectin, an
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extracellular matrix protein, and seeded with primary human umbilical vein endothelial cells
(HUVEC). The fibronectin coating provides a surface that promotes the adhesion of endothelial
cells through the binding of the fibronectin receptor asf+; however it should be noted that this
coating is not neutral and activation of signaling downstream of this integrin in endothelial cells
influences endothelial cell migration and fibronectin matrix assembly (101).

We were interested in modeling the adhesive dynamics of both T. gondii-infected
monocytes and free tachyzoites with vascular endothelium. These dynamics include capture
and tether events, high velocity and long-range movement (for example: cell rolling), low
velocity and short-range movement (for example: cell crawling, parasite gliding), and ultimately
transmigration across the endothelium. Observing this array of movements required the
development of distinct systems.

The first fluidic channel we developed was designed on the milli-scale (Fig. 2.1A). The
shear stress in the device is determined by the flow rate and channel dimensions (H 0.8 mm, W
3 mm, L 20 mm). A flow rate of 1 ml/minute (min) results in a 0.5 dyn/cm? shear stress at the
surface of the channel. This shear force is within the range of forces found in larger veins (<0.5-
5 dyn/cm?) (100). There are many advantages to using the milli-scale fluidic chamber. The first
of which is that the ratio of media volume to surface area is close to that of traditional tissue-
culture systems. As a result, primary human endothelial cells can be seeded and maintained
with relative ease within the chamber. Secondly, the larger channel dimensions make for a
channel that is less sensitive to air-bubbles during live-cell imaging. This also allows for hand-
perfusion, when necessary, to clear the channel of media or to remove air gaps without
disruption of the monolayer due to excessive force within the channel. Lastly, these benefits
permitted the development of a “flow/switch” system that employs a Y-connector with a
stopcock and dual syringe pumps (Fig. 2.1A). Using this system, we can introduce flow to the
channel using one syringe pump and then switch to perfusion on the second pump at the same

flow rate without a disruption to flow. We have used the flow/switch system to examine long-
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Figure 2.1: Schematics of fluidic systems.
HUVEC are seeded into the central channel on fibronectin. T. gondii-infected monocytes or

extracellular tachyzoites are perfused through channels by a syringe pump. Shown are
schematics (not to scale) and photographs of the (A) milli-scale system with Y-connector for
dual syringe pump flow and (B) micro-scale system. Scale bars are 5 mm.

20



term interactions of infected leukocytes with HUVEC in shear stress (102). We have also used
this system to perfuse formaledehyde through the channel to fix adherent cells while in flow
conditions and then perform immunofluorescence microscopy within the channel (103).

Associated with the many advantages of this milli-scale system are several
disadvantages. The greatest disadvantage is that the high flow rate required to achieve even a
relatively low shear force of 0.5 dyn/cm? (1 ml/min) requires processing a large number of
parasites and leukocytes (on the order of tens of millions) to achieve a reasonable density of
adherent cells for live-cell imaging. Furthermore, this poses a limit on the length of time of
perfusion with a single pump and the magnitude of shear force that can be examined. Finally,
due to the height of this channel, a large fraction of the infected cells or parasites that are flowed
through the device never come into contact with the endothelial surface at the base of the
channel. Since the average diameter of a primary human monocyte is 8-10 um, and T. gondii
tachyzoites are approximately 2 x 8 um in size, these interactions occur in the bottom 5-10% of
an 800 um tall fluidic channel, and over 90% of the cells that are processed for live-cell imaging
never reach the field of view. Additionally, the dimensions of the milli-scale fluidic chambers
make it difficult to include more than one channel/slide, producing a manufacturing burden.
Ultimately, the milli-scale fluidic chambers are best suited to experiments requiring large fields
of view, low shear forces, and the capacity to connect to the flow/switch set-up.

The second fluidic channel that we developed was a micro-scale chamber (Figure 2.1B).
The micro-scale channels are significantly smaller in size (H 0.1 mm, W 1.5 mm, L 10 mm); in
particular the height of the channel was reduced 8-fold. The reduced dimensions led to a
drastically lower flow rate requirement (12 ul/min) to produce a shear force of 0.5 dyn/cm?.
Moreover, the reduced scale allowed us to fabricate 9 micro-scale channels within the
dimensions of a standard glass slide. The primary advantage to perfusion in the microchannels

is the reduced flow rate. This allows us to experiment with much higher shear forces and to
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perfuse with a single syringe pump for significantly longer time periods than is feasible at the
milli-scale. Using the microchannels we can easily reach 10 dyn/cm? shear force, replicating
fluidic conditions in venules and arteries, or much higher (> 15 dyn/cm?), to represent conditions
is arterioles. For example, to produce 10 dyn/cm? of shear force requires a flow rate of only 228
ul/min. At the micro-scale we can perfuse at the same shear force for over 80-times as long as
can be achieved at the milli-scale, with the same density and volume of cells. Consequently, the
number of cells and parasites that need to be grown and processed for live-cell imaging is
substantially reduced, and the time allotted for live-cell imaging can be significantly extended. In
particular, the reduction in channel height has increased the fraction of cells that come into
contact with the HUVEC (the bottom 40% of the channel volume). Another clear advantage to
the micro-scale fluidic chambers is the reduced manufacturing burden, since a single device
contains 9 channels.

The significant advantages of the micro-scale fluidic chamber design do, unfortunately,
come with a few disadvantages, the first of which is the low media volume to surface area within
the channel. Seeding primary human cells and maintaining adequate culture conditions to
ensure their health is more difficult in the micro-scale channels. However, we have been able to
overcome this obstacle and establish protocols for the continuous maintenance of healthy
monolayers of both primary human umbilical vein and brain microvascular endothelium for up to
72 hours within the microchannels. These protocols require regular monitoring and changing of
culture media to establish a healthy and intact endothelial cell monolayer for live-cell imaging.

Secondly, the micro-scale channels are significantly more sensitive to air bubbles during
perfusion. The clearing of air gaps from tubing prior to perfusion is critical to preserving
endothelial cell monolayer integrity during live-cell imaging. Furthermore, the reduced scale and
increased sensitivity to changes in flow rate makes hand perfusion particularly challenging. To
address this we employ the use of empty, unseeded channels to connect our system and

ensure the removal of air gaps prior to connection to HUVEC seeded channels. Finally, the
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micro-scale fluidic chambers are ideal for experiments that require long time frames, high shear

forces and the processing of limited primary cells.

Future Directions: Improving our system

In its current design our fluidic systems are ideal for mimicking laminar flow at various
flow rates through a rigid rectangular channel. Myriad questions regarding parasite and infect-
cell adhesion and transmigration dynamics can be answered using these systems. However,
additional modifications can be applied to better recapitulate other key factors that influence the
vascular microenvironment. These factors include the addition of chemical signals, alteration of
channel geometry and most importantly, though challenging, the development of layered and/or
co-culture systems.

Many of the adhesion interactions we have investigated using our system may be
influenced by soluble factors, such as cytokines and chemokines. It is quite possible that
invasion of leukocytes by T. gondii no only alters the function of adhesion molecules, like
integrins, but also potentially affects receptors important for sensing cytokine and chemokine
gradients that influence adhesion and the direction of migration. Various strategies can be
implemented to address the effects of these components on adhesion, movement and
transmigration within a fluidic system. One method would be to pre-layer a gradient of
chemokine below the surface of the endothelium. This strategy has been used to study the
effects of CXCL12 on the adhesion of metastatic breast cancer cells on endothelium (104). This
type of system would allow us to determine whether T. gondii-infected leukocytes can detect
and respond efficiently to various chemokine signals. Alternatively, parallel laminar flow could
be used to introduce various biochemical factors with both temporal and spatial control during
live cell imaging. Using perfusion, a gradient of cytokine or chemokine could be established, and
the migration of parasites or infected-cells could be assayed, as was done for examining T cell

chemotaxis in fluidic shear stress (105). A simple, three-armed channel similar to our milli-scale
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device was used to examine endothelial cell migration in response to gradients of vascular
endothelial cell growth factor (VEGF) (106). More complex systems that rely on a multitude of
serpentine, or zigzagging, channels to establish multiple gradients in a single channel have also
been developed and used to examine both neutrophil (107) and dendritic cell (108) migration in
response to chemokine gradients in shear flow. These types of systems would allow us to
examine the effects of multiple chemical signals and determine which host signaling networks, if
any, are potentially disrupted by infection and what affect that has on infected leukocyte
adhesion and migration.

In addition to the cellular and chemical components of the vasculature, the varying
geometry and non-uniform flow patterns through the vascular tree can greatly influence the
adhesion and movement of flowing cells. Our current fluidic systems are comprised of single
channels of uniform geometry. Modifications could be made to introduce varying channel width
and bifurcations, or branch points, to better replicate circulatory dynamics and their effects on
parasite and infected cell adhesion and migration. By drastically reducing channel width to
model the circulation in pulmonary capillaries, Yap et al. found that human neutrophils
transiently reduce their mechanical stiffness and extend pseudopods when forced through thin
microchannels in a macrofluidic gravity-based flow system (109). Moreover, these types of
modifications to channel geometry have also been influential in better understanding the
cytoadhesion of Plasmodium-infected red blood cells. In a single study, microfluidic modeling
was used to describe cytoadhesion in constricted channels under constant shear force, under
varying degrees of shear stress within channels of defined widths, and in bifurcations, all by
altering channel geometry and flow rate (110).

Incorporating chemical signals and more diverse channel geometries help to better
recapitulate the vascular microenvironment at the endothelial cell surface; however we are
ultimately most interested in how parasites transmigrate out of vessels and into tissues.

Traditionally, Boyden chambers (111), also referred to as transwells, were used to assay
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transmigration in static conditions (112-114). In our current system we can visualize
transmigration events based on changes in light reflectance by differential interference contrast
(DIC) microscopy. However, since our endothelium is seeded onto a thin layer of fibronectin
coated onto a hard glass surface, transmigrating cells are ultimately constrained in the z-
direction. A combination of microfluidic technology and transwell systems similar to the Boyden
chamber would allow for clearer resolution of transmigration events. Such a system was used
by Schreiber et al., to investigate the integration of chemokine signaling in T cell migration
across an endothelial monolayer in shear flow conditions (115). Similarly, this type of layered
system could also be used to co-culture vascular support cells, such as stromal and smooth
muscle cells, with endothelial cells. Using this type of system stromal cells were found to
influence neutrophil and lymphocyte transmigration in shear flow (116).

An ideal in vitro fluidic system accurately recapitulates the vascular microenvironment
while still retaining flexibility and control of experiment parameters. Our systems, in their current
state, are powerful tools that allow us to accurately replicate the shear force conditions at
various points throughout the vascular network and precisely quantify the effects of this force on
adhesion, movement, and transmigration of T. gondii-infected cells and tachyzoites across
endothelium. The aforementioned modifications will improve our ability to model other aspects
of the vascular microenvironment, including the influence of soluble factors, varied vessel
geometries and multi-cell interactions. The addition of these parameters to our current system
will improve our ability to model parasite interactions with human vasculature in vitro, leading to
a better understanding of the mechanisms of parasite dissemination that can then be tested in

Vvivo.
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CHAPTER 3

TOXOPLASMA GONDII MODULATES THE DYNAMICS OF HUMAN

MONOCYTE ADHESION TO VASCULAR ENDOTHELIUM UNDER FLUIDIC

SHEAR STRESS
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Introduction

Monocytes circulate in the bloodstream and homeostatically leave the circulation to seed
the macrophage and DC populations in tissues; they are also recruited to sites of inflammation
(57, 117). These important physiological processes can be hijacked by pathogens to travel in
the bloodstream and to gain entry into new sites in the body. Bacteria, viruses, and parasites
have evolved a variety of strategies to disseminate to distant tissues in their hosts while eluding
immune detection. T. gondii is a highly successful intracellular parasite that infects
approximately one-third of the human population worldwide and can cause fatal disease in
immunocompromised individuals (3). T. gondii typically infects individuals who ingest food or
water contaminated with parasite cysts or by vertical transmission from mother to fetus (118). In
the intestine, the parasites differentiate into a rapidly dividing form, called the tachyzoite, which
disseminates from the intestine to multiple organs in the body, including the brain and the eye
(119).

Dissemination underpins pathogenesis, and T. gondii likely uses multiple mechanisms to
spread from the intestine. Bioluminescent imaging of infected mice reveals a characteristic
dissemination pattern from the abdomen, extending to the thorax and then ultimately reaching
the brain between 10-14 days after infection (39, 120), where the parasites establish a
persistent infection in the form of tissue cysts. In mice infected via intragastric inoculation of
tissue cysts, DC and monocytes are rapidly infected, and CD11b" cells can shuttle tachyzoites
into the brain (38). The transport of pathogens within migrating cells is believed to be a common
mechanism of dissemination, and circulating immune cells can serve as ideal “Trojan horses”
for pathogen spread (51). T. gondii infection of DCs (39, 42), macrophages (40, 44), and
monocytes (38, 48) enhances the migration of these cells. For DCs, the hypermotility phenotype
occurs in a parasite strain-specific manner, with the type Il strain inducing the highest

hypermigratory frequency and intensity in vitro (42).
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In the mucosa, a population of Gr1* inflammatory monocytes plays a critical role in the
control of T. gondii infection(121). These cells are recruited to the site of infection using the
chemokine receptor CCR2 and ligand CCL2 (121). Recruited monocytes then differentiate into
inflammatory macrophages and IL-12-producing DC that replace the resident mononuclear
phagocytes at the site of infection and contribute to parasite control (122). In addition to
providing protective immunity against T. gondii, monocytes are actively infected by the parasite.
Among human peripheral blood cells, T. gondii preferentially infects and grows in monocytes
(59), and in the blood of infected mice, T. gondii is found in monocytes(38). Moreover,
monocytes can transport tachyzoites from the bloodstream into the brains of mice (38) and
across a human blood-brain barrier model (48).

