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Messleurs, c'est Les microbes qui auront Le dernier mot.
— Louis Pasteur



Abstract

ABSTRACT

Annukka Pietikdinen
Studies on the pathogenesis and laboratory diagnosis of Lyme borreliosis

University of Turku, Faculty of Medicine, Institute of Biomedicine, Medical Mi-
crobiology and Immunology, Turku Doctoral Programme of Molecular Medicine
(TuDMM)

Annales Universitatis Turkuensis, Medica — Odontologica, Turku, Finland 2018

Lyme borreliosis, the most common tick-borne disease in the northern hemisphere,
is caused by Borrelia burgdorferi sensu lato spirochetes (later Borrelia). They can
infect humans through bites of infected Ixodes ticks. If the infection is not treated
at the early local stage of the disease, spirochetes can disseminate via the blood
vasculature into distant tissues of the human body and cause symptoms in the
joints, the heart, and the nervous system. Infection of the central nervous system
is called Lyme neuroborreliosis. Lyme neuroborreliosis is diagnosed based on neu-
rological symptoms, pleocytosis, and intrathecal production of Borrelia-specific
antibodies. Recently, chemokine CXCL13 has been introduced as a new biomarker
for diagnostics of Lyme neuroborreliosis.

The first aim of this study was to characterize the dissemination of Borrelia by in
vitro adhesion studies conducted under shear stress and by imaging the infection
in vivo in mice. The second aim was to evaluate the use of cytokines as biomarkers
for Lyme neuroborreliosis.

The studies revealed that decorin binding proteins of Borrelia act in a flow-tolerant
manner mediating adherence into vascular endothelium under the mechanical
force caused by the liquid flow. In addition to decorin, decorin binding proteins
were shown to bind biglycan, a proteoglycan which is expressed on endothelium
more abundantly than decorin. Moreover, dissemination of Borrelia can be imaged
in vivo in mice using positron-emission tomography. The studies also showed that
CXCL13 is the most specific cytokine biomarker for Lyme neuroborreliosis and
the concentration of CXCL13 can reliably be measured of Lyme neuroborreliosis
patients’ cerebrospinal fluid samples with a point-of-care test. Overall, the studies
gave new information on the pathogenesis of Lyme borreliosis and helped to im-
prove the disease diagnostics.

Keywords: Lyme borreliosis, Borrelia burgdorferi, adhesion, dissemination,
PET/CT, in vivo imaging, Lyme neuroborreliosis, cytokine, multiplex, CXCL13,
point-of-care
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TIIVISTELMA

Annukka Pietikdinen
Tutkimuksia Lymen borrelioosin patogeneesisti ja diagnostiikasta

Turun yliopisto, Ladketieteellinen tiedekunta, Biolddketieteen laitos, Ladketieteel-
linen mikrobiologia ja immunologia, Turun molekyylilddketieteen tohtoriohjelma
(TuDMM)

Annales Universitatis Turkuensis, Medica — Odontologica, Turku, Suomi 2018

Pohjoisen pallonpuoliskon yleisimmén puutiaisvalitteisen infektion, Lymen borre-
lioosin, aiheuttajia ovat Borrelia burgdorferi sensu lato ryhmén spirokeettabaktee-
rit (myShemmin Borrelia). Ne voivat levitd ihmiseen infektoituneiden Zxodes-puu-
tiaisten vélitykselld. Jos tautia ei hoideta heti infektion aikaisessa paikallisessa vai-
heessa, spirokeetat voivat levitd ihmiselimistdssd verenkierron mukana useisiin
kudoksiin aiheuttaen oireita muun muassa nivelissd, syddmessi ja hermostossa.
Keskushermostoon levinnyttd infektiota kutsutaan Lymen neuroborrelioosiksi.
Neuroborrelioosin diagnostiikka perustuu potilaan neurologisiin oireisiin seké so-
luméérédn ja Borrelia-spesifisten vasta-aineiden méaritykseen aivoselkdydinnes-
teestd. Hiljattain myds kemokiini CXCL13 on otettu kdyttdén Lymen neuroborre-
lioosin diagnostiikan biomarkkeriksi.

Tamén tutkimuksen tarkoituksena oli selvittdd Borrelia-bakteerin virtauksen alla
tapahtuvan endoteelisitoutumisen rooli infektion patogeneesissd, tutkia infektion
levidmisti eri kudoksiin in vivo -kuvantamisen avulla hiirimallissa ja tutkia syto-
kiinien kayttod Lymen neuroborrelioosin diagnostisina biomarkkereina.

Tutkimuksessa havaittiin, ettd Borrelia-bakteerin dekoriinia sitovat proteiinit si-
toutuvat myos biglykaaniin, joka on dekoriinia yleisempi proteoglykaani verisuon-
ten endoteelin pinnalla. Tdmén biglykaani-interaktion avulla Borrelia kykenee si-
toutumaan verisuonten endoteeliin nestevirtauksen aiheuttaman vastuksen alla. Li-
sdksi tutkimuksessa selvisi, ettd Borrelia-infektion kulkua voi kuvantaa eldvassa
eldimessd positroniemissiotomografian avulla. Tutkimuksessa havaittiin myds,
ettd CXCL13 on soveltuvin sytokiini Lymen neuroborrelioosin diagnostiikan bio-
markkeriksi ja ettd CXCL13:n pitoisuus voidaan médrittdd potilaan aivoselkdydin-
nesteesti pikatestin avulla, mikd nopeuttaa huomattavasti tautidiagnostiikkaa. Kai-
ken kaikkiaan tutkimustulokset paljastivat tarkedd uutta tietoa Borrelia-infektion
patogeneesista ja auttavat Lymen borrelioosin diagnostiikan kehittdmisessa.

Avainsanat: Lymen borrelioosi, Borrelia burgdorferi, sitoutuminen, levidmien,
PET/TT, kuvantaminen, neuroborrelioosi, sytokiini, CXCL13, pikatesti
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12 Introduction

1 INTRODUCTION

The causative agent of the tick-borne disease Lyme borreliosis (LB) is a group of
spirochetes called Borrelia burgdorferi sensu lato (later Borrelia). Borrelia circu-
late mainly between Ixodes ticks and vertebrate animals, especially small rodents
and birds, when ticks acquire their blood meal from the animals. Occasionally,
ticks can feed also on humans. Upon the blood meal of an infected tick, Borrelia
can escape the tick midgut and infect the human skin. If not treated at this stage of
the disease, Borrelia can disseminate into distant tissues.

Borrelia can reach the distant tissues by exploiting the blood circulation. Dissem-
ination via the vasculature is a multistep process. First, Borrelia enter the blood
circulation after which they adhere to the vascular wall resisting the mechanical
force of the flowing blood. So far, only one adhesin of Borrelia has been shown to
mediate flow-tolerant interactions with the vasculature. After adhesion, spiro-
chetes transmigrate across the endothelium to reach the tissues. Before this study,
it has not been possible to image disseminated infection caused by genetically un-
modified Borrelia in vivo.

When Borrelia disseminate into the central nervous system, patients develop Lyme
neuroborreliosis (LNB). LNB is diagnosed based on neurological symptoms, cer-
ebrospinal fluid (CSF) pleocytosis, and the detection of intrathecally produced
Borrelia-specific antibodies. Recently, chemokine CXCL13, which is produced to
the CSF of LNB patients in high concentrations, has been introduced as a new
diagnostic tool for LNB. So far, multiplex analyses have not been performed to
evaluate the use of other cytokines as biomarkers for LNB.

The aims of this study were to characterize the pathogenesis of Borrelia infection
(vascular adhesion and dissemination; studies I-II), to develop in vivo imaging
techniques for LB infection (study II), and to evaluate new methods for laboratory
diagnosis of LNB (studies III-IV).
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2 REVIEW OF LITERATURE

2.1 Lyme borreliosis

Lyme borreliosis (LB) is a multisystem infectious disease (Steere et al., 1984,
Steere et al., 1977a). The first reports of erythema migrans (EM), an expanding
skin rash characteristic for the disease, date back to the early 1900s (Sternbach and
Dibble, 1996) and the first described human case of LB is the 5300 year old Tyro-
lean Iceman found from the Italian Alps (Keller et al., 2012). The disease, how-
ever, was thoroughly described only in the 1970s in Connecticut, USA (Stanek et
al., 2011, Steere et al., 1977b). At that time, people from the small Old Lyme town
informed local health department that many children living in the same area had
developed a disease diagnosed as juvenile rheumatoid arthritis (Steere et al.,
1977b). This oddity led to a deeper surveillance and research, the results of which
showed that the diagnoses had not been correct mainly due to atypical clustering
of the patients to certain areas. The clustered nature of the arthritis cases and other
epidemiological data suggested that the disease could be an infectious disease
spread by an arthropod vector. Consequently, the disease was named Lyme arthri-
tis (LA). Later, ticks of the Ixodes genus were found to be the vectors (Steere et
al., 1978) and the causative agent of the disease, a spirochete named Borrelia
burgdorferi was isolated from the I. dammini ticks (currently known as 1. scapu-
laris (Oliver et al., 1993)) in the 1980s (Burgdorfer et al., 1982). As the multisys-
tem nature of the disease unraveled, the disease was named Lyme disease (Stanek
et al., 2011). Finally, when spirochete antibodies were detected in the blood of the
patients, the Ixodes tick-borne spirochetes were confirmed to be the causative
agents of Lyme disease (Barbour et al., 1983, Benach et al., 1983). In Europe, the
disease is generally referred to as Lyme borreliosis (Stanek et al., 2011).

2.1.1 Borrelia burgdorferi sensu lato

B. burgdorferi sensu lato (later Borrelia) is defined as a group of spirochetes trans-
mitted by tick vectors (Rudenko et al., 2011). The group consists of ca. 20 geno-
species which can be divided into two clades; genospecies found in Europe and
Asia and genospecies found in North America and Europe (Becker et al., 2016).
Out of these, B. burgdorferi sensu stricto, B. garinii, and B. afzelii are clinically
the most relevant pathogens but nine other genospecies (B. bavariensis, B. bissettii,
B. kurtenbachii, B. lusitaniae, B. spielmanii, B. valaisiana, B. andersonii, B. amer-
icana, candidatus B. mayonii) are also regarded as potentially pathogenic (Brandt
et al., 2014, Clark et al., 2014, Collares-Pereira et al., 2004, Fingerle et al., 2008,
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Picken et al., 1996, Pritt and Petersen, 2016, Rijpkema et al., 1997, Rudenko et al.,
2008, Rudenko et al., 2011, Ryffel et al., 1999, Wilhelmsson and Lindgren, 2016).