Monocyte extravasation occurs by a multistep recognition process that links receptor-
ligand interactions on the monocyte surface with cytoskeletal changes that induce adhesion and
diapedesis (123). The initial capture or “tethering” of monocytes is mediated by weak
interactions between selectins on the endothelium and monocyte glycosylated surface proteins
containing the sialyl-Lewis™ tetrasaccharide (124). Notably, selectins form catch bonds with
glycosylated ligands under conditions of fluidic stress and release their ligands in the absence of
flow (67). These transient interactions facilitate rolling and bring the monocyte in close contact
with the endothelial surface (125) to allow chemokine receptors on the monocyte to scan for
chemokines displayed on the endothelium (62). Chemokine receptor signaling through G-
proteins leads to cytoskeletal changes in the monocyte and the “inside-out” activation of
integrins, which bind with high affinity to their ligands and mediate firm adhesion to endothelium
(126). Integrin binding to ligand subsequently induces integrin clustering and “outside-in”
signaling, which contributes to focal adhesion formation and downstream cytoskeletal changes
that mediate sustained adhesion (63). The monocyte then crawls on the endothelium to a site of

transmigration (127).
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In mice T. gondii-infected monocytes have been shown to shuttle parasites into tissues
where they cause disease (38, 39), and static culture assays have revealed that T. gondii-
infected cells can traverse the endothelium (39, 65). However, how infected human monocytes
tether and adhere to endothelium in conditions of shear stress remains unknown. To address
this question and to investigate the dynamics of adhesion, we developed a fluidic and time-
lapse fluorescence microscopy system. This system simulates the conditions found in
postcapillary venules and permits the analysis of cellular and molecular factors involved in
sustained adhesion. We found that T. gondii-infected monocytes can tether, roll, and firmly
adhere to the endothelium. Notably, infected monocytes exhibited altered rolling dynamics
compared to uninfected monocytes: they rolled over greater distances and at higher velocities
before transitioning to firm adhesion. Since integrins are known to mediate leukocyte adhesion,
we investigated the effects of infection on integrin function. Although the abundance of integrins
on the monocyte surface was not altered by infection, T. gondii impaired integrin clustering and
pseudopod extension in response to integrin ligands. This suggests that a reduced capacity for
adhesion or a delayed transition to firm adhesion due these clustering defects may participate in
the enhanced monocyte rolling in shear flow conditions. These studies reveal a novel pathway

by which T. gondii alters the dynamics of human monocyte adhesion.

Results
Fluidic system allows for dynamic imaging of human monocytes on vascular endothelium

To examine the interactions of human monocytes with vascular endothelium under shear
stress, we developed an open-loop flow system. Primary human monocytes or THP-1 cells, a
human monocytic leukemia line, were infected with GFP-expressing T. gondii. Since THP-1
cells are larger than primary monocytes and can be cultured to a later time point post-infection,
these cells allowed us to examine the effects of replicating parasites (and therefore, increased

parasite burden) on monocyte adhesion. Infection conditions resulted in 70-80% infection
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efficiency and >95% viability (Fig. 3.1A). To facilitate automated cell tracking, infected monocyte
cultures were labeled with Hoechst nuclear dye, and uninfected cultures were stained with
CFSE (Fig. 3.1B).

HUVEC were stained with CellTracker CMTPX, seeded in the fluidic device on
fibronectin, and treated with TNF-a to upregulate adhesion molecules, including E-selectin,
ICAM-1, and VCAM-1 (Fig. 3.1C). At 4 hours (hr) after treatment, the expression of P-selectin
was not altered by TNF-a treatment. The infected and uninfected cultures were mixed 1:1,
loaded into the syringe pump, and flowed into the device (Fig. 3.1D), which was positioned in a
live-cell environmental chamber on the microscope stage. Cells that did not adhere to the
endothelium in the device flowed into a collection reservoir. Since the CellTracker CMTPX
produced punctate staining at the top surface of the endothelium (Appendix A Movie 1), DIC
imaging was used to confirm that the HUVEC monolayer remained intact for the duration the
experiments. Images in the field of view were taken before and after the fluidic runs to confirm
confluence of the monolayer (Fig. 3.1E). Adherent monocytes were visible on the endothelium

at the end of each experiment (Fig. 3.1E).

T. gondii-infected monocytes exhibit an extended rolling phenotype

Primary human monocytes were infected with T. gondii for 4 hr and THP-1 cells were
infected for 4 or 18 hr. Infected and uninfected monocytes were flowed into the fluidic device,
and time-lapse fluorescence microscopy was performed (Appendix A Movie 1). Cell traces of all
infected (GFP"Hoechst") and uninfected (CFSE") monocytes interacting with the endothelium
were generated (Fig. 3.2A). In both cell types and at both time points, the traces of infected
monocytes were notably longer than those of uninfected monocytes (Fig. 3.2A). A magnified
series of images shows an infected cell containing two intracellular parasites traveling a greater

distance than the uninfected cells in the field during the same time period (Fig. 3.2B). Imaging
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Figure 3.1: In vitro fluidic system for analyzing monocyte-endothelial cell interactions.
(A) THP-1 cells were uninfected or infected with GFP™ T. gondii, stained with 7-AAD at 18 hpi,
and analyzed by flow cytometry. (B) Infected monocytes were stained with Hoechst dye to label
the nucleus and uninfected monocytes were stained with CFSE. The populations were mixed
and flowed into the fluidic device. (C) HUVEC monolayers were left untreated (gray histograms)
or activated with 25 ng/ml of TNF-a for 4 hrs (black histograms) and analyzed by flow cytometry
for the expression of adhesion molecules. (D) Schematic of fluidics assay set-up (not to scale).
HUVEC were seeded in the device on fibronectin and monocytes were introduced into the
device using a syringe pump. (E) DIC images of a representative HUVEC monolayer in the
fluidic chamber before and after a fluidic assay.

31



was performed approximately in the center of the device to minimize any potential effects of the
channel walls on monocyte adhesion dynamics. There did not appear to be a bias in the
adhesion of monocytes at different locations in the channel, since monocytes were found evenly
distributed along the entire length of the device at the end of imaging (data not shown).

The transition of a cell from rolling to searching is marked by a decline in its
instantaneous velocity below a defined threshold (128). We first examined monocytes during
rolling (velocity > 0.05 um/second (sec)). The total pathlength, maximum displacement, and
average velocity of infected and uninfected primary monocytes (Fig. 3.2C) and THP-1 cells (Fig.
3.2D) were calculated. During rolling, the average velocities of uninfected primary monocytes,
THP-1 cells at 4 hr, and THP-1 cells at 18 hr were 1.3 um/sec, 0.76 um/sec, and 2.97 um/sec,
respectively. In contrast, infected monocytes rolled at significantly higher velocities: 2.5-fold
higher for primary monocytes, 4.6-fold higher for THP-1 cells at 4 hours post infection (hpi), and
4-fold higher for THP-1 cells at 18 hpi (Fig. 3.2C and D). Infected monocytes also traveled a
substantially greater distance than uninfected monocytes. The average pathlengths for
uninfected monocytes ranged from 32.79 um to 114.89 um, whereas the average pathlengths
for infected monocytes ranged from 158.98 um to 513.88 um (Fig. 3.2C and D). This resulted in
2.6-fold, 4.8-fold, and 4.5-fold longer pathlengths for infected primary monocytes, THP-1 cells at
4 hpi, and THP-1 cells at 18 hpi, respectively, compared to uninfected cells. Although the
velocity, pathlength, and displacement of uninfected THP-1 cells at 18 hr appeared greater than
at 4 hr (Fig. 3.2D), these differences were not statistically significant. For each category of cells,
the total pathlength and maximum displacement were similar, since most of the distance
traveled during rolling was in the direction of flow (left to right). The fluorescent dyes used to
stain the monocytes did not appear to alter the behavior of the cells in this system, since
switching the dyes on infected and uninfected cells did not affect monocyte rolling velocity,

pathlength, or displacement (Appendix A.1A). Interestingly, an increase in the number of
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Figure 3.2: T. gondii-infected and uninfected monocytes during rolling.

(A) Cell traces for all uninfected or infected primary human monocytes (4 hpi) and THP-1 cells
(4 hpi and 18 hpi) analyzed are shown. Each trace shows the entire path of a single cell. The
following numbers of cell traces are shown: primary monocytes (Nuninfected=32, NT. gongi=31), THP-
1 cells at 4 hpl (nuninfected=30, nr gondii=30), THP-1 cells at 18 hpl (nuninfected=43, nr gondji=44). A
representative series of time-lapse images is shown in Supplemental Video 1. (B) Magnified
time-lapse images show that infected Cell #1 and uninfected Cell #2 appeared in the field at 1
min 58 sec. Cell #3 was already firmly adhered at this time. The inset of Cell #1 shows two
GFP" intracellular parasites, which can be visualized with increased contrast. (C, D) Total
pathlength, maximum displacement, and average velocity of uninfected and infected primary
monocytes at 4 hpi (C) or THP-1 cells at 4 and 18 hpi (D). For each cell type and time point, at
least three independent experiments were performed, and the data were pooled. For C and D,
the following number of cells performed rolling in the field of view: primary monocytes
(Nuninfectea=23, NT. gonai=31), THP-1 cells at 4 hpi (Nuninfected=25, NT. gongi=27), THP-1 cells at 18 hpi
(Nuninfectea=41, N7, gondi=42). The red bar shows the mean. *P < 0.01, **P< 0. 001, ***P < 0.0001.
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intracellular parasites did not correlate with increases in the velocity or distance traveled by
individual infected monocytes (Appendix A.1B and C). These data indicate that T. gondii
infection profoundly alters monocyte rolling on endothelium and that a single intracellular

parasite is sufficient to induce this effect.

T. gondii-infected monocytes have “wandering” searches

After rolling, monocytes firmly adhered and initiated searching on the endothelium. In
contrast to rolling, infected and uninfected monocytes did not differ markedly in their searching.
Calculations of the total pathlength, maximum displacement, and average velocity of searching
monocytes revealed few statistically significant differences in these parameters and indicated
that on average, most infected and uninfected cells performed similar searching (Fig. 3.3A and
B). Most cells searched within a confined radius of <10 um (Fig. 3.3C-E), and the average
searching velocity of infected and uninfected cells was ~0.1 um/sec (this average velocity
exceeded the 0.05 um/sec instantaneous velocity that marks the transition to searching, since
cells frequently fluctuated above and below the instantaneous velocity threshold). Among the
searching cells, we also observed a subpopulation of cells that exhibited a low velocity migration
resulting in a maximum displacement greater than 10 um from the point where they initiated
searching. This “wandering” migration was predominantly in the direction of the flow (Fig. 3.3C-
E). Wandering migration was more frequently observed in infected than uninfected cells: 36% of
infected compared to 0% of uninfected primary monocytes; 33% of infected compared to 11% of
uninfected THP-1 cells at 4 hpi; and 29% of infected compared to 3% of uninfected THP-1 cells
at 18 hpi performed wandering searches (Fig. 3.3F). This resulted in a 2.5-fold increase in the
maximum displacement of infected compared to uninfected primary monocytes (Fig. 3.3A). We
also occasionally observed cells that initiated searching and then appeared to be picked up by

flow and deposited at a distant location where they reinitiated searching. This accounted for the
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Figure 3.3: Migration of T. gondii-infected and uninfected monocytes during searching.
(A, B) Total pathlength, maximum displacement, and average velocity of uninfected and infected
primary monocytes at 4 hpi (A) and THP-1 cells at 4 hpi and 18 hpi (B). The bars indicate the
mean. *P < 0.05. For A-B, the following numbers of cells performed searching in the field of
view: primary monocytes (Nuninfected=23, NT. gongi=11), THP-1 cells at 4 hpi (Nuninfectea=28, N7.
gondii=21 ), and THP-1 cells at 18 hpl (nuninfected=36, nr gondii=14)-
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Figure 3.3: Migration of T. gondii-infected and uninfected monocytes during searching
(cont.).

(C-E) Cell traces of uninfected and T. gondii-infected primary monocytes at 4 hpi (C), THP-1
cells at 4 hpi (D), and THP-1 cells at 18 hpi (E). Each trace begins at the origin and shows the
path of a single cell during searching. The dashed circle represents a radius of 10 um from the
origin. The units on the axes are in um. (F) Graphs showing the maximum displacement and
average velocity of individual uninfected (open circles) and infected (closed circles) cells during
searching. The dashed line indicates a maximum displacement of 10 um. Cells exceeding this
maximum displacement threshold were defined as performing “wandering” searching. For each
cell type and time point, at least three independent experiments were performed, and the data
were pooled. For C-F, the following numbers of cells performed searching in the field of view:
primary monocytes (Nuninfected=23, NT. gonai=11), THP-1 cells at 4 hpi (Nuninfectea=28, N7, gondi=21),
and THP-1 cells at 18 hpi (Nuninfectea=36, N7 gondii =14).
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high maximum displacement and average velocity of a small number of searching cells,
particularly at 18 hpi (Fig. 3.3F). These data indicate that T. gondii infection may impart changes
in the searching of subsets of monocytes. A potential mechanism for these changes could be
the reduced expression or impaired function of adhesion molecules, such as selectins or

integrins, on the monocyte cell surface.

T. gondii does not alter total integrin expression or Mn**-induced integrin activation

To investigate the molecular basis for the phenotypes observed under shear flow, we
examined the expression of monocyte adhesion molecules. Since selectins tether monocytes to
the endothelium and mediate initial rolling, we determined the expression of the E-selectin
ligands PSGL-1, CD15, and CD44. Infection did not alter the expression of these ligands
(Appendix A.2). We then examined the expression and activation state of the major monocyte
integrins. Integrins are heterodimeric receptors comprised of a and b subunits and mediate
leukocyte rolling and firm adhesion. T. gondii infection did not dramatically change the
abundance of LFA-1 (a.b,), VLA-4 (asb4), or MAC-1 (aubz) on the surface of monocytes at 4 or
18 hpi (Fig. 3.4A). Next, we determined whether parasite infection affects the expression of the
active b4, by, oray subunits of VLA-4, LFA-1, or MAC-1, respectively, or their ability to become
activated upon stimulation with divalent cation. We also examined the expression of talin-1, a
cytoskeletal protein that binds to the cytoplasmic tail of integrin b subunits and plays a central
role in regulating integrin activation (91). Infection induced a slight increase in the level of active
aw (by 1.4-fold) on the cell surface without affecting active b4 or b, (Fig. 3.4B). T. gondii did not
affect the ability of Mn?*, which activates integrins (129), to increase active b4, by, oray levels
(Fig. 3.4B). We observed a modest reduction in talin-1 mRNA (by 1.7-fold at 12 hpi and 1.8-fold
at 18 hpi, Fig. 3.4C) and protein levels at 6, 12, and 18 hpi (Fig. 3.4D) in infected monocytes.

These data suggest that although T. gondii slightly reduced the expression of talin-1 in
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Figure 3.4: Integrin expression and activation in T. gondii-infected monocytes.

(A) THP-1 cells were uninfected (gray histograms) or infected with 7. gondii (black histograms),
stained with mAbs against LFA-1, MAC-1, or VLA-4, and analyzed by flow cytometry. Shown
are representative plots from one of six independent experiments. (B) THP-1 cells were infected
with T. gondii, left untreated or stimulated with Mn?*, and stained for LFA-1, VLA-4, MAC-1, or
active by, B4, or ay integrin subunits. The average MFI + SEM from three independent
experiments is shown. *P < 0.01, **P < 0.001. (C) Talin-1 mRNA in uninfected or T. gondii-
infected THP-1 cells at 4, 8, 12, and 18 hpi was measured by gPCR. The average values *
SEM from three independent experiments are shown. *P < 0.05, **P < 0.01. (D) Proteins from
total cell lysate collected at 4, 8, 12, and 18 hpi were analyzed by Western blotting with anti-talin
mADb or anti-b-actin mAb. A representative blot from one of three independent experiments is
shown.
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monocytes at later time-points, infection did not dramatically alter integrin expression or Mn?*-

dependent integrin activation.

T. gondii-infection severely impairs integrin clustering

Integrin function is governed not only by affinity, but also by valency (130, 131). Valency
refers to the number of receptor-ligand bonds that can be made and is governed by the number
of receptors expressed and the ability of those receptors to move in the membrane to facilitate
clustering (123). During firm adhesion, the cytoskeleton of leukocytes becomes polarized, and
cells redistribute and cluster integrins to the point of contact with the endothelium (132). To
address the possibility that T. gondii infection alters integrin clustering, we imaged the
distribution of LFA-1 and VLA-4 on monocytes by confocal microscopy. Monocytes were
infected with T. gondii and settled onto immobilized ICAM-1/Fc or VCAM-1/Fc. The localization
of LFA-1 or VLA-4 in confocal z-sections was determined by sequentially imaging the cells from
the base (at the point of contact with ICAM-1 or VCAM-1) to the top surface of the cell. In
uninfected cells, LFA-1 and VLA-4 clustered at the base of the cell in contact with ICAM-1 or
VCAM-1, respectively (Fig. 3.5A and Appendix A.3A). In contrast, LFA-1 and VLA-4 remained
distributed over the entire surface of T. gondii-infected cells and were not concentrated at the
cell base in contact with ligand (Fig. 3.5B and Appendix A.3A). In uninfected cells, integrin
clustering at the cell base positively correlated with pseudopod extension and increased surface
area at the point of contact with ligand. Infected cells, however, retained a spherical morphology
due to a lack of pseudopods and reduced surface area at the cell base (Fig. 3.5C and D).
Monocytes were also settled onto recombinant human IgG to control for possible interactions
between monocyte Fc receptors and the Fc domains of the ICAM-1/Fc or VCAM-1/Fc chimeric
proteins: both infected and uninfected monocytes failed to cluster LFA-1 or VLA-4 or extend
pseudopods on human IgG (Appendix A.3D), indicating that integrin clustering and cell

spreading in this system were ligand-dependent. Interestingly, the closely related apicomplexan
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Figure 3.5: Integrin clustering and morphology of T. gondii-infected monocytes.

(A, B) THP-1 cells were infected with GFP* T. gondii for 18 hr and settled onto immobilized
human rICAM-1/Fc or rVCAM-1/Fc. Samples were fixed and stained to detect LFA-1 or VLA-4
for confocal microscopy. Fluorescent and DIC z-sections from the cell base and cell center of
uninfected (A) and infected (B) cells are shown. Parasites are shown in green, LFA-1 or VLA-4
in red, and nuclei in blue. (C, D) Differences in surface area and LFA-1 or VLA-4 distribution on
uninfected versus infected monocytes when settled onto ICAM-1 (C) or VCAM-1 (D) were
quantified as ratios of their respective values at the cell base to the cell center. For C,
Nuninfected=86, NT.gongi=73 from four independent experiments. For D, Nyninfectea=47, NT.gonai=44 from
three independent experiments. The red bar shows the mean. *P < 0.0001.
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Figure 3.6: Effects of intracellular parasite burden on integrin clustering and cell
morphology.

(A) 3D projections of monocytes settled onto ICAM-1 were reconstructed from z-sections.
Panels from left to right: DIC micrograph of top-down view, fluorescent micrograph of top-down
view (0° rotation), and fluorescent micrograph of orthogonal view (90° rotation). In each panel,
the cell on the left is uninfected, and the cell on the right is infected. Parasites are shown in
green, LFA-1 in red, and nuclei in blue. These cells can also be seen in Video S2. (B, C)
Differences in LFA-1 or VLA-4 distribution and surface area of THP-1 cells settled onto ICAM-1
(B) or VCAM-1 (C) were plotted with respect to parasite burden. There was no significant
correlation between changes in LFA-1 or VLA-4 distribution or surface area and the number of
intracellular parasites, using one-way ANOVA with a Tukey comparison. The red bar shows the

mean.
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parasite Neospora caninum induced similar changes in infected monocytes (Appendix A.3B and
C), suggesting that these effects are not unique to T. gondii and may be a shared feature of
other parasitic infections.

Lastly, we examined whether the reduced integrin redistribution and pseudopod
extension in infected cells correlated with parasite burden. Surprisingly, a single parasite was
sufficient to inhibit both integrin clustering and cell spreading of T. gondii-infected monocytes
(Fig. 3.6A, Appendix A Movie 2). There was no correlation between intracellular parasite
number and cell spreading or integrin redistribution on either ICAM-1 (Fig. 3.6B) or VCAM-1
(Fig. 3.6C) in cells containing from one to twelve parasites (from replication and/or multiple
invasion events). Therefore, we conclude that differences in LFA-1 and VLA-4 clustering and

cell spreading in infected monocytes were independent of the number of intracellular parasites.

Discussion

T. gondii infection of circulating immune cells has been shown to facilitate parasite
passage across endothelial barriers and migration from the bloodstream into organs including
the brain (38, 39, 48). The infection of DCs, particularly with the type Il strain of T. gondii, was
shown to induce a “hypermotility” phenotype, which contributes to dissemination (39, 42).
Infected DC actively transmigrated across retinal endothelium using ICAM-1, VCAM-1, and
activated leukocyte cell adhesion molecule (ALCAM) (65). In addition, a recent report
demonstrated that the soluble T. gondii dense granule protein GRAS induces CCR7-dependent
migration of human DCs (133). In a blood-brain barrier model examining infected mouse
peripheral blood mononuclear cells (PBMC), infected CD11b" cells transmigrated to a greater
degree than infected CD11c” cells (48). These studies all support the idea that T. gondii-
infected cells contribute to parasite dissemination across biological barriers. What remained
unknown were the dynamics of infected human monocyte adhesion to endothelium in conditions

of shear stress. We have used live cell imaging to address this step upstream of transmigration.
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Dynamic imaging approaches have provided valuable insights into the migration and interaction
of murine immune cells during in vivo T. gondii infection in lymph nodes (46, 134, 135) and the
brain (136-138). Our current study contributes to a growing understanding of host-parasite
interactions by comparing the adhesion dynamics of infected and uninfected primary human
monocytes. This approach revealed that under shear stress conditions, T. gondii-infected
monocytes tether, roll, firmly adhere, and search/crawl. Interestingly, they roll at higher velocity
and over greater distances than uninfected cells. Whether this extended rolling contributes to
the long-distance migration of intracellular parasites away from the initial site of infection
remains to be determined by in vivo experiments. A population of monocytes is known to ‘patrol’
resting endothelium by long-range crawling and rapidly invading damaged or infected tissues
(58). Indeed, a central function of monocytes is the highly efficient homing to sites of
inflammation. Infected monocytes, however, have a “cargo” of intracellular parasites that are
known to modulate host cell function. Our findings indicate that parasite infection alters
monocyte rolling, but ultimately, the infected cells undergo firm adhesion and searching on the
endothelium. Defining the mechanisms that mediate the subsequent stage of extravasation,
namely transmigration in shear stress conditions, is of great interest and under active
investigation.

The extended rolling of infected monocytes suggested that T. gondii induced a delayed
transition to firm adhesion. Although infection did not change the expression of the selectin
ligands CD44, CD15, and PSGL-1 on the surface of monocytes, we cannot rule out that altered
selectin function may be involved in some aspect of infected monocyte rolling. Given the critical
role of integrins in mediating rolling and firm adhesion, we suspected a potential impairment in
integrin function. Notably, T. gondii infection did not reduce the total expression of integrins on
the cell surface; however, it is known that integrin activity is largely regulated by affinity
conformation and valency. LFA-1 in the bent, inactive conformation binds ICAM-1 with such low

affinity that it cannot mediate the transition from rolling to firm adhesion under fluidic stress (132,
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139). In response to chemokines, GPCR-dependent mechanisms activate LFA-1 via “inside-out”
signaling, leading to increased LFA-1 affinity for ICAM-1 (63). Mn*" is a potent inducer of
integrin activation and promotes ligand binding (129). Interestingly, T. gondii slightly reduced the
expression of the adaptor protein talin-1, which is required for GPCR-dependent activation of
LFA-1, but did not affect Mn**-induced integrin activation. Infection did result in an increase in
the level of active ay (MAC-1), which is involved in monocyte crawling (140). Whether the
slightly increased frequency of wandering infected monocytes in our system is due to alterations
in MAC-1 affinity remains to be determined.

Integrin signaling is bidirectional, such that binding to ligand induces “outside-in”
signaling that increases integrin affinity and avidity and activates downstream signaling
cascades (63). The redistribution of LFA-1 to ICAM-1 occurs during firm adhesion and
diapedesis of neutrophils (131) and monocytes (141), and results in leukocyte polarization as
high affinity integrins mobilize toward ligand. On monocytes, LFA-1 organizes into lipid raft
“nanoclusters” (130) that are stabilized by extracellular Ca®* (141). Studies have documented
close interplay between the cytoskeleton and cell membrane plasticity in LFA-1 (142) and VLA-4
(143) redistribution. We found that T. gondii infection impaired the ability of monocytes to
redistribute LFA-1 and VLA-4 in response to ICAM-1 and VCAM-1. To our knowledge, these
findings are the first report of pathogen dysregulation of integrin clustering.

The altered adhesion dynamics of monocytes at 4 hpi indicated that the changes in
adhesion caused by T. gondii occurred relatively early during infection (i.e., prior to parasite
replication). In addition, monocytes containing one or multiple parasites exhibited similar
phenotypes under fluidic stress. This is consistent with the observation that a single intracellular
parasite was sufficient to dysregulate integrin clustering and cell morphology. Interestingly, N.
caninum-infected monocytes exhibited a similar phenotype, although the effect was less
dramatic. N. caninum and T. gondii are similar in size and shape, and it is possible that the

impaired integrin redistribution results from constrained cytoskeletal dynamics due to the
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presence of the intracellular parasites. As noted above, however, the degree of integrin
clustering did not correlate with parasite burden, suggesting that these effects may not be
mediated solely by the physical presence of the parasites. An alternative possibility is that N.
caninum and T. gondii, which are highly related, carry effector proteins that similarly affect host
cell adhesion dynamics. During invasion T. gondii is known to secrete proteins into host cells,
which can modulate a variety of host cell processes and contribute to virulence (144-147). It has
yet to be determined whether parasite-secreted proteins or events after parasite invasion and
the establishment of a parasitophorous vacuole lead to integrin dysregulation. It is likely that
many intracellular pathogens are capable of modulating the adhesion or migration of infected
cells. The infection of red blood cells by Plasmodium falciparum facilitates adhesion to ICAM-1
on vascular endothelium (148), and it is believed that the sequestration of P. falciparum-infected
red blood cells in capillary beds may lead to alterations in the microcirculation. Given the
important role of adhesion proteins in a variety of intercellular interactions and cell migration
processes, they may represent a common target of pathogens. By targeting the expression,
activation, or regulation of adhesion molecules on host cells, pathogens may influence their
trafficking in the host organism. For example, enhancing dissemination to a particular tissue site
that is more hospitable or contributes to transmission.

It will be of great interest in future studies to further dissect the mechanisms by which T.
gondii dysregulates the cell adhesion machinery. It is likely that the impact of T. gondii on
infected monocyte migration in the vasculature is the result of a combinatorial effect, and
delineating these pathways will be important for understanding parasite dissemination and

ultimately disease pathogenesis.
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CHAPTER 4

SHEAR FORCES ENHANCE TOXOPLASMA GONDII TACHYZOITE

MOTILITY ON VASCULAR ENDOTHELIUM
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Introduction

T. gondii is a single-celled eukaryotic parasite that is found worldwide (3). Infection
predominantly occurs through the ingestion of parasite tissue cysts or oocysts from
contaminated food or water (149). In immune-competent individuals, a robust cellular and
humoral immune response controls the infection, and the parasite establishes a latent state. In
immune-suppressed individuals, however, infection can result in severe toxoplasmosis, typically
presenting as chorioretinitis in the eye (21) or cerebral infection resulting in encephalitis with
associated clinical features including headache and dementia (34). These manifestations of
disease can be due to reactivation of encysted parasites or to acute infection (3).

The spread of T. gondii from the intestine into secondary tissues is critical for
pathogenesis, in that the presence of actively replicating tachyzoites in these secondary tissues
contributes to tissue damage and symptomatic disease (119). Infection results in colonization of
the heart, brain, eye, skeletal muscle, and kidney (149, 150). Many recent studies on T. gondii
dissemination have focused on an intracellular mode of transport in motile leukocytes (38-40,
102, 151). However, free T. gondii are found in the blood of acutely infected mice (38) and
humans (70), and in vitro assays have shown that extracellular tachyzoites can adhere to and
cross polarized epithelial cell barriers (64) and retinal endothelium (66), suggesting that an
extracellular mode of dissemination may also be employed, depending on the tissue or site in
the body.