Borrelia are corkscrew-shaped 10-30 um long and ca. 0.3 pm wide bacteria
(Barbour, 1988, Goldstein et al., 1996, Steere et al., 2016). They are classified as
Gram-negative although their cell wall is slightly different compared with other
Gram-negative bacteria (Aberer and Duray, 1991, Hyde, 2017). Borrelia have a
double membrane and a thin peptidoglycan layer situated between the two mem-
branes (Radolf et al., 2012, Steere et al., 2016). However, while Gram-negative
bacteria usually have an endotoxic lipopolysaccharide (LPS) structure in the outer
membrane, LPS is absent from Borrelia (Takayama et al., 1987). Unlike many
other Gram-negative bacteria, Borrelia have numerous outer membrane lipopro-
teins (Brandt et al., 1990). Many of these function as adhesins which mediate the
binding of Borrelia to its vector and host structures (Brissette and Gaultney, 2014,
Kung et al., 2013). Borrelia are motile with seven to ten periplasmic flagella be-
tween the outer membrane and the thin peptidoglycan layer (Barbour, 1988,
Barbour and Hayes, 1986).

The highly fragmented genome of Borrelia is unique among bacteria (Figure 1.).
The genome consists of a rather small (ca. 1 000 000 base pairs) linear chromo-
some which contains mainly housekeeping genes (Ferdows and Barbour, 1989,
Fraser et al., 1997, Lin et al., 2012). Most of the genes encoding known virulence
factors are located in several circular and linear plasmids (Barbour, 1989, Fraser
et al., 1997, Kenedy et al., 2012). The plasmid content varies considerably among
different Borrelia strains (Casjens et al., 2012, Casjens et al., 2017, Casjens et al.,
2018, Margos et al., 2017a).

Phylogeny of Borrelia is rather complicated because evolutionary relations of Spi-
rochaetes phylum remain poorly understood (Gupta et al., 2013). A unifying fea-
ture of the families in this phylum is that they are all motile with periplasmic fla-
gella. Otherwise the members of the phylum are very diverse. Based on the 16S
rRNA classification, Borrelia belong to the family of Spirochaetaceae along with
relapsing fever Borrelia, Treponema, Cristispira, Spirochaeta, and Sphaero-
chaeta. However, a new classification system where Borrelia would be their own
Borreliaceae family together with relapsing fever Borrelia and Cristispira has
been proposed. Moreover, an active discussion about dividing the Borrelia genus
into two distinct genera has been ongoing; relapsing fever Borrelia would form the
Borrelia genus and the later characterized LB spirochetes would form a new Bor-
reliella genus (Adeolu and Gupta, 2014). The debate about the division is still on-
going mainly due to 1) newly discovered spirochetes which resemble relapsing
fever type bacteria but are still considered as LB spirochetes, 2) B. miyamotoi,
which is transmitted by the same Ixodes vector as LB spirochetes but which causes
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a relapsing fever type of disease, and 3) due to many public health and patient
safety related concerns (Barbour et al., 2017, Margos et al., 2017b, Stevenson et
al., 2018).
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Figure 1. The genome structure of representative Borrelia genospecies/strains. The genome of
Borrelia consists of a linear chromosome and multiple linear and circular plasmids. Chrmosome
contains mainly housekeeping genes while the plasmids carry most of the virulence factor encod-
ing genes (Casjens et al., 2000, Casjens et al., 2018, Rosa et al., 2005, Strother et al., 2005). The
plasmid content varies between different Borrelia strains. Adapted from (BorreliaBase: www.bor-
reliabase.org; accessed 9.10.2018).



16 Review of literature

2.1.2 Clinical manifestations

LB can be divided into three stages based on the clinical manifestations: 1) early
localized, 2) early disseminated, and 3) the late disseminated disease (Sanchez,
2015). At the first stage of the disease, a characteristic sign of the infection is a
localized skin rash called erythema migrans (EM). EM appears at the site of the
tick bite and expands slowly as the bacteria migrate and multiply in the skin
(Nadelman, 2015, Mason et al., 2016). However, not all patients develop EM. Sev-
eral estimations of EM incidence in LB patients have been reported and the esti-
mations vary considerably (50% - 90%) depending on when and where the study
was conducted (Bacon et al., 2008, Hatchette et al., 2015, Huppertz et al., 1999,
Singh and Girschick, 2004, Steere, 2001, Stinco et al., 2014). EM is a clear sign
of the Borrelia infection if the lesion is over 5 cm in diameter (Nadelman, 2015).
The shape of the rash is either round or oval. Sometimes the lesion starts to clear
at the center causing a characteristic bulls-eye appearance. Other manifestations of
the early localized disease are general flu like symptoms such as fever and malaise
(Sanchez, 2015). Also, regional lymphadenopathy may occur.

If not treated at the early localized stage, the disease may progress into the early
disseminated disease. Borrelia migrate from the skin into distant tissues hematog-
enously or via the lymphatic system. At this stage of the disease, symptoms may
occur in multiple organs. Additional EM lesions may appear on the skin, the pa-
tient may develop lymphocytoma, and migratory pain in the joints may appear. If
Borrelia invade the nervous system, the patient develops neurological symptoms
(Lyme neuroborreliosis; LNB) such as facial palsy. The patient may suffer from
severe headache and malaise. At this stage of the disease, also the heart may be
affected. (Sanchez, 2015)

The late disseminated stage of LB is usually characterized by an often asymmetric
oligoarticular arthritis that affects mainly large joints. This stage of the disease
may also manifest itself in the skin as a chronic skin lesion called acrodermatitis
chronica atropicans (ACA). This manifestation can eventually lead to skin atrophy.
(Sanchez, 2015)

Generally speaking, different Borrelia genospecies are linked to different tissue
manifestations. LA is mainly caused by B. burgdorferi sensu stricto, LNB is usu-
ally associated with B. garinii, and B. afzelii is the main genospecies associated
with EM and ACA. (Coipan et al., 2016, van Dam et al., 1993, Ornstein et al.,
2001, Rudenko et al., 2011)
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2.1.2.1 Lyme neuroborreliosis

In the disseminated stage of LB, patients may develop neurological symptoms af-
fecting both peripheral and central nervous system (CNS) (Koedel et al., 2015,
Sanchez, 2015, Steere et al., 2016). Overall, LNB affects ca. 10% of LB patients
(Halperin, 2017, Stanek and Strle, 2018) but in children, the frequency of LNB is
even higher (Kortela et al., 2017, Stanek and Strle, 2018).

LNB in the early disseminated phase of the disease is characterized by lymphocytic
meningitis with headache and neck stiffness, cranial neuritis, facial palsy, painful
meningoradiculitis, subtle encephalitis, mononeuritis multiplex, and pseudotumor
cerebri (Koedel et al., 2015, Sanchez, 2015, Steere et al., 2016). In Europe, the
most common symptom of early LNB is painful meningoradiculitis characterized
by sharp pain which gets worse at night time, paresis of the extremities, and a facial
palsy (Koedel et al., 2015). The development of these neurological symptoms cor-
relates with the appearance of lymphocytic pleocytosis in the cerebrospinal fluid
(CSF).

When a patient has had neurological symptoms continuously for over 6 months,
the disease is referred to as late LNB (Koedel et al., 2015). In this stage of the
disease, patients may have chronic encephalomyelitis, spastic paraparesis, ataxic
gait, subtle mental disorders, and chronic axonal polyradiculopathy (Sanchez,
2015). Also, rare cerebrovascular manifestations have been described, and usually
it takes about 3 - 4 months from the first sign of LB until the first cerebrovascular
manifestations occur (Garkowski et al., 2017).

2.1.3 Epidemiology

In nature, Borrelia circulate between hard tick vectors and reservoir hosts (Radolf
et al., 2012). The life cycle of a tick vector consists of three phases; a larva, a
nymph, and an adult. The transition from each stage to the next requires a blood
meal. Also, adult female ticks lay eggs only after a blood meal. The current under-
standing is that the eggs are free from Borrelia, and thus, unfed larvae are unin-
fected (Rollend et al., 2013). However, some recent evidence point out the possi-
bility of also larvae being infected with Borrelia (van Duijvendijk et al., 2016).

Different Borrelia genospecies infect different tick vectors, the main vector spe-
cies being 1. ricinus, I. persulcatus, I. scapularis, and I. pacificus (Becker et al.,
2016, Steere et al., 2016). The main vectors in North America are /. pacificus and
1. scapularis while in Europe and Asia the main vectors are /. ricinus and 1. per-
sulcatus. In Finland, both /. ricinus and 1. persulcatus are discovered and they both
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carry Borrelia (Laaksonen et al., 2017). Time required for the transmission of Bor-
relia from the vector to the host depends on both tick vector species and infecting
Borrelia genospecies (Cook, 2015). The longer a tick feeds, the greater is the effi-
cacy of Borrelia transmission from the tick to the host (Piesman et al., 1987). The
transmission generally takes several hours, if not days (Cook, 2015). The trans-
mission is slower if only one tick is attached when compared with a situation where
multiple ticks are feeding on the same host at the same time (Eisen, 2018). It has
been reported that 16.9% of the ticks are infected with Borrelia in Finland
(Laaksonen et al., 2017). However, the infection rate can vary depending on the
Ixodes species and on the geographic location (Laaksonen et al., 2018, Sormunen
et al., 2016) albeit the distribution of Borrelia positive ticks has been shown to
correspond to the distribution of Ixodes ticks in general (Laaksonen et al., 2017).
An overall risk of a human infection after a tick bite, however, has been reported
to be only 2.6% (Hothuis et al., 2017).