T. gondii uses an actomyosin motor complex to power substrate-dependent gliding
motility and invasion (7). The parasite adhesion proteins are exposed extracellularly from apical
secretory organelles called the micronemes. These adhesins are anchored to the parasite
surface via their cytoplasmic domains, which associate with the parasite actin cytoskeleton via
an aldolase bridge (152). The adhesins “treadmill” along the length of the parasite, propelling it
forward, and are cleaved at the posterior end. T. gondii gliding motility has been largely studied

in vitro by the examination of adhesion trails (8, 153) or by live cell microscopy (78, 154) on
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protein-coated glass. Hakansson et al. defined three major types of parasite motility: circular
and helical gliding, which produce net forward movement, and twirling, which does not (78).
Similar modes of movement have also been described for other members of the phylum
Apicomplexa, including Plasmodium (77) and Cryptosporidium sporozoites (80).

T. gondii dissemination in the body occurs via the circulation. To leave the bloodstream
and enter tissues, the parasites must adhere to vascular endothelial cells and cross the
endothelial barrier in conditions of blood flow. Whether T. gondii are capable of completing this
processes as extracellular tachyzoites has not been examined. Using a system combining live
cell microscopy with microfluidic devices we have performed an in-depth analysis of parasite
adhesion and motility in conditions of physiologic shear stress. Remarkably, T. gondii undergo
adhesion and gliding on human endothelium in flow conditions. Fluidic shear stress significantly
influenced motility dynamics and the outcome of parasite interactions with endothelium. Lastly,
we identified a distinct role for MIC2 in the initial adhesion events of T. gondii to endothelium in

conditions of shear flow.

Results
Extracellular T. gondii adhere to endothelium and are motile in shear stress conditions

To examine T. gondii tachyzoites in conditions of fluidic shear stress, we modified our
previously described fluidic system (151) to a microfluidic scale. We characterized parasite
interactions with primary HUVEC and with fetal bovine serum (FBS)-coated glass, which is
commonly used to examine T. gondii motility (78, 81, 155). T. gondii tachyzoites were syringe-
lysed from human foreskin fibroblast (HFF) monolayers and filtrated through a 5.0 um syringe
filter to remove cellular debris. Tachyzoites were then added to wells of a chamber slide (static
condition) or perfused into a microfluidic channel (flow condition) at 0.5 dyn/cm?, and
movements were tracked at the apical end of the parasite for the 30 sec after contact with either

HUVEC or FBS. Interestingly, extracellular T. gondii were capable of adhesion and motility in
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Figure 4.1: Extracellular T. gondii adhere to and are motile on HUVEC in static and shear
stress conditions.

T. gondii tachyzoites were added to FBS-coated glass or confluent monolayers of HUVEC in
either a chamber slide (static conditions) or in the microfluidic channel (flow conditions). (A)
Representative cell traces of extracellular tachyzoites on FBS or HUVEC in static or flow
conditions are shown. Each trace begins at the origin and shows the path of a single parasite
(n=15 for all conditions). The direction of flow is from left to right. (B) The average velocity, total
pathlength traveled, and maximum displacement reached by each parasite during their first 30
sec post-adhesion is shown. Each data point represents a single parasite. 3 independent
experiments were performed, and the data were pooled (Negs, static=950, Ness, Flow=35, NHUVEC,
static=90, Nhuvee, FIow=49). The red bar indicates the mean for the group. ANOVA with a Tukey
comparison of all means was used to compare multiple means.
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Figure 4.2: Influence of shear stress on T. gondii movement into and/or across the
endothelium over time.

(A) T. gondii tachyzoites were flowed over HUVEC in the microfluidic channel for 12 min, and
their interactions with the endothelium were analyzed. Parasites were considered adherent
when they were in contact with the endothelial surface for a minimum of 4 sec. The location of
each adherent parasite was assessed at 30 sec intervals post-adhesion. The percentages of
parasites that remained attached (red circles), moved in/below (blue squares), or detached
(green triangles) from the HUVEC are shown. Three independent experiments were performed,
and the data were pooled. n=211. Bars represent the mean + SEM. (B) T. gondii tachyzoites
were added to HUVEC in either a chamber slide (static conditions) or in the microfluidic channel
(flow conditions). At 3 min post-adhesion, the percentages of parasites that remained attached
(red), moved in/below (blue), or in the flow condition, detached (green) from the HUVEC are
shown (Nstic=431, Nrow=211). For each condition, at least two independent experiments were
performed, and the data were pooled. Bars represent the mean + SEM. “nd” indicates no data.
The Student’s two-tailed t-test with Welch'’s correction was used for pairwise comparisons.
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shear stress conditions on both HUVEC and FBS (Appendix B Movies 1 and 2, respectively). In
both static and shear stress conditions, parasites that adhered to FBS moved at higher
velocities than those that adhered to HUVEC. In addition, parasites that adhered to FBS
traveled greater distances from where they initiated adhesion than those that adhered to
HUVEC (Fig. 4.1 and Appendix B.1). The total pathlength is the total distance a parasite travels,
whereas the maximum displacement is the greatest distance a parasite travels from the point
where it initially adheres. Interestingly, the introduction of shear flow significantly increased the
maximum displacement of tachyzoites on both substrates, without affecting their total pathlength
(Fig. 4.1B). In either condition parasites are active and moving and produce similar pathlengths,
however the influence of shear force on the direction of movement, tendency for movement in
the direction of flow (Fig. 4.1A), could explain the enhanced displacement.

We next wanted to determine if shear force influenced the likelihood of parasites
remaining attached to the endothelial surface or of invasion or migration across the endothelial
barrier. To address this, we observed tachyzoites interacting with endothelium in flow conditions
for 12 min and categorized their location every 30 sec after their adhesion to the monolayer. We
found that parasites remained attached to the endothelial surface, moved into or below the
endothelium (identified as dim by DIC illumination), or detached from the monolayer (Fig. 4.2A).
Tachyzoite movement in the z-direction was most dynamic in the first four minutes immediately
after adhesion: most of the parasites that entered the monolayer did so within 4 min, and
beyond this time point, there were very few changes in parasite location in the z-direction. Since
parasite motility is mediated by external exposure of adhesins that are finite, this timescale for
active movement may be influenced by the availability of adhesins. To determine whether the
addition of shear force influenced parasite invasion or migration across the monolayer, we
compared parasite location in static and flow conditions within this dynamic period. In static
conditions, 85% of the parasites remained on the surface of the HUVEC at 3 min post-adhesion,

whereas 15% had entered the endothelium (Fig. 4.2B). Notably, we observed a nearly 2.5-fold
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Figure 4.3: Modes of T. gondii motility on HUVEC in shear stress conditions.

T. gondii tachyzoites were flowed over HUVEC at 0.5 dyn/cm2. Cell tracking software was used
to track the movements at the apical end of the parasite (designated with a colored circle).
Representative time-lapse images of parasites performing (A) helical gliding, (B) circular gliding,
or (C) twirling are shown.
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Figure 4.3: Modes of T. gondii motility on HUVEC in shear stress conditions (cont.).
The path of the apical end of the parasite and the instantaneous velocity at the apical end is
shown for each mode of motility. The colored dots in the velocity vs. time plots correspond to
those in the time-lapse images. The direction of flow is from left to right. The scale bars are 10
uwm.
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increase in the percentage of parasites that migrated into or below the HUVEC monolayer in
conditions of shear stress (Fig. 4.2B). Collectively, these data suggest that shear forces
significantly affect parasite movement and the outcome of tachyzoite interactions with

endothelium.

Characterization of T. gondii motility on HUVEC in shear stress conditions

To qualitatively and quantitatively examine parasite migration in flow conditions, a
detailed analysis of motility was performed. In conditions of shear stress, parasites performed all
three types of T. gondii movement (78): helical gliding, circular gliding, and twirling. Tachyzoites
also moved “non-productively”, characterized by stretching and retracting along the longitudinal
axis and oscillation, which did not produce net forward movement along the plane of the
substrate. Motionless tachyzoites were also observed and were characterized as stationary.
Time-lapse images and videos of representative parasites performing helical gliding, circular
gliding, or twirling on endothelium in shear stress conditions were acquired (Fig. 4. 3 and
Appendix B Movie 3-5). The path and velocity of each parasite, as determined by tracking at the
apical end, are shown. Tracking was done at the apical end because this allowed for clear
resolution of the transitions between the different modes of parasite motility. Moreover, apical
end tracking allowed us to gain information about parasite movements that did not necessarily
result in net forward motion. For instance, tracking twirling parasites at the apical end permitted
an analysis of twirling “velocity,” which varied for individual parasites. During helical gliding (Fig.
4.3A and Appendix B Movie 3), a characteristic 180° rotation around the longitudinal axis
occurred between 0:31 and 0:34 sec, producing a spike in instantaneous velocity (Fig. 4.3A), as
has been previously reported (78). Two additional helical turns occurred between 0:43 and 0:46
and between 0:49 and 0:52. After each turn, the parasite reoriented, moving at velocities of up

to 2 wm/sec. During circular gliding, the counterclockwise circular motion of the parasite was
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evident in the shape of the trace produced from tracking analysis (Fig. 4.3B). In contrast to
helical gliding, circular gliding occurred at relatively low velocities (typically less than 4 um/sec),
and was characterized by momentary pauses (Appendix B Movie 4). During twirling, the
parasites oriented vertically, with the posterior end anchored to the substrate, and a tilting
rotation was observed (Fig. 4.3C and Appendix B Movie 5). On average, the apical end of
parasites in shear stress conditions twirled at relatively low velocity (2-4 um/sec) with sporadic
peaks in instantaneous velocity indicative of a reorientation event similar to that of helical
gliding, but without net forward movement parallel to the endothelial monolayer. A minority of
the population was also observed performing higher velocity twirling (> 7 um/sec).

We frequently observed tachyzoites performing multiple modes of motility over time (Fig.
4.4A, B and Appendix B Movie 6). To better understand these complex parasite movements and
the effects of substrate and fluidic shear stress, parasite motility was classified at either 10 sec
or 60 sec after adhesion to either FBS or HUVEC and in static or flow conditions (Fig. 4.4C-D).
The percentages of parasites that were moving, non-productive, or stationary in each condition
are shown (Fig. 4.4C). For those parasites that were moved productively in Fig. 4.4C, the
absolute numbers of parasites performing helical or circular gliding, or twirling were graphed
(Fig. 4.4D). For parasites on FBS, the percentage of the parasite population that was motile
remained relatively constant over time (Fig 4.4C), but the addition of shear stress resulted in a
significantly larger portion of parasites performing helical gliding (Fig 4.4D). In contrast, for
parasites that adhered to HUVEC, shear stress conditions increased the proportion of motile
parasites immediately following adhesion (10 sec) and specifically enhanced helical and circular
gliding; however, these highly dynamic modes of motility declined over time (60 sec). When we
examined the motility of a representative subset of 15 parasites during their entire first minute
post-adhesion, we observed similar trends (Fig. 4.5). We also observed a fraction of parasites

that reinitiated motility after prolonged stationary periods. These data indicate that flow

56



A

20um Twirl 6\10-|C|rcula”r Helical ) Twirl
B4 r i
. E 8'
Helical j% EN
: 2 4
8
Circular p <
>0 : . ) . . ,
20um  -10 0 10 20 ym 0 10 20 30 40 50 60
Time post-adhesion (s)
C HUVEC
Static Flow

I Helical, Circular, Twirling [lll Non-productive [ Stationary

D 307 M Helical glide
) I Circular
251 Twirling

Absolute number of parasites
o

0-
Static Flow Static Flow Static Flow Static Flow
10 sec 60 sec 10 sec 60 sec
FBS HUVEC

Figure 4.4: Characterization of parasite motility in static and shear stress conditions.

T. gondii tachyzoites were added to FBS or HUVEC in either a chamber slide (static conditions)
or in the microfluidic channel (flow conditions). (A) A tachyzoite performing three modes of
motility within 1 min post-adhesion to HUVEC in flow conditions is shown. (B) A velocity plot
over time is shown for the parasite in panel A. (C) The percentages of motile (blue), non-
productive (purple), and stationary (grey) parasites at either 10 sec or 60 sec after adhesion to
FBS or HUVEC in static or flow conditions are shown. (ngss, static=50, Ness, Flow=35, NHUVEC,
static=20, Nhuvec, Fow=49). (D) The absolute numbers of motile parasites (from panel C)
undergoing helical or circular gliding, or twirling at either 10 sec or 60 sec after adhesion to FBS
or HUVEC in static or flow conditions are shown. (Ngss. static, 10 sec=21, NEBS, Flow, 10 sec=28, NeBs, static,
60 sec=23, NFBS, Flow, 60 sec=20, NHUVEC, Static, 10 sec=171, NHUVEC, Flow, 10 sec=17, NHUVEC, static, 60 sec=12, NHUVEC,
Flow, 60 sec=3. For (A, B and D), helical gliding (dark blue), circular gliding (medium blue), twirling
(light blue).
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Figure 4.5: Parasite motility over time in static and shear stress conditions.

T. gondii tachyzoites were added to FBS or HUVEC in either a chamber slide (static conditions)
or in the microfluidic channel (flow conditions). The motility of a representative subset of 15
parasites in each condition over time is shown, with each bar representing the motility of a
single parasite. Helical gliding (green), circular gliding (yellow), twirling (red), non-productive
movement (blue), stationary (grey).



conditions increased dynamic, productive motility (helical and circular gliding) immediately after
attachment, which may contribute to the increased displacement observed for parasites under

shear stress (Fig. 4.1).

Initial and sustained parasite adhesion at increasing shear force

The initial adhesion and in-depth motility analyses of extracellular tachyzoites were
performed at 0.5 dyn/cm?, a relatively low physiological shear stress (100). To address the
effects of higher levels of shear stress on parasite adhesion, T. gondii tachyzoites were flowed
over confluent monolayers of HUVEC at 0.5, 2, 5, or 10 dyn/cm2 for 3 min, and adhesion events
were counted. An adhesion event was defined as a parasite that appeared on the endothelial
surface and remained attached in the plane of focus for a minimum of 4 sec. As shear force
increased, we observed a decrease in the number of adhesion events (Fig. 4.6A and Appendix
B.2).