Tick vectors exhibit a generalist feeding behavior meaning that they can feed on
multiple different vertebrate species (Radolf et al., 2012). Larvae and nymphs usu-
ally feed on small vertebrates while adult ticks feed also on larger animals like
deer. The main reservoir hosts of Borrelia include small rodents, birds, and lizards
(Becker et al., 2016). Different Borrelia genospecies have been linked to different
main host species. As an example, B. garinii is mainly infecting birds, while B.
burgdorferi sensu stricto infects rodents and birds and B. afzelii rodents and liz-
ards. Larger animals are incompetent hosts for Borrelia but they serve as important
host species for the maintenance of the tick population (Radolf et al., 2012). Hu-
mans and pets, on the other hand, are incidental dead-end hosts for Borrelia.

LB is the most prevalent tick-borne disease in the northern hemisphere (Bacon et
al., 2008, van den Wijngaard et al., 2017). B. burgdorferi sensu stricto is the main
disease agent in North America while in Europe and Asia most LB patients are
infected with B. garinii or B. afzelii (Stanek and Strle, 2018, Steere, 2001). As a
consequence, due to organotrophic nature of the genospecies, clinical features of
the disease are somewhat different in Eurasia and the USA; LA is the most com-
mon manifestation of a disseminated disease in North America while ACA and
LNB are more common in Europe and Asia (Stanek et al., 2011, Steere, 2001).

The number of reported LB cases is constantly increasing all over the northern
hemisphere (Bacon et al., 2008, Rizzoli et al., 2011, Sajanti et al., 2017). The rea-
son for the increase is not completely understood but it is thought that the warming
of the climate might enlarge the suitable habitat of the tick vectors by enabling the
moving of the ticks more north (Rizzoli et al., 2011). In the USA, the annual inci-
dence of LB varies greatly depending on the state. In tick endemic areas (such as
Connecticut) the incidence can be on average as high as 73/100000 population
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while in tick endemic areas in central Europe the incidence can be even 100-
200/100000 population (Mead, 2015). A recent study indicates that the incidence
of LB has increased also in Finland (Sajanti et al., 2017). The estimated overall
incidence of LB in Finland in 2014 was 120/100000 population. The Aland Islands
are hyperendemic for Borrelia since the incidence of LB in 2014 was ca.
1600/100000. The incidence of microbiologically confirmed (mainly dissemi-
nated) LB cases in Finland in 2016 by hospital district is presented in Figure 2. LB
cases seem to follow a two-peaked age distribution where the first peak appears in
the childhood (ca. 5 - 15 years) and the second peak either in the adulthood (ca. 45
- 55 years) or in the older age groups (> 60 years) (Bacon et al., 2008, Nelson et
al., 2015, Sajanti et al., 2017, Steere et al., 2016).

Figure 2. The incidence of microbiologically confirmed LB cases per 100 000 population by
hospital district in 2016. The incidence of microbiologically confirmed (mainly disseminated) LB
cases is the highest in the southern Finland, especially along the coast-line and in the archipelago.
(The National Infectious Diseases Register: https://sampo.thl.fi/pivot/prod/fi/ttr/shp/fact _shp?-

row=area-12260&column=time-12059&filter=reportgroup-12465; accessed 15.10.2018; Kunta-
liitto: population 31.12.2016: www.kuntaliitto.fi/asiantuntijapalvelut/sosiaali-ja-terveysasiat/eri-

koissairaanhoito; accessed 15.10.2018)
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2.1.4 Animal models and in vivo imaging

Mice are widely used as animal models in infection research mainly because of the
low cost of both the animals and their maintenance and because of their easy avail-
ability. There are a great number of different inbred mouse strains that have been
developed for different purposes. C3H/He mice get a multisystem infection when
infected with Borrelia (Barthold et al., 1990, Barthold et al., 1991) and they can
be used as an animal model in LB research. C3H/He mice are particularly suitable
animal models when studying LA since these mice develop significant joint swell-
ing after infection (Miller et al., 2008, Salo et al., 2015, Yegutkin et al., 2010).
Arthritis severity in mice is genetically determined and not all mouse strains de-
velop severe LA (Wooten and Weis, 2001). The usefulness of C3H/He mice as an
animal model for LA is further supported by the fact that the histopathological
changes in the joints of Borrelia infected C3H/He mice resemble the changes seen
in humans.

LA seen in mice does not require acquired immunity (B and T cells) but, instead,
innate immunity mediated by e.g. toll-like receptors (TLRs) and subsequent cyto-
kine secretion is involved (Glickstein and Coburn, 2006, Weis, 2002, Wooten and
Weis, 2001). There are two isogenic C3H/He mouse strains (C3H/HeN and
C3H/HelJ) which are both widely used for LB studies. C3H/HeN mice have a func-
tional wild type TLR4 while C3H/HelJ mice have a mutated TLR4 (Totemeyer et
al., 2003). TLR4 recognizes LPS of Gram-negative bacteria and the mutated TLR4
reduces the ability to control bacterial growth in C3H/HeJ mice when compared
with C3H/HeN mice. Although Borrelia do not have LPS, a few reports suggest
that TLR4 might have a role also in LB (Bernardino et al., 2008, Glickstein and
Coburn, 2006). Macrophages of C3H/Hel mice lacking the functional TLR4 have
been shown to produce less tumor necrosis factor alpha (TNF-a) when infected
with Borrelia compared with macrophages with functional TLR.

Albeit mice can be used as animal models for LA, they are not suitable for LNB
studies. Only a few studies demonstrating the signs of Borrelia infection in the
brain of experimentally infected mice have been published (Divan et al., 2018,
Javid et al., 2016, Kazragis et al., 1996, Kern et al., 2015, Pétrosova et al., 2017).
Also, a rat model has been used to successfully isolate live spirochetes from the
brain (Barthold et al., 1988) and the presence of Borrelia DNA in infected rat
brains has been described (Pulzova et al., 2011). However, these rodent models do
not develop human neuroborreliosis like symptoms most likely due to their inher-
ent immune mechanisms (Garcia-Monco and Benach, 2013). Because these ro-
dents are natural hosts for Borrelia in nature, their immune system has evolved to
tolerate the spirochetes better than the immune system of humans, the accidental
dead-end hosts for Borrelia. More appropriate animal model for LNB is nonhuman
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primates. A few studies have been conducted with rhesus macaques which develop
human LNB like symptoms such as meningitis and neuritis (Pachner et al., 2001b,
Philipp et al., 1993, Ramesh et al., 2015, Roberts et al., 1998a).

There are a few studies describing different imaging techniques used to monitor
Borrelia infection in the mouse model of LB. Studies using spinning disc intravital
imaging of green fluorescent protein (GFP) expressing Borrelia in mouse vascu-
lature and luciferase-expressing Borrelia imaged in mice with bioluminescence
technology have revealed the importance of BBK32 and OspC adhesins of Borre-
lia in the infection process (Ebady et al., 2016, Hyde et al., 2011, Moriarty et al.,
2008, Norman et al., 2008, Skare et al., 2016). In these studies, the role of BBK32
and OspC adhesins has been studied by comparing the infection caused by Borrelia
strains expressing wild type BBK32 adhesin to infection caused by bbk32 knock-
out mutant strains, by comparing infection caused by Borrelia strains lacking the
BBK32 adhesin to infection caused by bbk32 complemented strains or by
monitoring the expression of adhesins in different stages of infection in
multiple tissues (OspC). Multiphoton laser scanning microscopy has been
used to study GFP-expressing Borrelia in specific mouse tissues (Bockenstedt
et al., 2012). This study identified Borrelia remnants in cartilaginous
tissues after antibiotic treatment. However, there are no in vivo imaging
techniques available which could be wused to study infection and
inflammation caused by genetically unmodified Borrelia strains.

2.2 Pathogen entry into the host

Human body contains multiple barriers that protect us from microbial and chemi-
cal threats. In addition to immunity, these barriers can be divided into physical,
chemical, and anatomical barriers. For example, 1) lysozyme in tears and other
secretions protect from pathogens by disrupting specific bonds of the peptidogly-
can component in bacterial cell walls, 2) mucus and cilia in the respiratory tract
move pathogens out of the body, 3) acidic stomach and rapid pH change in the
gastrointestinal tract inhibit the growth of invading pathogens, 4) and normal mi-
crobiota competes for e.g. nutrients with pathogens. The most obvious tissue bar-
rier is the skin. It forms a physical barrier that outlines human body and produces
antimicrobial fatty acids. It is also covered by normal skin microbiota which is
able to prevent pathogen growth. To be able to cause a disease, pathogens must
over-come at least some of these tissue barriers. Examples of the protective
physical, chemical, and anatomical barriers are presented in Figure 3. (Madigan
et al., 2009)
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Figure 3. Examples of the barriers that protect humans from invading pathogens. Adapted from
(Madigan et al., 2009).

2.2.1 Entry of the host by vector-borne infectious agents

Nearly 20% of human infectious diseases are spread by vectors (Rinker et al.,
2016). The most common vectors are arthropods, the largest phylum in the animal
kingdom (Baxter et al., 2017). Pathogens which are transmitted through the bites
of blood-feeding arthropods (e.g. mosquitos and ticks) bypass the skin barrier and
enter directly into the tissues and the bloodstream of the host. Arthropods serve as
vectors for bacterial, viral, and eukaryotic pathogens (Kock, 2015) and they pre-
sent great variation in susceptibility to infectious agents mainly due to their own
immunological factors (Baxter et al., 2017). This phenomenon is known as a vec-
toral capacity. Many arthropod-borne diseases are serious illnesses. They include
diseases such as malaria, Dengue fever, and Zika which are all transmitted by mos-
quitos. Examples of bacterial pathogens transmitted by arthropod vectors include
Yersinia pestis, the causative agent of plague, and Francisella tularensis, the caus-
ative agent of tularemia (Kock, 2015).