We next investigated the adhesion strength of tachyzoites by examining their response
to an increase in shear stress. This can be addressed by allowing adhesion to occur in static or
low shear conditions and then increasing the flow rate (156). To do this, tachyzoites were flowed
over HUVEC at 0.5 dyn/cm2 for 3 min to allow for adhesion, and then the shear stress was
maintained at 0.5 dyn/cm? or increased to 2, 5, or 10 dyn/cm? for an additional 3 min. Parasites
could adhere at any point during the first 3 min of flow; however, only those that were attached
to the HUVEC surface at the switch in shear force were analyzed. The percent of adherent
tachyzoites that remained attached, entered the monolayer (in/below), or detached after the
switch in shear stress was determined. We found that the percentage of adherent parasites that
detached from the monolayer increased as shear stress increased (Fig. 4.6B). The increase in
shear stress, however, did not affect the proportion of parasites that entered the monolayer
(in/below category in Fig. 4.6B). These data indicate that the intensity of the shear stress

influences the number of parasites that adhere to the endothelium and their ability to sustain
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Figure 4.6: Initial and sustained adhesion at increasing shear force.

T. gondii tachyzoites were flowed over confluent monolayers of HUVEC in the microfluidic
channel. (A) The total numbers of parasite adhesion events at shear forces of 0.5, 2, 5, and 10
dyn/cm? are shown. This graph represents aggregated data from 4 independent microfluidic
experiments. n=468. (B) T. gondii were flowed over HUVEC at 0.5 dyn/cm? for a 3 min “loading’
phase. The shear force was then maintained at 0.5 dyn/cm2 or switched to 2, 5, or 10 dyn/cmz.
Those parasites that were attached to the endothelial surface at the switch were monitored for
an additional 3 min. The percentage of adherent parasites that remained attached, moved
inside/below, or detached from the HUVEC monolayer during the “monitoring” phase is shown.
Bars represent the mean + SEM. n=276 from 4 independent experiments.
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adhesion; however, it does not appear to affect their likelihood of moving into or below the

monolayer, at least at shear forces up to 10 dyn/cm?.

Invasion or transmigration of T. gondii in shear stress conditions

We reasoned that parasites migrating into or below the monolayer may be invading the
endothelium, as has been previously reported (157), or transmigrating across the endothelial
barrier via a paracellular or transcellular route. We also wanted to determine if shear force
influenced these possible outcomes of movement into the monolayer. For the static condition,
tachyzoites were incubated on HUVEC monolayers for 20 min then washed and fixed. For shear
stress conditions, T. gondii were flowed over the endothelium for 1-2 min, and a y-valve
connector was used to flow media alone without disrupting flow for a total of 20 min. Fluidic
channels were then perfused with fixative. In both conditions the cells were then stained with
antibodies against the parasite dense granule protein GRA7, as a marker for invasion. In
extracellular tachyzoites GRA7 is found in the dense granules, whereas in infected host cells
GRAY7 localizes to the parasitophorous vacuole (PV) lumen (158). In both static and flow
conditions, we observed tachyzoites that appeared dim by DIC illumination (in/below) and were
either surrounded by GRAY staining or not (Fig. 4.7A). In static conditions 81% of DIC dim
parasites localized to GRA7" vacuoles, whereas 19% were not associated with GRA7 staining.
Interestingly, flow conditions significantly increased the percentage of DIC dim parasites that
were GRAT (35% of the population) (Fig. 4.7B). The DIC dim GRA7" population likely included
parasites that had completed transmigration and were under the monolayer. Indeed, in live cell
imaging experiments, we have observed tachyzoites that continued to migrate under the
endothelium after entering the monolayer. We cannot exclude the possibility that some of the
DIC dim GRAT7tachyzoites were in the process of transcytosis at the time of analysis (in a
vesicle that lacked GRA7) or had invaded immediately prior to fixation and had yet to secrete a

sufficient amount of GRA?Y into the PV to be detectable by immunofluorescence assay (IFA).
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Figure 4.7: Invasion or transmigration of T. gondii in static and shear stress conditions.
T. gondii were incubated for 20 min with a HUVEC monolayer in either static or shear stress
conditions. Coverslips or fluidic channels were then fixed and stained with antibodies against
GRA7Y. (A) Sample micrographs depict DIC dim parasites (previously categorized as in/below in
Fig 2 and 6B) that are either GRA7" (white arrowheads) or GRA7". The scale bar is 10 um. (B)
The percentages of DIC dim parasites associated with GRA7 are shown. For each condition,
two independent experiments were performed and the data were pooled, Nsic=499, NeEw=309.
Bars represent the mean + SEM. The student’s two-tailed t-test with Welch’s correction was
used for pairwise comparisons, * p < 0.01 for comparisons between the static and flow
conditions.
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Collectively, these data indicate that the majority of tachyzoites that adhere to the endothelium
in shear stress and static conditions invade the endothelial cells of the monolayer and form a
PV, and that flow conditions may result in a greater percentage of parasites that breach the
barrier and undergo transmigration. The route of these transmigration events, through the
junctions in a paracellular manner or through the cell body by transcytosis, remains to be

determined, though our data does not exclude either possibility.

Role of MIC2 in adhesion to HUVEC in shear stress conditions

We next sought to address the role of parasite adhesion proteins in interactions with the
endothelium under shear stress conditions and the possibility that different parasite adhesins
may contribute to distinct stages of the T. gondii adhesion cascade in shear stress. One of the
best characterized T. gondii surface proteins associated with adhesion and motility is the
microneme protein MIC2 (72, 81, 82, 86, 159). In static assay conditions, MIC2 was found to be
important for attachment to host cells, helical gliding, and invasion (81). However, a role for
MIC2 has not yet been examined in adhesion to vascular endothelium or in conditions of shear
stress. To address this possibility, we employed a conditional MIC2 knockdown system
developed and generously provided by the Carruthers Lab (81). Parental tTA-dhfr parasites and
the Amic2e/mic2i conditional MIC2 knockdown parasite line, which uses a tetracycline
responsive promoter to control the expression of MIC2, were used. The addition of
anhydrotetracycline (ATc) to these genetically modified cultures reduced the expression of MIC2
by both immunofluorescence assay (Fig. 4.8A) and Western blot (Fig. 4.8B). The tTA-dhfr and
ATc-treated Amic2e/mic2i tachyzoites were fluorescently labeled, mixed 1:1 and perfused over
a HUVEC monolayer, and adhesion events under flow conditions were counted along the entire
length of the fluidic channel. A sample of the mixture was used to determine the input ratio
(variable across experimental replicates, 40-60%:40-60%) of the two strains by both flow

cytometry and by microscopy (data not shown). The ratio of tTA-dhfr and ATc-treated
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Figure 4.8: Role of MIC2 in adhesion to HUVEC in shear stress conditions.

(A) The Amic2e/mic2i parasites were treated with ATc for 2 days. Extracellular tachyzoites were
stained with antibodies against MIC2 or SAG1 and imaged by DIC and fluorescence for MIC2
expression. (B) tTA-dhfr and Amic2e/mic2i parasites were untreated or treated with ATc for 2
days. Western blotting was performed to detect MIC2 or SAG1 in the parasite lysates. (C) tTA-
dhfr tachyzoites were mixed 1:1 with ATc-treated Amic2e/mic2i tachyzoites and flowed over
HUVEC. The parasites were allowed to adhere for 3 min, and DIC and fluorescence images
were captured along the entire length of the channel while still under flow. Parasite adhesion
relative to the input ratio is shown. A value of 1.0 would represent equivalent adhesion of the
two populations. niradani=1120, NaTctreated amicze/mic2=1073 from 3 independent experiments. (D) A
mixture of tTA-dhfr and ATc-treated Amic2e/mic2i parasites were flowed over HUVEC in the
microfluidic channel at 0.5 dyn/cmzfor 3 min, and then the shear stress was increased to 10
dyn/cm? for an additional 3 min. The percent of adherent parasites that remained attached or
detached after the increase in shear stress is shown. nNita-gh=70, NATe-treated Amic2e/mic2i=—88 from 2
independent experiments. For A, the scale bar is 5 um. For C and D, error bars represent the
mean + SEM, and the Student’s two-tailed t-test with Welch’s correction was used for pairwise
comparisons. “ns” indicates not significant.
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Amic2e/mic2i tachyzoite adhesion events in the channel relative to the input ratio was
calculated. A value of 1 indicates equivalent adhesion of the two populations. We observed a
consistent underrepresentation of the ATc-treated Amic2e/mic2i parasites compared to the tTA-
dhfr parasites (Fig. 4.8C). To control for the possiblity that treatment with ATc affected
adhesion, we evaluated the adhesion of ATc-treated and untreated tTA-dhfr parasites in static
conditions and found no significant difference in their adhesion (Appendix B.3A). In addition,
when we examined adhesion in a static assay, we observed a similar underrepresentation of
ATc-treated Amic2e/mic2i parasites compared to the tTA-dhfr parasites (Appendix B.3B). These
data indicate that MIC2 contributes to T. gondii adhesion to endothelium in shear stress;
however, a portion of ATc-treated Amic2e/mic2i parasites were still capable of adhesion in
these conditions. Although we observed that MIC2 levels were substantially reduced in Atc-
treated parasites, it is possible that a low level of MIC2 expression in these treated parasites
contributed to this residual adhesion.

We next investigated a potential role for MIC2 in adhesion strengthening in conditions of
increasing shear stress. To do this, a mixture of tTA-dhfr and ATc-treated Amic2e/mic2i
tachyzoites were perfused over a HUVEC monolayer at 0.5 dyn/cm? to allow adhesion to occur.
The shear stress was then increased to 10 dyn/cm?. The percent of tachyzoites that remained
attached or that detached from the monolayer after the increase in shear force was calculated.
Interestingly, the tTA-dhfr and ATc-treated Amic2e/mic2i tachyzoites remained similarly
attached to the endothelium after the increase in shear stress to 10 dyn/cm? (Fig. 4.8D): for both
populations of parasites, approximately 50% of the tachyzoites detached after the transition to
increased shear force. Collectively, these data suggest that MIC2 plays an important role in the
initial phase of tachyzoite attachment to the endothelium but is not required for adhesion
strengthening, and that other parasite adhesins may mediate these sustained interactions with

the endothelium.
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Discussion

Dissemination of T. gondii from the primary site of infection to secondary tissues is
thought to occur through both intracellular and extracellular mechanisms (119). To leave the
bloodstream, tachyzoites interacting with blood vessel walls must contend with the mechanical
forces of shear stress. Live-cell microfluidic systems provide a highly tunable method for
characterizing cellular adhesion and motility and analyzing the role of specific adhesins in
attachment to human cellular substrates in flow conditions. Our current study shows that
tachyzoites can adhere to and migrate on vascular endothelium in conditions of physiologic
shear stress. In addition, we found that shear forces enhance dynamic motility and the likelihood
of invasion and/or transmigration, both of which are critical components of pathogenesis. These
findings support the relevance of including mechanical force as an additional experimental
parameter in understanding patterns of parasite migration. In addition, recent work on T. gondii
motility in a three-dimensional system revealed that tachyzoites move through matrigel in a
corkscrew-like trajectory distinct from that observed in two-dimensional assays, further
reinforcing the value of incorporating conditions that more closely mimic in vivo environments
(160).

Multistep adhesion cascades are used by both circulating mammalian cells (123) and
pathogens (76, 95) to exit the bloodstream. However the precise manner in which these
interactions occur appears to vary. Initial adhesion interactions, often referred to as “tethering”
or “capture,” are transient, occur at high velocities, and serve to decelerate the adhering cell. In
B. burgdorferi, tethering is mediated by the fibronectin binding domain of the bacterial adhesin
BBK32 and is the essential first interaction that decelerates the bacterium and brings it into
close contact with the endothelial cell surface (76). For P. berghei, initial sporozoite adhesion to
glass flow chambers required the parasite adhesins TRAP and S6 (95). Following initial
adhesion, transient adhesion associated with a phase of rolling or active motility occurs. P.

berghei sporozoites wave or glide (95), whereas B. burgdorferi perform dragging mediated by
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the glycosaminoglycan binding domain of BBK32 (76). Subsequently, a transition to firm
adhesion occurs. For B. burgdorferi a period of “stationary adhesion” near endothelial cell
junctions immediately follows dragging and precedes transmigration and escape from the
vasculature (75). A similar period of sustained firm adhesion prior to extravasation has been
documented for P. berghei exiting blood vessels in the mouse dermis (161). We frequently
observed that T. gondii gliding on endothelium was punctuated by periods of motionless activity,
sometimes lasting several minutes, prior to reinitiation of migration. One potential explanation
for these patterns is fluctuation in intracellular cation concentration. Intraparasitic calcium
mobilization has been shown to coordinate microneme secretion (162) and influence motility
(163). In addition, parasite egress is regulated by both potassium and calcium flux (164). As
tachyzoites sense the dynamic chemical environment created by shear flow they may be
responding to changes in local ion concentrations by fluxing cations. These changes in
intracellular ion concentration could generate bursts of microneme secretion of parasite
adhesins and result in the punctuated movement we observe in our system.

Our data suggest that T. gondii tachyzoite adhesion to endothelium in shear stress
conditions could also be divided into a multistep cascade. It is likely that a combination of
adhesion molecules, potentially with overlapping functions, mediate T. gondii adhesion in shear
stress conditions. In our studies, MIC2 clearly played a role in this process. However, in
conditions of increasing shear stress the MIC2-deficient parasites remained as adherent as the
parental control parasites, implying a role for MIC2 in initial parasite adhesion that may be
distinct from adhesion strengthening. One potential ligand for MIC2 on the endothelium is ICAM-
1. MIC2 has been shown to interact with ICAM-1 to mediate T. gondii transepithelial migration
(72), and ICAM-1 dependent transmigration across retinal endothelium has been observed (66).
In our assays, a portion of the MIC2-deficient parasites was capable of adhesion to endothelium
in shear stress conditions, indicating that other parasite factors may contribute to this process.

T. gondii has been shown to use a broad range of sulfated glycosaminoglycans to bind to
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substratum and host cells in static systems (165). Other microneme proteins are also known to
contribute to parasite adhesion, invasion and virulence in mice (166). MIC1 binds host glycans,
and a conserved microneme adhesive repeat (MAR) recognizes sialic acid and contributes to
invasion (167, 168). The chitin binding-like domain of MIC3 is required for attachment to host
cells (83, 169). Single gene disruptions of either MIC1 or MIC3 produce mild virulence defects;
however double knock-outs produce a severe virulence defect in vivo (83). Also, the T. gondii
surface antigen 3 (SAG3) can mediate the recognition of cell surface proteoglycans, such as
heparin (170), and SAG3 deficient parasites have a 50-60% adhesion deficit in in vitro assays
and an 80% reduction in virulence in vivo (171). Whether carbohydrate-mediated adhesion
interactions contribute to tachyzoite capture, motility, sustained adhesion, or transmigration in
shear stress conditions remains to be investigated.

Interestingly, T. gondii migrated farther and at higher velocities on FBS than on
endothelial cells, suggesting that the endothelium itself may be a barrier to motility. This may be
due to the varied topography of the endothelium and to the adhesion molecules expressed on
the endothelial surface. In addition, vascular endothelium is heterogeneous in both structure
and function (172), suggesting that the processes by which tachyzoites adhere to distinct
endothelial cell types may also differ. Endothelial permeability is also highly modulated by acute
and chronic inflammation. T. gondii infection induces an inflammatory response characterized
by the expression of IL-12, TNF-a, and IL-6 (173). T. gondii infection of brain endothelial cells
up-regulates the expression of ICAM-1 (48), and infection of human retinal epithelial cells up-
regulates ICAM-1 and the inflammatory cytokines IL-1 and IL-6 (174). The stimulation of
endothelial cells with proinflammatory mediators induces a pro-adhesive phenotype termed
“‘endothelial cell activation” (175, 176). “Activated” endothelium expresses elevated levels of
adhesion molecules and has decreased tight junction integrity, resulting in an increase in barrier
permeability (177). The unique response of endothelium to infection-induced inflammatory

mediators in a given tissue may impact the likelihood of parasite invasion of that tissue.
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Ultimately, understanding how these interactions allow T. gondii dissemination out of the
circulation will provide novel insight into mechanisms of parasite spread into tissues and the

development of disease.
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Dissemination of T. gondii tachyzoites from the primary site of infection to secondary
tissues is critical to pathogenesis and the establishment of chronic infection. To reach these
secondary sites tachyzoites must contend with the dynamic environment of blood flow.
Tachyzoites are thought to use both intracellular and extracellular routes to accomplish this
migration. Our goal is to better understand the intricate interactions between the co-opted host
cell and the extracellular tachyzoite with the endothelium in this dynamic environment. To
address these types of questions we developed an in vitro fluidic microscopy system to observe
and analyze the interactions of infected monocytes and extracellular tachyzoites with vascular
endothelium. The aim of this system is to recapitulate the dynamic microenvironment of the
vasculature in vitro using primary human cells. This system has allowed us to investigate the
mechanisms by which parasites manipulate monocyte-endothelial cell interactions as well as
how they interact directly with the endothelium in the context of fluidic shear stress.

We have shown that T. gondii-infected human monocytes can adhere to vascular
endothelium in conditions of shear stress and that their adhesion dynamics are altered by
infection. Infected monocytes rolled at significantly higher velocities and over greater distances
(Fig. 3.2) and a subpopulation exhibited an extended crawling migration (Fig. 3.3). Our
investigation of the molecular mechanism for these phenotypes revealed impaired integrin
clustering and pseudopod extension in infected human monocytes (Fig. 3.5).

Using a further improved fluidics system we then examined the adhesion and motility of
extracellular T. gondii tachyzoites to vascular endothelium in shear stress conditions.
Tachyzoites adhered to endothelium and their migration was enhanced by shear flow.
Compared to static conditions, tachyzoites in shear stress exhibited an increased displacement
and more readily entered the monolayer (Fig. 4.1-2). Our evaluation of the contributions of the
parasite adhesin MIC2 to these processes revealed a role for MIC2 in the initial adhesion of

tachyzoites to endothelium in shear flow conditions (Fig. 4.8).
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There are three predominant T. gondii strain types found throughout North America and
Europe (149). These strain types differ in their virulence in mice and our investigations have
used both the virulent type | and avirulent type |l strains. It has been suggested that parasite
strain type might influence dissemination strategy (119, 178). Infection with type | T. gondii is
associated with high pathogenicity in mice (179) and the ability to rapidly reach a high parasite
burden in distal tissues (37). Type | tachyzoites can transmigrate across mouse intestine ex vivo
and exhibit an enhanced capacity for transmigration across polarized epithelium in vitro
compared to the avirulent type Il and type Il strains. Additionally, a subpopulation of virulent
type | T. gondii have been associated with a long-range migration phenotype (64).

Our data show that type | tachyzoites can adhere to vascular endothelium in shear
stress conditions and retain motility. The presence of shear force influenced tachyzoite
movement, significantly increasing displacement and movement into/below the endothelium.
The majority of tachyzoites that moved into/below the monolayer in either static or shear stress
conditions were invading the endothelial cells. However, the addition of shear flow also
increased the number of tachyzoites not associated with the parasite vacuole marker GRA?7,
indicating that shear flow may increase the fraction of tachyzoites that undergo transmigration.
Additionally, type | tachyzoites exhibited the classical modes of motility described for T. gondii in
shear flow conditions, and fluidic shear stress increased the number of parasites found
performing the most dynamic and productive modes of motility, namely helical gliding,
immediately following adhesion. Collectively, these data suggest that the virulent type | strain
may be employing an extracellular mode of migration as its primary means of dissemination, as
has previously been proposed (42). Preliminary experiments examining the adhesion of type Il
tachyzoites to endothelium in shear flow conditions indicate that they can adhere under flow
(data not shown), however an in-depth analysis of their movement has yet to be completed.

Since many studies provide evidence of successful dissemination of type Il and Ill

parasites in vivo (37, 38), these strain types may be relying on an intracellular mechanism. All
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parasite strain types induce a hypermotility phenotype in DCs; however, the type Il and I
strains induced the greatest increase in transmigration capacity (39, 42). The adoptive transfer
of infected DCs favors the dissemination of type Il and type Ill parasites over type | (42).
Similarly, when type |l parasites are injected into the vasculature as extracellular parasites or in
infected leukocytes they disseminate further when intracellular (180). An oral infection model
has shown that the type Il strain parasitizes neutrophils recruited to the intestine and appears to
use them to facilitate spread throughout the host (45). Recently, a noncanonical and strain-
specific pathway for T. gondii invasion of macrophages through the phagosome has been
reported (181). The authors of this paper suggest that the strain-specific phagosome to vacuole
invasion (PTVI) pathway maybe a mechanism by which the avirulent strains co-opt motile
phagocytes and enhance their dissemination.

We have shown that type Il T. gondii-infected human monocytes tether, roll, firmly
adhere, and search/crawl on TNF-a activated endothelium in shear stress conditions, and that
the dynamics of this adhesion are altered by infection. T. gondii-infected monocytes rolled at
greater velocities and over greater distances than uninfected monocytes. Low velocity searching
movement was found to be quite similar between infected and uninfected cells; however, a
subset of the infected monocytes exhibited “wandering” searches that extended beyond 10um
from where searching was initiated. These data indicate that the avirulent type Il T. gondii strain
can co-opt multiple motile leukocyte populations and influence their migration as a means of
intracellular dissemination. A preliminary examination of the adhesion of type I infected
monocytes to endothelium in shear flow revealed no significant strain-specific differences in
rolling adhesion compared to type Il infected monocytes (data not shown), however a more
extensive investigation of tethering, crawling and transmigration would be required to fully
explore any strain-specific differences in the modulation of human monocyte adhesion and

movement on endothelium.
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Additionally, our data suggests that when compared to uninfected monocytes, infected
monocytes are less adhesive. This is may seem counterintuitive when considering the invasive
nature of infection and the pathogen’s drive to disseminate in the host. However, it is not
surprising that invasion by T. gondii is detrimental to the homeostatic interactions of monocytes
with the endothelium, disrupting their ability to firmly adhere. Perhaps a more relevant
comparison for dissemination is between intracellular versus extracellular routes. The
advantages of intracellular transportation, co-opting a “professional migrator,” may outweigh the
transmigration capacity of an extracellular route, despite the impairment of adhesion relative to
uninfected monocytes. This hypothesis could be directly tested using a competition assay in
which the adhesion and transmigration capacity of infected leukocytes is compared directly to
those of extracellular tachyzoites. This would allow us to determine which route allows the
greatest number of parasites to breach the barrier. Moreover, this assay could be expanded to
include an examination of multiple strain types to determine whether there are strain-specific
preferences for particular routes.

In our effort to examine the dynamics of T. gondii adhesion and migration in the
vasculature we aimed to recapitulate the vascular environment in a tunable in vitro system.
Looking beyond the benefits of examining interactions in human cells and the addition of
mechanical shear force, we can continue to improve our model by including many of the other
factors present in the vasculature. Currently our experiments are conducted using cells in
culture media; however, whole blood is a much more complex mixture, comprised of not only
multiple cell types but also numerous soluble proteins, including antibodies and members of the
complement family. There are a multitude of interactions that can occur among leukocytes,
platelets, erythrocytes, and the vascular endothelium (182). How infected leukocytes and
tachyzoites interact with this complex mixture and how that may facilitate adhesion is unknown.

In our investigation of T. gondii-infected human monocyte adhesion to vascular

endothelium in shear flow we found that infection significantly altered the dynamics of monocyte
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rolling and firm adhesion. To investigate the molecular basis for this we examined the
expression of monocyte adhesion molecules. We found no significant changes in the expression
of several selectin ligands. Additionally, the total levels of integrins LFA-1, VLA-4 and MAC-1
were not significantly affected by infection, and these integrins were capable of activation upon
stimulation with a divalent cation. Interestingly, we found that T. gondii infection did alter integrin
clustering and cell morphology. Infected monocytes failed to cluster LFA-1 or VLA-4 on the cell
surface in response to contact with their respective ligands. Furthermore, infected cells retained
a spherical shape and exhibited little to no pseudopod extension. The altered integrin clustering
patterns and changes in cell morphology observed in T. gondii-infected monocytes could very
well alter their ability to interact with other cells in circulation. Leukocyte-leukocyte interactions
may prove particularly interesting to examine, since indirect capture has been shown to
contribute significantly to the leukocyte accumulation in the presence of whole blood (183). In
addition to leukocyte-leukocyte interactions, adhesion to activated platelets and platelet
microparticles mediate leukocyte aggregation via integrins and selectins (112, 184). Platelet
microparticles in particular can even bridge leukocyte-leukocyte adhesion using P-selectin
(184). Beyond these direct adhesion interactions among cells in whole blood, the presence of
red blood cells in the mixture can affect flow patterns and may help to push leukocytes toward
vessel walls and facilitate their adhesion and accumulation (185).

Our investigation of extracellular tachyzoite adhesion revealed that tachyzoites can
adhere to vascular endothelium in shear stress conditions and that the presence of shear stress
influences motility. We were interested in the role of the parasite adhesion molecule MIC2 in
these processes. Using a parasite strain with a conditional knockdown of MIC2, we found that
MIC2 contributed to the initial phase of tachyzoite adhesion to endothelium, but is not required
for sustained tachyzoite adhesion at increased shear stress. These data suggest that tachyzoite
adhesion in shear stress conditions is most likely mediated by multiple parasite adhesins, each

with different roles in distinct stages of adhesion. These parasite adhesins may have roles in
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direct adhesion with the endothelium or could they could mediate attachment and accumulation
to other tachyzoites or cells in the whole blood that are still in circulation or have already directly
adhered to the endothelium. T. gondii adhesion to host cells is partially mediated by
glycosaminoglycans, which are a common host cell determinant expressed on virtually all host
cells. Binding via glycosaminoglycans is likely a means to initiate invasion (165); however,
extracellular attachment may also serve to bring parasites into contact with the endothelium or
to carry parasites through the circulation. This form of “hitchhiking” has been documented for
Neisseria gonorrhea (52). Ultimately, understanding the multitude of interactions among
tachyzoites and infected leukocytes with the cellular components of blood is critical to
understanding how T. gondii disseminates through the circulation and reaches secondary
tissues.

Looking beyond the complexity of blood itself, we can also consider the heterogeneity of
the endothelial cell barriers at the many tissue sites parasites encounter during their
dissemination. All of our work has focused on the interactions of infected cells and tachyzoites
with vascular endothelium harvested from the human umbilical cord. The decision to use
primary HUVEC was initially one of convenience and practicality. HUVEC are commonly used in
the field of vascular biology; however, the heterogeneity of endothelium through out the vascular
tree has become more and more appreciated (172, 186). The value of our in vitro microscopy
system is that any endothelial cell that can be harvest and cultured in the lab can be put into the
system and examined.

T. gondii disseminates to various tissues through out the body, but several of particular
clinical interest include the brain and the eye. These tissues have unique endothelial cell
barriers that are tightly regulated to maintain homeostasis (35, 187). Tachyzoites can cross
retinal endothelium facilitated by ICAM-1 in static in vitro culture (66), and infected rat PBMCs
have been shown to shuttle parasites across an in vitro blood brain barrier (BBB) model (48).

How tachyzoites and infected leukocytes interact with these particular subsets of endothelium in
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conditions of fluidic shear stress remains unknown. Our data indicates MIC2 mediates initial
tachyzoite adhesion to HUVEC in shear stress conditions and suggests a potential role for
altered integrin clustering in infected-monocyte adhesion; however, how generalizable these
molecular mechanisms are remains unclear. It is tempting to speculate that the unique
microenvironment of particular tissue barriers may require distinct adhesion and migration
mechanisms on the part of both the tachyzoite and the infected leukocyte.

Beyond the inherent heterogeneity of vascular endothelium, infection itself can alter the
state of the endothelium, providing an additional layer of complexity. During in vivo infection,
ICAM-1, VCAM-1, and ALCAM-1 expression are increased at the BBB (188), and direct
infection of brain endothelial cells alters gene expression patterns of cytokines, cell adhesion
molecules and junction molecules (48). Plasmodium-infected red blood cells (IRBCs) undergo a
very close association with brain endothelial cells and the transfer of IRBC material and malarial
antigens to the endothelium results in the loosening of intracellular junctions (189). How these
types of changes may ultimately affect barrier integrity and subsequently how “waves” of
disseminating T. gondii may breach those barriers as infection progresses is not clear.