Different species of ticks are able to transmit eukaryotic pathogens like Babesia,
viral diseases such as tick-borne encephalitis (TBE), and bacterial agents such as
Borrelia (Brites-Neto et al., 2015). In the tick, Borrelia reside in the midgut. Upon
blood meal, Borrelia exit the gut, proceed to tick salivary glands and infect the



Review of literature 23

host along with the saliva of the tick (Piesman, 1995). This process requires the
adaptation of Borrelia to rapidly changing conditions such as increase in tempera-
ture and decrease in pH (Caimano, 2018, Stevenson et al., 2006). These and other
still unknown environmental signals result in an altered gene expression of Borre-
lia. For example, the spirochetes start to express surface proteins that are needed
in mammalian infection, such as OspC, and downregulate the expression of genes
that encode proteins required for survival in the tick, such as OspA. As a conse-
quence, Borrelia are able to transmit from the tick into a mammalian host, bypass
the skin barrier and, eventually, invade the host skin tissue and the bloodstream.

2.2.2 Adhesion of Borrelia to vascular endothelium

When the skin barrier has been bypassed, Borrelia begin to multiply and spread in
the skin and after a short delay they start to spread into distant tissues (Radolf et
al., 2012). This is thought to occur via the bloodstream (Berger et al., 1994,
Moriarty et al., 2008, Norman et al., 2008, Wormser et al., 2005). However, in
order to reach the distant tissues, Borrelia must first invade the blood circulation
and then escape the bloodstream. Transmigration across the blood endothelium
usually requires that the pathogen adheres to the vascular endothelium lining the
blood vessels (Lemichez et al., 2010). Indeed, vascular endothelium forms yet an-
other anatomical barrier that Borrelia must bypass in order to cause multisystem
infection.

Endothelium of blood vessels is heterogeneous with many structural and functional
differences depending on organ-specific requirements (Aird, 2007, Lemichez et
al., 2010). Vascular endothelia from different anatomical sites express different
sets of proteins (Aird, 2007, Page et al., 1992) which pathogens can exploit and
use as binding ligands. Moreover, vascular endothelium is covered by a gel-like
layer called glycocalyx (Gasic and Gasic, 1962, Ushiyama et al., 2016). It is com-
posed of proteoglycans and glycosaminoglycans (GAG) (Ushiyama et al., 2016).
The layer hinders the access of molecules and pathogens circulating in the blood
to the endothelial surface. Thus, it is important for a pathogen to interact not only
with the surface of endothelial cells but also with the extracellular glycocalyx ma-
trix. Heparan sulphate is considered to be the main GAG expressed on endothelium
and extracellular matrix (ECM) (Middleton et al., 2002). However, some inflam-
matory conditions have been shown to promote the alteration in the proportions of
GAGs such as the increase in the amounts of dermatan and chondroitin sulphate.

Bacterial pathogens express various molecules on their surface which mediate ad-
herence (Coburn et al., 2013). These adhesins use endothelial cell or glycocalyx
molecules as binding ligands, thus, enabling the pathogen to contact the vascular
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endothelium. Borrelia express numerous adhesins on their outer surface which
mediate binding to many components of ECM and also to endothelial cells
(Brissette and Gaultney, 2014, Coburn et al., 1998, Coburn et al., 2013, Leong et
al., 1998, Parveen et al., 2003, Salo et al., 2011, Schmit et al., 2011, Szczepanski
et al., 1990, Thomas and Comstock, 1989).

To be able to adhere to the vascular endothelium, pathogens must also resist the
shear stress of the blood flow (Lemichez et al., 2010). However, if adhesion inter-
actions to vascular wall were too strong, the pathogen might not be able to release
itself from the endothelium to reach deeper tissues (Thomas et al., 2002). Moreo-
ver, the shear stress caused by the blood flow is not constant all over the vascula-
ture but, instead, varies depending on e.g. vessel type and location (Ebady et al.,
2016, Mairey et al., 2006, Papaioannou and Stefanadis, 2005, Pries et al., 1995,
Soyer and Duménil, 2011). In low shear stress areas, the blood flow may even stop
for a few seconds (Mairey et al., 2006). Due to these features of the vasculature,
fine balanced interactions are required for a pathogen to adhere to the endothelium
and to translocate across the endothelial barrier to other tissues.

Despite the crucial effect of flow on adhesion, only a few flow-tolerant adhesins
have been described. These include the thoroughly characterized fibronectin and
GAG binding BBK32 adhesin of Borrelia (Ebady et al., 2016, Moriarty et al.,
2012, Niddam et al., 2017, Norman et al., 2008), monomannose-binding type I pili
component FimH of Escherichia coli (Feenstra et al., 2017, Thomas et al., 2004),
von Willebrand-factor binding protein of Staphylococcus aureus (Claes et al.,
2014), CD147 binding type IV pili components PilE and PilV of Neisseria men-
ingitidis (Bernard et al., 2014, Mikaty et al., 2009), and Tp0751 adhesin of Trepo-
nema pallidum (Kao et al., 2017).

The adherence of Borrelia into vascular endothelium is thought to resemble leu-
kocyte trafficking (Moriarty et al., 2012, Norman et al., 2008). First, Borrelia form
initial tethering contacts to the endothelium, after which more stable dragging con-
nections can be formed finally allowing the transmigration of Borrelia from the
bloodstream into distant tissues (Figure 4.).



Review of literature 25

Endothelial cells

(2 20 e o D0 20

Bovrrelfia Blood vessel lumen

Transmigration ~

Figure 4. Interactions of Borrelia with the blood vessel endothelium. First, Borrelia form transi-
ent tethering interactions with the endothelial cells. Then, stronger dragging interactions occur,
and finally, Borrelia transmigrate across the endothelium and penetrate deeper tissues. Adapted
from (Moriarty et al., 2012).

2.2.2.1 Decorin and biglycan

Decorin and biglycan are both small leucine-rich proteoglycans associated with
ECM (Reitsma et al., 2007, Schaefer and Schaefer, 2010). Decorin has one GAG
side chain attached to a ca. 40 kDa core protein (Reitsma et al., 2007). The GAG
side chain is either dermatan sulphate or chondroitin-6-sulphate depending on the
tissue (Heinegard and Oldberg, 1989, Hocking et al., 1996). As an example, in
connective tissues, the GAG is usually dermatan sulphate (Roughley, 2006). The
core protein of biglycan (ca. 45 kDa) is highly similar to the core protein of decorin
(Fisher et al., 1989, Heinegard and Oldberg, 1989). However, unlike decorin, bi-
glycan has two dermatan or chondroitin-6-sulphate side chains attached to the core
(Fisher et al., 1989, Reitsma et al., 2007). Moreover, the GAGs of biglycan are
smaller in size than the GAGs of decorin (Kinsella and Wight, 1988). Both of these
proteoglycans can, however, exist also without any GAG side chains e.g. on endo-
thelial cells (Valiyaveettil et al., 2004). The schematic structures of decorin, bi-
glycan, chondroitin-6-sulphate, and dermatan sulphate are presented in Figure 5.

Despite the structural similarities, the expression pattern of biglycan differs from
that of decorin. While decorin is expressed especially in connective tissue, bi-
glycan is more abundantly expressed by endothelial cells (Bianco et al., 1990,
Jarveldinen et al., 1991, Kitaya and Yasuo, 2009, Nelimarkka et al., 1997, Snow
et al., 1995). In addition, both decorin and biglycan can be expressed by various
cell types in the brain tissue (Kikuchi et al., 2000, Mohan et al., 2010, Stichel et
al., 1995).
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Figure 5. Schematic structures of decorin, biglycan, chondroitin-6-sulphate, and dermatan sul-
pahte. (A) Decorin core protein has ten leucine-rich repeat motifs with three attachment sites for
N-linked oligosaccharides, and one GAG side chain. (B) Biglycan has only two attachment sites
for N-linked oligosaccharides. Unlike decorin, it has two GAG side chains. (C) The GAGs of
decorin and biglycan are composed of repeating units of chondroitin-6-sulphate or dermatan sul-
phate. Adapted from (Edwards, 2012, Jarveldinen et al., 2015, Pichert et al., 2012, Roughley,
2006, Trowbridge and Gallo, 2002).

Biglycan and decorin are not present in the plasma of healthy individuals. How-
ever, in inflammatory conditions, these proteoglycans can be shed from the ECM
and act as immunostimulatory danger-associated molecular patterns recognized by
TLR 2 and 4 (Frevert et al., 2017, Schaefer et al., 2005). This interaction leads to
the production of cytokines like chemokine (C-X-C motif) ligand 13 (CXCL13).
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As an example, in lupus nephritis soluble biglycan stimulates TLRs to produce
CXCL13 leading to the recruitment of autoantibody producing B1 cells and, even-
tually, increased damage in the kidneys (Frey et al., 2013, Moreth et al., 2010). In
TLR2/4 dependent pathogen mediated inflammation, on the other hand, biglycan
can strengthen the host inflammatory response.

2.2.2.2 Decorin binding proteins

Decorin binding proteins A and B (DbpA/B; Dbps) are adhesins which are ex-
pressed on the surface of Borrelia during mammalian infection (Cassatt et al.,
1998, Hodzic et al., 2003). They are encoded by dbpBA operon of a linear plasmid
54 (Hagman et al., 1998, Purser and Norris, 2000) which is present universally
among Borrelia genospecies (Di et al., 2014). Dbps are anchored to the outer mem-
brane of Borrelia via an N-terminal triacyl-modified cysteine (Schulze and
Zickert, 2006).