Through this dissertation work we have established an in vitro system to examine the
dynamic interactions of extracellular T. gondii and infected human monocytes with endothelium
in conditions of shear flow. Our system allows us to model the conditions in the vasculature
using human primary cells and examine pathogen adhesion under conditions of physiological
shear stress. We have shown that infection modulates human monocyte adhesion in shear
stress conditions and revealed a previously unappreciated effect of T. gondii infection on ligand-
dependent integrin clustering. Using this system we also established that extracellular
tachyzoites can adhere to and glide on vascular endothelium in shear flow conditions. These
conditions enhanced tachyzoite motility and movement into the endothelium. Lastly, we have
shown that the parasite adhesin MIC2 contributes to the initial attachment of tachyzoites to the

endothelium in shear flow conditions, but does not contribute to sustained parasite adhesion.
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This suggests that tachyzoite adhesion to endothelium may be mediated by a multistep cascade
of interactions, during which MIC2 plays a role early, in initial attachment, while other parasite
adhesins mediate the subsequent, more sustained, interactions with the endothelium. Using
this system we will continue to examine the dynamic interactions of both extracellular and
intracellular parasites with endothelium and further our understanding of how T. gondii breach

endothelial barriers and reach tissues where they cause disease.
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CHAPTER 6

MATERIALS AND METHODS
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Cell and Parasite Culture

THP-1 cells and primary human monocytes were cultured in RPMI 1640 (Hyclone,
Logan, UT) with 10% heat-inactivated FBS (Omega Scientific, Tarzana, CA), 2 mM L-glutamine,
100 U/ml penicillin, and 100 ug/ml streptomycin. Primary monocytes were isolated from human
PBMC by counter-flow elutriation (190). HUVEC were cultured in EGM-2 medium with EGM-2
SingleQuot supplements and growth factors (Lonza, Allendale, NJ). GFP-expressing type | T.
gondii (RH) and type Il T. gondii (Prugniaud) tachyzoites were maintained in HFFs in DMEM
with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 ug/ml streptomycin (D-10%) as
previously described (191).

For extracellular adhesion and motility assays parasites were syringe-lysed, washed,
and processed in a high potassium Endo buffer and then immediately transferred into D-10% for
experimentation to prevent microneme exhaustion prior to adhesion and motility assays (192).
For intracellular parasite adhesion and motility assays monocytes were infected at a multiplicity
of infection (MOI) of one to three. Uninfected monocytes were cultured in parallel for
comparison. All parasite and human cell lines were tested monthly for Mycoplasma

contamination and were confirmed to be negative.

Fluidic Device Fabrication

Fluidic channels (H 1.5 mm, W 3 mm, 20 mm) were fabricated by laser cutting a PMMA,
(MacMaster-Carr, Santa Fe Springs, CA) negative relief pattern. A 40 watt CO2 laser cutting
system providing a 0.2 mm laser beam spot (VersaLaser VLS-2.30) was used. The laser cut
PMMA master shape was treated with trichlorosilane by vapor deposition prior to use for replica
molding of PDMS (Sylgard 184; DowCorning Corp, Midland, MI). PDMS was mixed at a 10:1
(w/w) ratio of elastomer base to curing agent and degassed in a vacuum desiccator for 30 min
to remove residual air bubbles. The PDMS was poured on the PMMA master to achieve

approximately 0.8 mm thickness and cured thermally at 65°C for at least two hr. Cured PDMS
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was peeled off from the PMMA master and cut to size using surgical steel blades. Fluidic
access ports were punched using 14 gauge blunt needles for inlet and outlet tubing inputs. The
PDMS slab was permanently bonded to a clean glass microscope slide after either ultraviolet-
ozone (Jelight, Irvine, CA) surface activation for 15 min or by plasma bonding.

Microfluidic channels (H 0.1 mm, W 1.5 mm, L 10 mm) were fabricated using standard
soft lithographic techniques (193). Briefly, a photomask containing arrays of a 1.5 mm by 10 mm
pattern was generated by high-resolution laser-printing on a transparency (CAD/Art Services
Inc. Bandon, OR). A 100 um-thick layer of negative SU-8 photoresist (MicroChem Corp.
Newton, MA) was deposited onto a silicon wafer and exposed to UV through the photomask to
polymerize. Unpolymerized SU-8 was removed to create relief structures of the channels on the
master. PDMS was then cast from the master, oxygen-plasma cleaned (Harrick O,, Harrick
Plasma, Ithaca, NY), and permanently bonded to glass slides.

Fabricated devices were sterilized by autoclaving before use for cell experiments.

Fluidics Experiments

For intracellular parasite adhesion assays monocytes were infected for 4 hr or 18 hr and
stained with Hoechst dye. Uninfected cells were cultured in parallel for 4 hr or 18 hr and stained
with CFSE. HUVEC were stained with 1 uM CellTracker CMTPX, seeded in fluidic devices
coated with 20 ug/ml fibronectin, and activated with 25 ng/ml of TNF-a for 4 hr. All cell labeling
dyes were obtained from Life Technologies (Carlsbad, CA). Immediately following staining both
uninfected and infected cells were counted, combined 1:1, and loaded into a 10 ml syringe,
which was mounted on the syringe pump. The device was connected to an open-loop flow
system (Fig. 3.1D), with the flow rate controlled by a Model ‘11’ Plus dual syringe pump
(Harvard Apparatus, Holliston, MA). The device was placed in a UNO environmental chamber

(OkoLab, Ottaviano, NA, ltaly) that was maintained at 37°C and 5% CO, throughout imaging.
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Approximately 4x10° THP-1 cells or 5x10° primary monocytes were flowed into the device.
Time-lapse fluorescence images were acquired over ~5 min using 150-200 ms exposures for
each channel (resulting in a composite image every ~3-5 sec).

For extracellular parasite adhesion and motility assays fluidic channels were coated with
20 ug/ml fibronectin and seeded with HUVEC overnight. Microfluidic channels were either
coated with a 1:1 mixture of FBS in PBS for a minimum of 1 hr or with 20 ug/ml fibronectin and
seeded with HUVEC for a minimum of 7 hr prior to experimentation. Channels were connected
to an open-loop flow system and maintained in an environmental chamber on the microscope
stage as described above. Tachyzoites were loaded into the syringe pump and perfused
through the channels, and live time-lapse imaging was started immediately after flow was
initiated.

The shear stress in the device is determined by the flow rate and channel dimensions. In
the fluidic channels (H 0.8 mm, W 3 mm, L 20 mm) a flow rate of 1 ml/min is expected to yield a
0.5 dyn/cm? shear stress at the surface of the channel. In the microfluidic channels (H 0.1 mm,
W 1.5 mm, L 10 mm) a flow rate of 12 ul/min is expected to yield a 0.5 dyn/cm? shear stress.
Fluidic assays were performed at a shear force of 0.5 dyn/cm? unless otherwise noted. Imaging
was performed on a Nikon Eclipse Ti inverted fluorescent microscope using NIS Elements

acquisition software (Nikon Instruments Inc., Melville, NY).

Static experiments

Wells of an 8-well chamber slide were either coated with a 1:1 mixture of FBS in PBS for
a minimum of 1 hr or were coated with 20 ug/ml fibronectin and seeded with HUVEC 1 day prior
to experimentation. The chamber slide was maintained at 37°C and 5% CO,in an UNO
environmental chamber (102), and the wells were inoculated with tachyzoites. Time-lapse DIC

imaging was initiated immediately after the addition of parasites. For the MIC2 adhesion assays
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in static conditions, the parasites were allowed to adhere to HUVEC for 15 min at 37°C, and the
cells were washed 3 times with PBS to remove any unadhered parasites. Monolayers were then
fixed with 4% paraformaldehyde (PFA, Electron Microscopy Sciences, Hatfield, PA) for 20 min
at room temperature. DIC and fluorescence images were acquired in 6 random fields of view

per well using a 20X objective.

Leukocyte Tracking and Analysis

The positions and instantaneous velocities of uninfected and infected monocytes were
tracked in every frame the cells were within the field of view using the automated tracking
module of the Nikon NIS Elements AR 3.22.11 software. Although the parasites expressed
GFP, fluorescent dyes were used to distinguish the cells during cell tracking, since the parasite
vacuole moved in and out of the plane of focus as the cells rolled, and the GFP signal alone
was unreliable for tracking. All CFSE" cells were categorized as uninfected cells; only those
cells that were both Hoechst™ and GFP™ (containing intracellular parasites) were categorized as
infected cells. Cells were typically tracked over 55-90 frames. Cells moving at greater than 0.05
um/sec were defined as “rolling”. The transition to “searching” was defined by a change in
instantaneous velocity to 0.05 um/sec or lower. Prism (GraphPad Software, La Jolla, CA) was
used to plot the average velocity, total pathlength (the total distance traveled by the cell), and
maximum displacement (the distance from the point of origin to the farthest point traveled) of
individual cells during rolling or searching. Because infected cells typically rolled for greater
distances than uninfected cells, fewer infected cells than uninfected cells performed searching
within the field of view. Cells whose maximum displacement exceeded 10 um during their

searching phase were defined as performing “wandering” searching.
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Parasite tracking and analysis

The tracking module of the Nikon NIS Elements AR 3.22.11 software was used to
manually track the movements of the apical end of individual tachyzoites. For assays in shear
stress, every parasite that entered the field of view was tracked. For static assays, at least the
same number of parasites that were tracked in flow conditions were chosen at random and
tracked as they came into focus. For plotting the traces of individual parasites, the origin (0,0)
was set to the parasite’s apical end when it first came into contact with the endothelium. The x-
and y-coordinates of the apical end in the following frames were then used to plot each
parasite’s path on the endothelium. The average velocity, total pathlength, and maximum
displacement of individual parasites during their first 30 sec post-adhesion were plotted using

Prism.

Motility and adhesion assays

To assess parasite adhesion and motility on HUVEC or FBS-coated glass, time-lapse
DIC images were acquired using a 20X objective with 1.5X zoom. For the maotility assays in
Figures 4.1, 4.3, 4.4, 4.5, and Appendix B.1, images were acquired every sec for up to 10 min,
and an adhesion event was defined as the presence of a tachyzoite on the endothelial surface
for a minimum of 3 sec. Velocity was defined as the distance traveled from one frame to the
next divided by the time lapse. For the sustained adhesion assays in Figure 4.2, images were
acquired every 4 seconds for up to 15 min, and an adhesion event was defined as the presence
of a tachyzoite on the endothelial surface for a minimum of 4 sec. Parasite location in the z-
direction relative to the endothelium was determined by DIC illumination during live cell imaging.
In the initial interactions of tachyzoites with the surface of the endothelium, they appeared
bright. Migration into or below the HUVEC monolayer was characterized by the dimming of DIC
illumination. By using this change in DIC illumination, the parasites were categorized as

remaining attached, migrating in/below, or detaching from the endothelium. For the adhesion
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strengthening assays in Figure 4.6 and Appendix B.2, perfusion was initiated at 0.5 dyn/cm?. 3
min later, the shear stress in the channel was either maintained or increased to 2, 5, or 10
dyn/cm?. Parasites that adhered during the initial 3 min and remained attached at the surface at
the change in shear stress were monitored and categorized as adherent, detached, or in/below
the endothelium at the conclusion of 6 min of imaging. De novo adhesion events that occurred

after the switch in shear force were also quantified.

MIC2 assays

Amic2e/mic2i and tTA-dhfr parasites (81) were a generous gift from V. Carruthers
(University of Michigan, Ann Arbor). For the MIC2 knock-down experiments, Amic2e/mic2i
tachyzoites were cultured in the presence of 2 mg/ml of ATc (Clontech, Mountain View, CA) for
2 days and the tTA-dhfr tachyzoites were cultured in parallel. Parasites were syringe-lysed from
the HFF cultures, washed in Endo buffer, and stained with either 20 uM CellTracker CMPTX
(Life Technologies, Carlsbad, CA) or 10 uM CFSE (Life Technologies) in Endo buffer. In control
experiments, we confirmed that these dyes do not have an effect on tachyzoite adhesion or
motility. Nonetheless, we alternated the dyes on the parental and knock-down parasites in each
experimental run to control for this possibility. A 1:1 mixture of parasites at 5-10 x 10°/ml was
perfused at 0.5 dyn/cm? into the microfluidic channel. For adhesion assays (Fig. 4.8C), the
parasites were perfused for 3 min, and live images were acquired along the entire length of the
channel using a 10X objective. The total number of adherent parasites in both populations was
then quantified and normalized to the input ratio, as determined by flow cytometry and
fluorescence microscopy. The sustained adhesion assays (Fig. 4.8D) were performed as
described above except that a mixture of dyed tTA-dhfr and ATc-treated Amic2e/mic2i

tachyzoites were used.
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Flow Cytometry

HUVEC were left unstimulated or were stimulated with 25 ng/ml of TNF-a (eBioscience,
San Diego, CA) for 4 hr, collected in Hank’s Buffered Salt Solution with 5 mM EDTA (Sigma-
Aldrich, St. Louis, MO), and resuspended in PBS with 1% FBS for antibody staining. Monocytes
were blocked with human Fc receptor binding inhibitor (eBioscience, San Diego, CA) prior to
resuspension in PBS with 1% FBS for staining.

Uninfected monocytes, T. gondii-infected monocytes, or HUVEC were stained for 30
minutes with biotinylated or PE-conjugated anti-human mAbs: anti-ICAM-1 (HCD54), anti-
VCAM-1 (STA), anti-E-Selectin (hCD62E), anti-LFA-1/a, (HI111), anti-LFA-1/ay (TS2/4), anti-
MAC-1/ay (ICRF44), anti-VLA-4/a4 (9F10), or isotype control mouse IgG1x (MOPC-21 or P3,
eBioscience, San Diego, CA). All mAbs listed above were obtained from Biolegend (San Diego,
CA), unless otherwise indicated. For biotinylated primary mAbs, streptavidin-PE (BD
Biosciences, San Jose, CA) was used as a secondary stain for 15 min. All samples were
stained with the 7-AAD viability dye (Biolegend, San Diego, CA) and acquired on a BD
FACSCalibur using CellQuest Pro software (BD Biosciences, San Jose, CA). Data were
analyzed using FlowJo software (Tree Star, Ashland, OR).