Dbps have been shown to bind GAG side chains (dermatan and chondroitin sul-
phate) of decorin (Guo et al., 1998, Salo et al., 2011). Moreover, the decorin core
protein potentially has a role in Dbp binding as well (Benoit et al., 2011, Guo et
al., 1998). Decorin binding ability of Dbps is important for the development of
joint manifestations of LB (Brown et al., 2001) and, moreover, both DbpA and
DbpB are needed for the development of arthritis in mice (Salo et al., 2015, Xu et
al., 2007). Mutant Borrelia strains expressing only DbpA or DbpB are not as effi-
cient in colonizing the joints as the strains expressing both of these adhesins (Shi
et al., 2008a). In addition, mutant Borrelia strains lacking both Dbps show an early
dissemination defect in mice and, with low infectious doses, are not able to colo-
nize mouse joints (Imai et al., 2013, Salo et al., 2015, Weening et al., 2008).
Decorin binding ability of Borrelia is also important in colonization of the heart of
experimentally infected mice and of human LB patients (Lin et al., 2014,
Muehlenbachs et al., 2016, Shi et al., 2008b). Indeed, colocalization of Borrelia
and decorin in the cardiac autopsy samples of LB patients can be observed
(Muehlenbachs et al., 2016). Decorin-rich tissues form a protective niche for Bor-
relia against host immune defense (Liang et al., 2004a) and by quantifying DNA
load in mouse tissues infected with dbp knock-out Borrelia strains and dbp com-
plemented strains, it has been shown that Dbps have a role in the persistence of
Borrelia DNA in the joints of mice after live Borrelia have been eradicated by
antibiotic treatment (Salo et al., 2015). According to the Basic Local Alignment
Serach Tool (BLAST; https://blast.ncbi.nlm.nih.gov/Blast.cgi; accessed
11.10.2018), Dbps are unique for Borrelia even though other bacteria can also bind
the same ligands as Dbps (Laabei et al., 2018).
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The amino acid sequences of Dbps are different among the Borrelia genospecies
and even among different strains of the same genospecies (Heikkil et al., 2002a,
Heikkilé et al., 2002b, Roberts et al., 1998b, Schulte-Spechtel et al., 2006). Amino
acid sequence identity of DbpA proteins varies between 40 - 100%. The sequences
of DbpB, on the other hand, are more conserved. Amino acid sequence identity of
DbpB varies between 60 - 100%. The structures of DbpA of B. burgdorferi sensu
stricto B31 and N40, DbpA of B. garinii PBr and DbpB of B. burgdorferi sensu
stricto B31 have been solved (Feng and Wang, 2015, Morgan and Wang, 2015,
Wang, 2012). Dbps consist of five helices and a pocket-like structure composed of
basic amino acids (Wang, 2012). This binding pocket contains the lysine amino
acids which have been shown to be crucial in decorin binding and in mammalian
infection (Brown et al., 1999, Fortune et al., 2014, Pikas et al., 2003, Wang, 2012).
Overall, basic lysine residues in adhesins of different pathogens are important in
ligand binding (Fechtner et al., 2013, Seymour et al., 2010).

Even though the basic structure of the Dbps is the same, some variation can nev-
ertheless be observed (Morgan and Wang, 2015). Consequently, Dbps of different
genospecies show great variability in their ligand binding ability (Benoit et al.,
2011, Salo et al., 2011) which can then promote tissue tropism. DbpA of B. garinii
PBr is linked to heart manifestations while DbpA of B. burgdorferi sensu stricto
N40 promotes arthritis (Lin et al., 2014). Tissue tropism might also be affected by
other binding motifs on Dbps. DbpA of B. burgdorferi sensu stricto B31 has also
a heparin binding motif (Morgan and Wang, 2013). This motif, however, cannot
be detected in all Dbps of different genospecies. Also liquid flow has an important
role in the binding ability of Dbps (Salo et al., 2011). Recombinant DbpA of B.
garinii SBK40 has been shown to be flow-dependent as it exhibits binding activity
towards decorin only in flow conditions. In addition, it has been speculated that
Dbps might also have affinity for biglycan (Brown et al., 2001).

2.3 Invasion of the central nervous system

Finally, pathogens need to escape the vasculature to invade the CNS. Vascular
endothelium contains two different types of junctions between the cells; tight junc-
tions and adherence junctions. Tight junctions are formed by molecules such as
claudin, zonula occludens and occludin and adherence junctions are formed mainly
by cadherins (Lemichez et al., 2010). Junctions prevent passive flow of molecules
across the endothelium and they are tighter in arterioles than in capillaries or ven-
ules (Aird, 2007). Endothelium of arteries, capillaries, and veins of skin, brain,
heart, and lung is nonfenestrated continuous endothelium. This means that water
and small molecules can pass between the endothelial cells but larger compounds
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(> 3 nm) have to pass through transendothelial channels or use transcytosis to cross
the endothelium. In inflammatory conditions, however, the permeability of the
vasculature increases.

The CNS is protected and passive influx of pathogens is prevented by different
barriers depending on the anatomical location (Shechter et al., 2013, Spadoni et
al., 2017). These barriers are the blood-leptomeningeal barrier, the blood-brain-
barrier (BBB) and the blood-CSF-barrier.

2.3.1 The blood-brain-barrier

BBB is composed of specialized endothelial cells lining the lumen of capillaries
and post-capillary venules (brain microvasculature) (Spadoni et al., 2017). In ad-
dition, BBB endothelial cell layer is surrounded by a basement membrane, astro-
cytes, and pericytes which are all essential components in maintaining an effective
BBB function (Obermeier et al., 2013, Spadoni et al., 2017). A schematic structure
of the BBB is presented in Figure 6.

Blood vessel lumen

Specialized andothelial cells Tight junctions

Basement membrane . .
Perivascular space; cerebrospinal fluid

': Cerebral cortex

Figure 6. The components of the blood-brain-barrier (BBB). BBB is composed of specialized

endothelial cells that are connected with tight junctions. Basement membrane is located beneath
the endothelial cell layer. Cerebrospinal fluid circulates in the perivascular space. Cerebral cortex
is further protected by pericytes and astrocytes which are also considered as essential components
of the BBB. Microglia and macrophages patrol in the perivascular space and the cerebral cortex.
Modified from (Coureuil et al., 2017, Ljubimova et al., 2017, Ransohoff and Engelhardt, 2012).

There is a high number of tight junctions between the endothelial cells of the BBB
(Aird, 2007). As the number of tight junctions inversely correlates with the perme-
ability of the endothelium, the endothelium of the BBB is extremely impermeable.
Moreover, a relatively low number of leucocyte adhesion molecules are expressed
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on the endothelium of the BBB which leads to the inhibition of leucocyte infiltra-
tion into the CNS (Spadoni et al., 2017). However, the perivascular space in the
brain parenchyma contains a special population of antigen presenting cells (such
as microglia) (Spadoni et al., 2017). When these cells encounter an antigen, they
can present it to T cells, the cell population which has been reported to be able to
cross the BBB and reach the CSF (Engelhardt et al., 2016, Ransohoff and
Engelhardt, 2012, Spadoni et al., 2017). Activated T cells can then start producing
pro-inflammatory cytokines, a phenomenon which eventually may lead to the leak-
age of the BBB and infiltration of other leucocytes into the CNS. Interestingly,
shear stress has been shown to have a great impact on the endothelial physiology
of the BBB models cultured in vitro (Cucullo et al., 2011). Liquid flow induces the
expression of cell junction molecules, integrins, and vascular adhesion molecules.

2.3.2 Transmigration

Pathogens gain access into the CNS either by transmigrating through the tissue
barriers or by traversing via the olfactory, trigeminal or peripheral nerves. Out of
these, the transmigration across the BBB is the most common and well-studied
route of access. There are three possible mechanisms that pathogens can use for
transmigration. Pathogens can cross the BBB or the blood-CSF-barrier transcellu-
larly, paracellularly or by using host leucocytes as Trojan horses. Transcellular
transmigration requires pinocytosis or a specific receptor-mediated mechanism.
Trojan horse -mechanism requires that the pathogens can penetrate and survive
inside host leucocytes. Paracellular transmigration, on the other hand, is enabled
by the destruction of tight and adherence junctions between the endothelial cells.
The destruction of the junctions leads to increased permeability of the BBB.
(Dando et al., 2014)

The pathogen related virulence traits that destroy junctions are e.g. the exploitation
of the host plasminogen system or the production of hemolysins which can be toxic
to human brain microvascular endothelial cells (HBMECs) (Dando et al., 2014).
These factors are used also by Borrelia (Grab et al., 2005, Shaw et al., 2012). Ev-
idence suggests that Borrelia transmigrate across the vascular endothelium by us-
ing a paracellular route (Grab et al., 2005, Grab et al., 2009, Moriarty et al., 2008,
Nyarko et al., 2006, Pulzova et al., 2011, Szczepanski et al., 1990) and OspA sur-
face protein of Borrelia has been shown to be one of the adhesins mediating trans-
migration across the BBB (Pulzova et al., 2011). Although not studied using
HBMEC S, also integrin binding surface protein P66 of Borrelia has been shown
to be essential in transmigration across vascular endothelium as evidenced by in-
travital imaging of mice infected with fluorescent Borrelia expressing wild type
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P66, strains expressing mutated P66, or p66 knock-out Borrelia strains (Kumar et
al., 2015). In addition, motility of Borrelia is one of the key factors in vascular
transmigration (Comstock and Thomas, 1991, Moriarty et al., 2008, Sadziene et
al., 1991). Studies published on endothelial transmigration of Borrelia are pre-
sented in Table 1. Other factors that might have a role in transmigration of Borrelia
are proteases. BbHtrA degrades various ECM components (e.g. decorin and bi-
glycan) and cell junction protein E-cadherin, and this degradation likely facilitates
the transmigration (Russell et al., 2013). Interestingly, GAG-binding ability of
group B Streptococcus and Haemophilus somnus pathogens has been demon-
strated to be important in the adherence and invasion of HBMECs (Chang et al.,
2011) but the GAG-binding ability of Borrelia has not been studied in this context.

Although paracellular route of transmigration seems more likely, a few studies
have shown that Borrelia could also invade and survive in endothelial cells
(Comstock and Thomas, 1989, Ma et al., 1991, Wu et al., 2011). This suggests that
Borrelia could also use the transcellular route to access the CNS. Moreover, in-
travital imaging of GFP-expressing Borrelia in mouse vasculature has suggested
that while the majority of spirochetes use paracellular route in vascular transmi-
gration, a part of the spirochetes is able to transmigrate through endothelial cells
(Moriarty et al., 2008).
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Table 1. Studies published on endothelial transmigration of Borrelia.

Reference

Borrelia strain

Cell line / Organsim

Factors mediating

transmigration

Comstock and
Thomas, 1989

Szczepanski et al.,
1990

Comstock and

Thomas, 1991

Sadziene et al., 1991

Coleman et al., 1995

Grab et al., 2005

Nyarko et al., 2006

Moriarty et al., 2008;
Norman et al., 2008

Grab et al., 2009

Pulzova et al., 2011

Kumar et al., 2015

B. burgdorferi HB19

B. burgdorferi B31
and HBD1

B. burgdorferi HB19,
ECM-NY, SH-2-82,
N40, CA-2-87

B. burgdorferi HB19

B. burgdorferi BEP4

B. burgdorferi N40
and 297

B. burgdorferi 297

B. burgdorferi B31

derivatives

B. burgdorferi 297,
B331, B356, and
BL206

B. bavariensis SKT-
7.1 and B. burgdor-
feri SKT-2

B. burgdorferi B31

derivatives

HUVEC

HUVEC

HUVEC

HUVEC

HUVEC

HBMEC and
EAhy.926

HBMEC and
EAhy.926

C57BL/6 mice

HBMEC

Primary rat BMECs

CD1d” mice (lack

natural killer cells)

Not determined

Damage of the cell

monolayer

Viability/motility,
surface-localized

proteins of Borrelia

Motility

Plasmin of the host

Fibrinolytic system
and matrix metallo-
proteinases of the
host

Coinfection with An-

aplasma phago-
cytophilum

Motility

Calcium signaling of

the host

OspA — CDA40 inter-

action

P66 and integrin
binding
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2.4 Immune response against Borrelia burgdorferi

2.4.1 Innate immunity

Human immune defense can be divided into two parts; innate and adaptive immune
response. Innate immune mechanisms are the first line of defense against invading
pathogens. These mechanisms include the physical barriers described in chapter
2.2, specialized leucocytes (macrophages, dendritic cells [DC], granulocytes, nat-
ural killer cells), antimicrobial peptides, and the complement system.

Unspecific innate immune system is activated immediately upon contact with an
invading pathogen. When Borrelia migrate from the tick into the human skin, the
microbes soon encounter the components of the innate immune system (Petzke and
Schwartz, 2015) and EM at the tick bite site is caused by a local innate immune
response (Petzke and Schwartz, 2015, Sigal, 1997). The innate immune cells that
are present in EM lesions are macrophages, neutrophils, and DCs (Miillegger et
al., 2000, Salazar et al., 2003).

Although the cell membrane of Borrelia lacks LPS, numerous surface lipoproteins
serve as pathogen-associated molecular patterns (PAMPs) recognized by pattern
recognition receptors (PRRs) of the host immune cells (Petzke and Schwartz,
2015). TLRs are PRRs that recognize mainly extracellular and endosomal signals
(Petnicki-Ocwieja and Kern, 2014). The main TLR that interacts with Borrelia is
TLR2/1 heterodimer which, among other antigens, has been shown to recognize
lipoprotein OspA of Borrelia (Alexopoulou et al., 2002, Hirschfeld et al., 1999,
Oosting et al., 2011a, Petnicki-Ocwieja and Kern, 2014).

However, upon the initial contact with the host, Borrelia can evade the immune
system by exploiting the proteins of the tick vector (Ramamoorthi et al., 2005).
The outer membrane protein OspC of Borrelia binds tick salivary protein Salpl5.
Salp15 protects Borrelia from the immune system e.g. by interacting with DCs and
consequently dampening the immune response (Hovius et al., 2008). OspC can
also prevent the phagocytosis of macrophages although the mechanism behind the
phenomenon is not understood (Carrasco et al., 2015).

The complement system is composed of multiple proteins acting together as a cas-
cade finally resulting in the destruction of the target (de Taeye et al., 2013). The
complement system can be activated via three different pathways (classical, alter-
native, and lectin pathways). Borrelia can evade all these activation pathways ei-
ther by exploiting the complement regulator proteins of the host, exploiting tick
proteins or by using its own complement evasion mechanisms (Stone and Brissette,
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2017, de Taeye et al., 2013). Overall, many pathogens have at least one comple-
ment evasion mechanism to help them tolerate the innate immunity (Ermert and
Laabei, 2018, Fernandez et al., 2017, Yang et al., 2016).

2.42 Adaptive immunity

Adaptive immunity is considered as the second line of defense against invading
pathogens because it requires the recognition of the antigens and, thus, it is acti-
vated rather slowly. Adaptive immunity is composed of mainly T-cell mediated
mechanisms and B-cell maturation and antibody secretion. However, in addition
to innate immunity, Borrelia evade also antibody mediated immunity e.g. by anti-
genic variation and by up- or downregulating some of its surface proteins (Liang
etal., 2004b, Rogovskyy and Bankhead, 2013, Zhang et al., 1997). These strategies
help in preventing the antibody recognition. However, despite the ability of Bor-
relia to evade adaptive immunity, antibodies recognizing Borrelia structures and
surface proteins are eventually formed as evidenced by the established serology
based laboratory diagnosis of infected patients (Dessau et al., 2017, Stone and
Brissette, 2017).

243 Cytokines

Cytokines are a defense mechanism which is shared by the innate and adaptive
immune response. They are soluble proteins secreted by many different cell types
and they mediate the communication between the cells of the immune system. In-
terestingly, in addition to classical immune cells, cytokines can also be produced
by brain microvascular endothelial cells upon contact with microbes (McLoughlin
etal., 2017).

Many studies have shown that different cell types start producing cytokines when
stimulated with Borrelia (Berende et al., 2010). Borrelia trigger the secretion of
both pro- and anti-inflammatory cytokines by interacting with PRRs (especially
TLRs). The quantitative cytokine secretion upon contact with Borrelia is influ-
enced by the age and genetic factors of the patient (Oosting et al., 2011b, Oosting
et al., 2016). It has also been suggested that different Borrelia genospecies might
trigger different immune pathways and secretion of different set of cytokines
(Cerar et al., 2016, Oosting et al., 2016).
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2.4.3.1 CXCLI13

Cytokines that can recruit immune cells to the inflammatory foci are called chem-
okines. CXCL13 (also known as BCA-1 or BLC) is a chemokine which has been
shown to attract B cells and, in fact, all mature B cells express C-X-C motif chem-
okine receptor 5 (CXCRS5) which interacts with CXCL13 (Cyster et al., 2000,
Gunn et al., 1998). However, in addition to B cells, also some other cell types, like
memory T cells, can have the CXCL13 receptor on their surface.

CXCL13 is mainly expressed in peripheral lymphoid organs, like the spleen and
the lymph nodes, guiding B cells to these tissues (Cyster et al., 2000). Interestingly,
also endothelial cells have been shown to express CXCL13 on their surface in
some inflammatory conditions (Amft et al., 2001). However, it is not known
whether CXCL13 is actually produced by endothelial cells. It may also be secreted
by some other cell type and then transendothelially transported onto endothelial
surface (Amft et al., 2001, Middleton et al., 1997, Middleton et al., 2002) where
GAGs like heparin sulphate and dermatan sulphate bind these transcytosed cyto-
kines and, as a consequence, promote leucocyte migration (Middleton et al., 2002).

Besides its role as a cell trafficking chemokine, CXCL13 has other functions as
well. It has been linked to the persistence of chronic inflammation and the induc-
tion of pain receptors (Jiang et al., 2016, Wu et al., 2016). CXCL13 has also anti-
microbial activity towards both Gram-negative and Gram-positive bacteria in vitro
(Yang et al., 2003). This activity is shared also with some other chemokines and it
is speculated that antimicrobial properties are due to the cationic nature of these
molecules. It has not been reported whether CXCL13 has antimicrobial activity
towards Borrelia.

2.4.4 Immunity of Lyme neuroborreliosis

Immunity of LNB has mainly been studied in rhesus macaques (Pachner et al.,
1995b, Pachner et al., 1995a, Pachner et al., 2001a, Pachner et al., 2001b, Pachner
et al., 2002, Pachner and Steiner, 2007). T cells and plasma cells are the main
immune cell types in these Borrelia infected animals and the inflamed spinal cords
are characterized by the presence of increased amounts of IgG, IgM and comple-
ment component Clq (Pachner and Steiner, 2007). In human LNB patients, a
strong Borrelia-specific IgM and IgG antibody response can usually be observed
and the patients have increased amounts of leucocytes in their CSF.

Many different cytokines have been shown to be elevated in the CSF of LNB pa-
tients (Cepok et al., 2003, Cerar et al., 2013, Grusell et al., 2002, Grygorczuk et
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al., 2004, Henningsson et al., 2011, Liba et al., 2013, Moniuszko et al., 2014,
Nordberg et al., 2011, Rupprecht et al., 2009). The concentration of CXCL13 has
been shown to be extremely high reaching concentrations of even thousands of
picograms per ml (Henningsson et al., 2016, Hytonen et al., 2014, Remy et al.,
2017, Rupprecht et al., 2009, Schmidt et al., 2011, Senel et al., 2010, Sillanpaa et
al., 2013, Wagner et al., 2017). High concentrations of CXCL13 can be detected
in the CSF of LNB patients before any discernible Borrelia specific antibody pro-
duction (Rupprecht et al., 2008). Indeed, it is considered that once Borrelia trans-
migrate the BBB, CXCL13 is secreted in the CSF by immune cells, after which
CXCL13 recruits B cells to cross the BBB and enter the CSF. Only then B cell
derived plasma cells start producing Borrelia specific antibodies to the CSF. A
schematic figure of the process is presented in Figure 7.
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Figure 7. A schematic figure of the role of CXCL13 in immune reaction towards Borrelia. (1.)

Endothelial cells

Borrelia transmigrate across the blood-brain barrier from the bloodstream into the central nervous
system. (2.) Immune cells recognize Borrelia and (3.) start producing CXCL13. (4.) CXCL13
gradient recruits B cells into the CNS. (5.) B cells differentiate into plasma cells. (6.) Plasma cells
secrete Borrelia specific antibodies. Adapted from (Rupprecht et al., 2008).