For measuring integrin activation, THP-1 cells at 18 hpi were stimulated either with
HBSS, 1 mM CaCl,, 1mM MgCl,, and 3 mM MnCl, or with PBS as a control for five min at 37
C°. Cells were put on ice, blocked with PBS with 5% normal goat serum (NGS, Life
Technologies, Carlsbad, CA) and 1% BSA, and stained with the following mAbs: anti-LFA-1/oy
(TS2/4), anti-active b, integrin (24), anti-VLA-4/a4 (9F10), anti-active B4 integrin (12G10), PE-
conjugated anti-MAC-1/ay (ICRF44), PE-conjugated anti-active ay integrin (CBRM1/5), isotype
control mouse IgG1x (P3), or PE-conjugated control IgG1k (MOPC-21). All mAbs listed above
were obtained from Biolegend (San Diego, CA) except for 24 and 12G10, which were obtained

from Abcam (Cambridge, MA). PE-conjugated goat anti-mouse IgG (Life Technologies,
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Carlsbad, CA) was used as a secondary stain for unconjugated primary mAbs. Samples were

fixed with 4% PFA and resuspended in PBS with 1% FBS for analysis by flow cytometry.

Quantitative real-time PCR (qPCR)

Total RNA was harvested from 1x10° uninfected or T. gondii-infected THP-1 cells using
a QiaShredder homogenizer and an RNeasy kit (Qiagen, Valencia, CA). cDNA was synthesized
as previously described (191) and added to iQ SYBR Green SuperMix (BioRad Laboratories,
Hercules, CA). gPCR was performed on a iCycler iQ (BioRad Laboratories, Hercules, CA) using
the following primers: talin-1 (sense) 5 TCTCCCAAAATGCCAAGAAC 3’, talin-1 (antisense) &’
CTCCACTAGCCCTTGCTGTC 3’ (194), GAPDH (sense) 5 GAAGGTGAAGGTCGGAGT 3/,
GAPDH (antisense) 5 GAAGATGGTGATGGGATTTC 3. The data from the gPCR were
analyzed using the AAcomparative threshold method (128). The values obtained for talin-1
expression were normalized to those of GAPDH, and the data are expressed as a ratio of
mRNA levels. Error bars reflect the standard error of the mean from three independent
experiments. No signals were detected when water or samples generated without reverse

transcriptase were used as template.

Immunoblotting

For detection of talin, 1x10° uninfected or T. gondii-infected THP-1 cells were lysed in 2X
Laemmli buffer, separated on 10% SDS-PAGE, and transferred to PVDF membrane, as
previously described (191). Membranes were blocked with 5% nonfat milk, blotted with anti-
human talin mAb TA205 (EMD Millipore, Billerica, MA) or anti-human f-actin mAb AC-15
(Sigma-Aldrich, St. Louis, MO), stained with HRP-conjugated anti-mouse I1gG (Jackson Immuno
Research, West Grove, PA), developed using ECL (GE Healthcare Life Sciences, Pittsburgh,

PA), and detected using a Nikon camera as previously described (195).
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For detection of MIC2 and SAGH1, parasite cell lysates were separated and transferred
as described above, and immuno-blotted with mouse anti-MIC2 (6D10) and rabbit anti-SAG1
(196). The membranes were then stained with HRP-conjugated anti-mouse and anti-rabbit IgG

and developed as described above.

Immunofluorescence microscopy

For integrin clustering assays coverslips were coated with 400 ng/ml recombinant
human ICAM-1/Fc or VCAM-1/Fc (R&D Systems, Minneapolis, MN) and blocked with
SuperBlock and StartingBlock buffers (Thermo Scientific, Rockford, IL). Uninfected or T. gondii-
infected monocytes at 18 hpi were settled onto coated coverslips for 10 min at 37°C, fixed with
4% PFA, blocked with PBS containing 5% NGS and 1% BSA, and stained with anti-LFA-1/a,
(TS2/4) or anti-VLA-4/a4 (9F10) and Alexa Fluor 594-conjugated goat anti-mouse 1gG (Life
Technologies, Carlsbad, CA). Coverslips were mounted using VectaShield with DAPI (Vector
Laboratories, Burlingame, CA). Fluorescence and DIC confocal micrographs were acquired on a
Nikon Eclipse Ti inverted microscope using a 60x objective and the EZ.C1 3.91 software
module. Z-sections were captured at intervals of 0.5 ym. Micrographs were analyzed using
Imaged software. Fluorescence intensities across the z-sections of each cell were calculated as
follows: corrected total cell fluorescence (CTCF) = (mean fluorescence intensity (MFI) x surface
area) — (background MFI x surface area). The ratio of the CTCF at the cell base to the cell
center and the ratio of the surface area at the cell base to the cell center were plotted using
Prism software.

For GRAT7 staining of parasites in static conditions, 5 x 10° RHgfp tachyzoites were
added to confluent HUVEC monolayers on coverslips and incubated for 20 min. Coverslips were
then washed with PBS and fixed with 4% PFA. HUVEC were permeabilized and stained for

vacuolar GRA7 as previously described (197). Anti-GRA7 antibody (12B6) was a generous gift
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from P. Bradley (University of California, Los Angeles). For shear stress conditions (Fig. 4.7), 5-
10 x 10%ml tachyzoites were flowed at 0.5 dyn/cm?into fluidic channels over HUVEC. After 1-2
min, a y-valve connector was used to perfuse D-10% through the device, without disrupting
flow, for an additional 18-20 min. The channels were then perfused with PBS, followed by 4%
PFA, and permeabilized and stained as described above. Fluorescence and DIC micrographs
were acquired using a 40X or 60X objective.

For the analysis of MIC2 expression, HFF infected with tTA-dhfr or Amic2e/mic2i
tachyzoites were cultured in the presence or absence of ATc for 2 days. Tachyzoites were
harvested by syringe-lysis, added to polylysine-coated coverslips, and fixed with 4% PFA.
Samples were stained with anti-MIC2 (6D10) and rabbit anti-SAG1 polyclonal serum (196),
followed by Alexa Fluor 305-conjugated goat anti-mouse IgG and Alexa Fluor 594-conjugated
goat anti-rabbit IgG (Life Technologies) in PBS containing 3% FBS. Coverslips were mounted
as described above. Anti-MIC2 (6D10) was kindly provided by V. Carruthers (University of
Michigan, Ann Arbor). To determine the input ratio of fluorescently dyed Amic2e/mic2i and tTA-
dhfr parasites, a wet mount of each mixture was analyzed. Images were acquired using a 10X

objective with 1.5 X zoom and counted manually.

Statistics

Prism software was used to perform all statistical analyses. The Student’s two-tailed t-
test with Welch’s correction was used for pairwise comparisons in Figures 3.2C, 3.3A, 3.5C,
3.5D, 4.2B, 4.7B, 4.8C and D, and Appendices A.1 A and B, A.3C, and B.3. The Student’s
unpaired, two-tailed t-test was used for statistical analyses in Figures 3.4B and 3.4C. A logqo
transformation of data was used to correct for a non-normal distribution for data in Figures 3.2D,
3.3B, and Appendix A.1C. A one-way analysis of variance (ANOVA) with a Tukey comparison of
all means was used to compare multiple means in Figures 3.2D, 3.3B, 3.6B, 3.6C, 4.1B, and

Appendix A.1
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Appendix A.1: Analysis of infected and uninfected monocytes during rolling.

(A) The total pathlength, maximum displacement, and average velocity of uninfected THP-1
cells stained with Hoechst compared to THP-1 cells infected for 4 hr with CellTracker CMTPX-
stained T. gondii and labeled with CFSE. Pooled data from two independent experiments
(Nuninfectea= 16, N7, gongi=17). Total pathlength and maximum displacement, p < 0.01, average
velocity, p < 0.05. (B-C) The total pathlength, maximum displacement, and average velocity of
primary monocytes at 4 hpi (B) and THP-1 cells at 4 hpi and 18 hpi (C) are shown. “Single”
refers to monocytes containing one intracellular parasite, and “multiple” refers to monocytes
containing greater than one intracellular parasite. For A-C the horizontal line indicates the mean.
The Student’s two-tailed t-test with Welch’s correction was used for statistical analyses in (A)
and (B). A log1o transformation of data was used to correct for a non-normal distribution, and a
one-way analysis of variance with a Tukey comparison of all means was used for statistical
analysis in (C).
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Appendix A.2. Selectin ligand expression on T. gondii-infected monocytes.

(A) THP-1 cells were uninfected (gray histograms) or infected with T. gondii for 18 hr (black
histograms), stained with mAbs against PSGL-1, CD15, CD44 or their respective isotype
controls and analyzed by flow cytometry. Shown are representative plots from one of 3
independent experiments.
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Appendix A.3. Micrographs of monocytes settled onto ICAM-1, VCAM-1 or human IgG.
THP-1 cells were infected with GFP* T. gondii (A) or CFSE-labeled N. caninum (B) for 18 hr and
settled onto immobilized recombinant human ICAM-1/Fc (top rows) or VCAM-1/Fc (bottom
rows). Samples were fixed and stained with mAbs against LFA-1 or VLA-4 and Alexa Fluor
594-conjugated secondary antibody. Fluorescent and DIC z-sections from the cell base and cell
center are shown for each cell. Parasites are shown in green, LFA-1 or VLA-4 in red, and nuclei
in blue. (C) Differences in surface area and LFA-1 or VLA-4 distribution on uninfected or N.
caninum-infected monocytes when settled onto ICAM-1/Fc or VCAM-1/Fc were quantified as
ratios of their respective values at the cell base to the cell center. For cells settled onto ICAM-1,
Nuninfected=100, Ny caninum=67 from two independent experiments. For cells settled onto VCAM-1,
Nuninfected=02, N, caninumi=39 from two independent experiments. The red bar shows the mean. *p
< 0.01, **p<0.0001. (D) THP-1 cells were infected with GFP* T. gondii and settled onto
immobilized human 1gG (R&D systems). Staining for LFA-1 or VLA-4 was performed as
described above.
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Appendix A Movie 1. Representative movie of THP-1 monocytes flowing over
endothelium. THP-1 cells were uninfected or infected with GFP* T. gondii for 18 hr and stained
with CFSE or Hoechst, respectively. Monocytes were flowed over TNF-a-activated endothelium
that was stained with CellTracker CMTPX (red). The direction of flow is from left to right. The
video shows time-lapse images at seven frames per second.

Appendix A Movie 2. 3-D projection of monocytes settled onto ICAM-1. The 3-D projection
was reconstructed from z-sections of an uninfected (left) and T. gondii-infected THP-1 cell
(right). Z-sections were compiled into a stack at intervals of 0.5 pym per section, fluorescent
signals were interpolated, and the resulting projection was rotated along the x-axis at 15 frames
per second. The parasite is shown in green, LFA-1 in red, and the nuclei in blue.
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Appendix B.1: Individual traces of tachyzoite movement. Traces of extracellular tachyzoites
on FBS in (A) static conditions or (B) flow conditions and on HUVEC in (C) static conditions or
(D) flow conditions are shown. Each trace begins at the origin and shows the path of a single
parasite per plot. These traces are grouped by condition and shown as combined data in Figure
1A.
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Appendix B.1: Individual traces of tachyzoite movement (cont.). Traces of extracellular
tachyzoites on HUVEC in (C) static conditions or (D) flow conditions are shown. Each trace

begins at the origin and shows the path of a single parasite per plot. These traces are grouped

by condition and shown as combined data in Figure 1A.
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Appendix B.2. Adhesion events in increasing shear stress.
Data collected from 4 independent microfluidic experiments show the total number of adhesion
events on HUVEC during flow at increasing shear stress. n=468.
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Appendix B.3. The effects of ATc treatment on adhesion and the adhesion of MIC2
conditional knockdown parasites in static conditions.

The indicated parasite populations were labeled with Celltracker dyes, mixed 1:1, and added to
HUVEC in a chamber slide for 15 min. The cells were washed 3 times with PBS to remove non-
adherent parasites, fixed, and imaged in DIC and fluorescence. Parasite adhesion relative to the
input ratio is shown. A value of 1.0 would represent equivalent adhesion of the two populations.
(A) tTA-dhfr parasites treated with ATc for 2 days were mixed 1:1 with untreated tTA-dhfr
parasites. Nuntreated tra-dnt= 1316, NaTc treated tTadhir= 1278 from 2 independent experiments. (B) tTA-
dhfr parasites were mixed 1:1 with ATc-treated Amic2e/mic2i parasites. Nira-gh=1598, NaTe-treated
amic2e/mic2i=932 from 2 independent experiments. Error bars represent the mean + SEM and
Student’s two-tailed t-test with Welch’s correction was used for pairwise comparisons. “ns”
indicates not significant.
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Appendix B Movie 1. Tachyzoite adhesion and gliding on HUVEC in shear stress
conditions. DIC micrographs were acquired every 3 sec and played back at 10 frames/sec.
The direction of flow is from left to right. The scale bar is 20 um.

Appendix B Movie 2. Tachyzoite adhesion and gliding on FBS in shear stress conditions.
DIC micrographs were acquired every sec and played back at 10 frames/sec. The direction of
flow is from left to right. The scale bar is 20 um.

Appendix B Movie 3. Tachyzoite performing helical gliding on HUVEC in shear stress
conditions. DIC micrographs were acquired every sec and played back at 7 frames/sec. The
red arrow indicates the apical end of the parasite. The direction of flow is from left to right. The
scale baris 10 um.

Appendix B Movie 4. Tachyzoite performing circular gliding on HUVEC in shear stress
conditions. DIC micrographs were acquired every sec and played back at 7 frames/sec. The
red arrow indicates the apical end of parasite. The direction of flow is from left to right. The scale
baris 10 um.

Appendix B Movie 5. Tachyzoite performing twirling on HUVEC in shear stress
conditions. DIC micrographs were acquired every sec and played back at 7 frames/sec. The
red arrow indicates the apical end of parasite. The direction of flow is from left to right. The scale
baris 10 um.

Appendix B Movie 6. Tachyzoite performing complex motility on HUVEC in shear stress
conditions. DIC micrographs were acquired every sec and played back at 7 frames/sec. The
mode of motility is indicated in red in the bottom left corner throughout the duration of
movement. The direction of flow is from left to right. The scale bar is 10 um.
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