It is not clear which cell type or types are responsible for CXCL13 production in
LNB. Studies have shown that it is produced by peripheral blood mononuclear
cells (PBMCs) when the cells have been stimulated with Borrelia in vitro
(Rupprecht et al., 2007). More precisely DCs of PBMC cell population seem to be
the main cell type producing CXCL13 upon contact with Borrelia (Narayan et al.,
2005). However, the role of PBMCs in CNS inflammation is unclear. Moreover,
CXCL13 has been shown to be present also on endothelial cells of the periventric-
ular areas of the brain in Borrelia infected rhesus macaques (Ramesh et al., 2009).



Review of literature 37

2.5 Laboratory diagnosis, treatment and prevention of Lyme borreli-
osis

2.5.1 Laboratory diagnosis

Although culturing of the infectious agents from a patient sample is the golden
standard in the laboratory diagnosis of many pathogen mediated diseases, Borrelia
culture and PCR based testing are both insensitive as diagnostic tools for LB. In-
stead, the laboratory diagnosis of LB rely on serology with the exception of EM
(Dessau et al., 2017, Steere et al., 2016). Approximately half of the patients with
EM have not yet developed Borrelia specific antibody response before they are
diagnosed and treated and, thus, EM can be diagnosed clinically without the need
of laboratory testing. All other disease manifestations are diagnosed and confirmed
based on the clinical symptoms and serology based laboratory tests. However, se-
rology based approach for laboratory diagnosis of LB has some drawbacks. In the
first weeks of the infection, antibodies have not yet been formed and serological
tests can give false negative results. It has been reported that in the USA, it takes
over a month for all the patients to become Borrelia 1gG positive (Steere et al.,
2016). IgM response usually develops earlier, yet, in the early phase of LB, it is
detectable only in less than 50% of the patients. Indeed, serological profiles of LB
patients tend to be individual depending on e.g. the duration and dissemination of
the disease, and on the treatment status (Aguero-Rosenfeld et al., 1996, Marques,
2015, Reed, 2002). Furthermore, both Borrelia specific IgM and IgG antibodies
may persist for months after treated infection which hampers the use of serological
testing in suspected reinfections. In the laboratory diagnosis of LB, also the sero-
prevalence of the population needs to be considered. In Finland, the overall sero-
prevalence of the population is 3.9% with some regional variation (van Beek et al.,
2018). The highest prevalence can be found in the southern and eastern parts of
Finland and the lowest prevalence in the North Finland.

Due to the above mentioned difficulties in serology based testing, novel methods
to LB diagnostics are actively being developed. These methods include techniques
such as transcriptomics, proteomics, and metabolomics (Badawi, 2017, Bouquet
et al., 2016, Molins et al., 2015). Until any of these new methods are proven to
work as diagnostic tests and have been verified with relevant patient material, se-
rology is the best available laboratory method for diagnosis of LB. The patients
are expected to have significant amount of Borrelia specific antibodies 6 — 8 weeks
post infection and, moreover, patients whose disease has been ongoing for over 6
weeks, should have Borrelia specific IgG response (Dessau et al., 2017). A sole
IgM response in these patients is not considered relevant without confirming IgM
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specificity. The so-called two-tier laboratory testing approach in LB diagnostics
combines multiple tests to achieve more accurate results (Dessau et al., 2017,
Steere et al., 2016). The first step is an ELISA- or other solid-phase-based test
which usually is quite sensitive but not necessarily specific. For this reason, posi-
tive samples in the first screen are confirmed with a second test which is a more
specific immunoblot or a multiplex assay. The choice and the number of tests used,
however, varies between laboratories.

Currently, there are no imaging methods available to be used as diagnostic tools
for LB. However, some studies and case reports have been published on imaging
of LB patients. Magnetic resonance imaging, single-photon emission computed
tomography, and positron emission tomography (PET) imaging have revealed
some differences in the metabolism of the brain, the lymph nodes, the spleen, and
the joints of LB patients when compared with healthy controls (Aigelsreiter et al.,
2005, Flemming et al., 2014, Kalina et al., 2005, Logigian et al., 1997, Newberg
et al., 2002, Plotkin et al., 2005).

2.5.1.1 Laboratory diagnosis of Lyme neuroborreliosis

According to the guidelines of the European federation of neurological societies
(EFNS), the diagnosis of LNB in Europe should be based on relevant neurological
symptoms, CSF pleocytosis, and the intrathecal production of Borrelia specific
antibodies (Mygland et al., 2010). If all three criteria are fulfilled, LNB is consid-
ered as a definite diagnosis. In case only two of the above-mentioned criteria are
fulfilled, a term “possible LNB” should be used. Although the guidelines state that
there is not enough evidence for the use of CSF CXCL13 as a diagnostic marker
for LNB and a clear cut-off value has not been defined, a growing body of evidence
suggests that CSF CXCL13 is a sensitive and rather specific marker for LNB both
in adults and children (Barstad et al., 2017, Bremell et al., 2013, Eckman et al.,
2018, Hytonen et al., 2014, Markowicz et al., 2018, Picha et al., 2016, Rupprecht
etal., 2009, Schmidt et al., 2011, Senel et al., 2010, Sillanpé et al., 2013, Skogman
et al., 2017, Tjernberg et al., 2011, Wutte et al., 2011, Yang et al., 2017). As ex-
plained in chapter 2.4.4, CXCL13 can be detected in the CSF before Borrelia spe-
cific antibodies are formed (Rupprecht et al., 2008). The use of CXCL13 in LNB
diagnostics is further supported by the observation that the concentration of
CXCL13 declines rapidly after antibiotic treatment (Bremell et al., 2013, Hytonen
et al., 2014, Senel et al., 2010). Thus, it could be used as a biomarker for LNB in
reinfections as well. However, increase in CSF CXCL13 concentration in some
other diseases affecting the nervous system have also been reported (Dersch et al.,
2015, Hytonen et al., 2014, Marra et al., 2010, Mothapo et al., 2015, Rubenstein
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et al., 2013, Rupprecht et al., 2009, Schmidt et al., 2011). Interestingly, one of
these conditions is neurosyphilis, a disease caused by Treponema pallidum, an-
other spirochete. Also, patients with CNS lymphoma, cryptococcosis, HIV, Afri-
can trypanosomiasis, and patients with some other inflammatory neurological dis-
eases have been reported to have highly elevated CXCL13 concentartions in the
CSF (Bremell et al., 2013, van Burgel et al., 2011, Courtioux et al., 2009, Kowarik
et al., 2012, Schmidt et al., 2011). To overcome the lack of complete specificity of
CXCL13 to LNB, combining the CSF leucocyte count to CXCL13 measurement
has recently been suggested to further improve the specificity of CXCL13
(Markowicz et al., 2018). The laboratory tests used for detection of CXCL13 in
the CSF are usually ELISA- or Luminex-based assays.

In addition to CXCL13, some studies have shown the elevation of other cytokines
in the CSF of LNB patients but the diagnostic potential of these cytokines has not
been further evaluated (Cepok et al., 2003, Cerar et al., 2013, Grusell et al., 2002,
Grygorczuk et al., 2004, Gyllemark et al., 2017, Henningsson et al., 2011, Liba et
al., 2013, Moniuszko et al., 2012, Moniuszko et al., 2014, Nordberg et al., 2011,
Rupprecht et al., 2009).

2.5.2 Treatment and prevention

LB can be treated with antibiotics and, so far, antibiotic resistance has not been
reported (Steere et al., 2016). According to Finnish guidelines and practices, EM
can be treated with amoxicillin or doxycycline, and in the case of prolonged symp-
toms, ceftriaxone can also be used (Terveysportti: www.terveysportti.fi, accessed
26.7.2018)(Hytonen et al., 2008). Almost all of the patients recover after treatment
but, for some reason, part of the patients have symptoms even after an antibiotic
treatment (Steere et al., 2016). This condition is referred to as post-treatment Lyme
disease syndrome. These patients do not have an ongoing active infection with live
bacteria and, consequently, prolonged antibiotic treatment is of no value. The cur-
rent understanding is that the ongoing symptoms are caused by immune dysregu-
lation and autoimmune mechanisms (Lochhead et al., 2018, Steere et al., 2016).

There is no vaccine available for LB and, thus, the prevention of LB relies on
avoiding contact with tick vectors (Steere et al., 2016). The best way to avoid con-
tact is to wear long sleeves and trousers when outside in tick rich areas. Also, tick
repellants can be used. Attached ticks should be removed from the skin immedi-
ately upon notice.
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3 AIMS OF THE STUDY

It is not entirely understood how Borrelia migrate from the intial infection site
to multiple distant organs and the laboratory diagnosis of LB requires develop-
ment. To fill in some of the gaps in the knowledge of Borrelia pathogenesis
and to develop and improve diagnostic methods, the following specific aims
were set.

L To study the pathogenesis of Lyme borreliosis, especially how Borrelia
adhere to vascular wall and disseminate into distant tissues

II. To study the disseminated Borrelia infection in a live vertebrate host
using in vivo imaging

III.  To develop and evaluate new methods for laboratory diagnosis of Lyme
borreliosis
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4 MATERIALS AND METHODS

4.1 Bacterial strains and culture conditions (I-II)

All bacterial strains used in this study are listed in Table 2.

Wild type Borrelia burgdorferi N40 (studies I-1I; kindly provided by Sven Berg-
strom, University of Umeé, Sweden), B. garinii SBK40 (study I; isolated from skin
biopsy), and B. afzelii A91 (study I; isolated from skin biopsy) were cultured in
liquid Barbour-Stoenner-Kelly (BSK) II medium. Genetically modified B.
burgdorferi B313 strains [study I; described in (Salo et al., 2011)] expressing the
dbpBA operon (with the promoter sequence) of B. burgdorferi N40, B. garinii
SBKA40, or B. afzelii A91 were cultured in BSK II medium supplemented with 200
ug/ml kanamycin (Sigma, Steinheim, Germany). The growth phase of Borrelia
was monitored by counting the bacterial cells in a Neubauer chamber and the ex-
periments were performed when Borrelia were at a logarithmic growth phase. Bor-
relia from mouse tissue samples were cultured in BSK II medium supplemented
with 50 pg/ml phosphomycin (Sigma) and 100 pg/ml rifampicin (Sigma) for six
weeks and the growth was monitored every two weeks with a dark-field micro-
scope. All Borrelia strains and samples were cultured in microaerophilic condi-
tions at 33°C.

For cell adhesion assays, Borrelia were stained with carboxyfluorescein diacetate
succinimidyl ester (CFSE; Molecular probes, Eugene, OR). Borrelia were washed
once with phosphate buffered saline (PBS) and then labelled with 10 uM of CFSE
in PBS in dark for 10 min at room temperature (RT). Borrelia were then washed
with PBS containing 5% fetal bovine serum, counted in a Neubauer chamber and
adjusted to 50 x 10%/ml in PBS containing 0.25% bovine serum albumin (BSA).

E. coli strains expressing recombinant Borrelia proteins are described elsewhere
(Heikkild et al., 2002a, Heikkild et al., 2002b, Salo et al., 2011). E. coli
BL21(DE3)pLysS used to overexpress recombinant DbpA and B proteins of B.
burgdorferi N40 was cultured in lysogeny broth or agar supplemented with 34
pug/ml chloramphenicol (USB Corporation, Cleveland, OH) and 30 pg/ml kana-
mycin (Sigma) at 37°C. E. coli M15(pREP4) used to overexpress recombinant
DbpA and B proteins of B. garinii SBK40 and B. afzelii A91 were cultured in
lysogeny broth or agar supplemented with 25 pg/ml kanamycin (Sigma) and 34
pg/ml ampicillin (Sigma) at 37°C.
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Table 2. Bacterial strains used in this study.

B. burgdorferi N40

1p25, 1p28-2, 1p28-4,
1p28-5, 1p36, Ip38,
cp9, cp32-4, cp32-5,
cp32-7, ¢p32-9, cp32-
10, cp32-12

isolated from a tick

Bacterial strain Genetic features / Other special Reference
phenotype features
cp26, Ip54, Ip17, BorreliaBase:

www.borrelia-
base.org; accessed
9.10.2018; Anderson
etal., 1990

B. garinii SBK40

genome content not
published, has at least
Ip54 (contains dbpBA)

isolated from the skin
of a Finnish patient

Heikkild et al., 2002a

B. afzelii A91

genome content not
published, has at least
1p54 (contains dbpBA)

isolated from the skin
of a Finnish patient

Heikkild et al., 2002a

B. burgdorferi B313

cp26, cp32-1, cp32-2,
cp32-7, cp32-3, Ip17

no Ip54 (which con-
tains dbpBA), high
passage derivative of
type strain B31, plas-
mids lost during pro-
longed in vitro culti-

Ziickert et al., 2004

vation
B. burgdorferi B313 + | ¢p26, cp32-1, cp32-2, transformed with
pBSV2 cp32-7, cp32-3, Ip17 pBSV2 (Km') Salo etal., 2011
B. burgdorferi B313 + transformed with
DbpAB/B. ccpzfz’_;piz'}lz’_gpfzﬁ’ pBSV2 + dbpBA/B. Salo et al., 2011
garinii P - P » P garinii SBK40

B. burgdorferi B313 +

cp26, cp32-1, cp32-2,

transformed with

DbpAB/B. burgdor- pBSV2 + dbpBA/B. Salo et al., 2011
feri cp32-7, ¢p32-3, Ipl7 burgdorferi N40
transformed with
B. burgdorferi B313 + | ¢p26, cp32-1, cp32-2,
; = B B pBSV2 + dbpBA/B. Salo et al., 2011
DbpAB/B. afzelii cp32-7, cp32-3, 1pl7 afzelii A9

E. coli
BL21(DE3)pLysS +
DbpA/B. burgdorferi

F ompT hsdSg(rs
mg’) gal dem (DE3)
pLysS (Cm®)

transformed with
pET-30 EK/LIC +
dbpA/B. burgdorferi
N40 (Km")

Salo et al., 2011

E. coli
BL21(DE3)pLysS +

F ompT hsdSs(rs”
mg’) gal dem (DE3)

transformed with
pET-30 EK/LIC +
dbpB/B. burgdorferi

Salo et al., 2011

DbpB/B. burgdorferi pLysS (Cm®) N0 (Kn)
. F~, ®80AlacM15, thi, transformed with
E'fslé 1\:} g(pfrlfn};f) lac-, pQE30 + dbpA/B. ga- | Heikkil et al., 2002b
PAB.& mtl-, recA+ , Km®R rinii SBK40 (Amp")
E. coli M15(pREP4) | F, ®80AlacM15, thi, transformed with
+ DbpB/B. lac-, pQE30 + dbpB/B. ga- | Heikkild et al., 2002a
garinii mtl-, recA+, Km® rinii SBK40 (Amp")

E. coli M15(pREP4)

F~, ®80AlacM15, thi,

transformed with

+ DbpB/B. afzelii

mtl-, recA+ , Km®

afzelii A91 (Amp")

. lac-, PQE30 + dbpA/B. Heikkil4 et al., 2002b
T DbpAJB-afzelii | oAt KmR | afelii A91(AmpY)
. F~, ®80AlacM15, thi, transformed with
E. coli M15(pREP4) lac-, pQE30 + dbpB/B. | Heikkili et al., 2002a
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4.2 Cell lines (I)

All cell lines were collected and used following the ethical guidelines (see chapter
4.12).

4.2.1 Human foreskin fibroblasts (I)

The primary human foreskin fibroblasts (HFFs) were kindly provided by Docent
Tytti Vuorinen (Institute of Biomedicine, University of Turku) and were cultured
in Dublecco’s modified Eagle’s medium (Invitrogen, Waltham, MA) with 7% fetal
calf serum (HyClone, Logan, UT) and gentamicin (Nalgene, Rochester, NY) in a
cell culture incubator with 5% COzat 37°C. The cells were passaged once a week.

4.2.2 Human umbilical vein endothelial cells (1)

Primary human umbilical vein endothelial cells (HUVECs) from individual donors
were used in stationary adhesion studies and in the detection of proteoglycan ex-
pression, and were kindly provided by Professor Marko Salmi (Institute of Bio-
medicine, University of Turku). The cells were cultured in EGM™-Plus Bul-
letKit™ medium (Lonza, Basel, Switzerland) with penicillin and streptomycin
(Sigma). The primary HUVECs used in adhesion studies under flow conditions
were pooled cells from multiple donors (Lonza). These cells were cultured in
EGM™-2 medium supplemented with BulletKit™ (Lonza). All HUVECs were
cultured in a cell culture incubator with 5% COz at 37°C.

4.2.3 Human brain microvascular endothelial cells

Immortalized human brain microvascular endothelial cells (HBMECs) were
kindly provided by Professor Tomomi Furihata (Chiba University, Chiba, Japan)
and have been described elsewhere (Furihata et al., 2015, Kamiichi et al., 2012).
The cells were cultured in Complete Medium with serum (Cell Systems, Kirkland,
WA) supplemented with penicillin and streptomycin (Sigma) and 4 pg/ml Blasti-
cidine S (Sigma) in a cell culture incubator with 5% CO- at 33°C. The cells were
seeded and cultured in medium containing Cultureboost-R™ (Cell Systems) 1 X
10° /ml or 4 x 10° /ml on culture dishes and Costar™ Transwell™-COL inserts
(Corning Incorporated, Corning, NY), respectively. The cells were grown for three
days after which the medium was changed to Complete Medium with serum and
antibiotics but no Cultureboost-R™. In addition, 180 nM of hydrocortisone
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(Sigma) was added to the culture. The cells were then cultured for additional nine
days (altogether 12 days post inoculation) and the medium was changed every
other day to Complete Medium with serum, antibiotics, and hydrocortisone but no
Cultureboost-R™, All experiments were performed 12 days post inoculation.

4.3 Tissue samples (I-IV)

All tissue samples were collected and used following the ethical guidelines (see
chapter 4.12).

4.3.1 Paraffin-embedded human tissues (I)

Human tissue samples used in immunohistochemical stainings were kindly pro-
vided by Mirva Soderstrom (Department of Pathology, Turku University Hospi-
tal). Tissues were fixed with formalin for 24 hours, dehydrated, paraffin-embedded
and sectioned.

4.3.2 Cerebrospinal fluid samples (I11-1V)

Retrospectively identified CSF samples had been obtained from patients by lumbar
puncture after which the samples were sent to the Clinical microbiology laboratory
of Turku University Hospital at RT. The samples were stored at 4°C until the initial
diagnostic assays were performed. After that, the samples were stored in -20°C.

In study I11, the samples were obtained from 43 LNB patients, 19 non-LNB control
subjects (samples sent to the Clinical microbiology laboratory of Turku University
Hospital for Borrelia antibody analysis and found to be Borrelia antibody nega-
tive), 18 TBE patients, and 31 multiple sclerosis (MS) patients. Follow-up samples
from 23 out of the 43 LNB patients obtained after the antibiotic treatment (6-380
days after intravenous ceftriaxone and /or oral doxycycline) were also analyzed.
In study IV, the samples (n = 225) were from 220 individual patients with the final
diagnosis available for 94 of them (13 LNB patients, 13 LB patients, 9 patients
with suspected LNB, 9 TBE patients, and 50 Borrelia antibody negative patients).
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4.3.3 Histology of mouse joint samples (1)

The tibio-tarsal joints of mice were formalin-fixed, demineralized, embedded in
paraffin, sectioned, and stained with hematoxylin-eosin. Joint inflammation was
analyzed from sagittal joint sections and scored on a scale from zero to six based
on the evaluation of synovial proliferation and the signs of active and chronic in-
flammation. The researcher was unaware of the infection status of the mice.

4.4 Detection of proteoglycan expression of tissues and cells (I)

4.4.1 Immunohistochemistry (I)

For detection of decorin and biglycan from human tissues, sectioned tissue sam-
ples were incubated with monoclonal biglycan antibody clone 4E1-1G7 (dilution
1:1000; Abnova, Taipei, Taiwan) or monoclonal decorin antibody clone 9XX (di-
lution 1:300; Santa Cruz Biotechnology, Dallas, TX) for 1 hour at RT. Horseradish
peroxidase (HRP) -labeled secondary antibody treatment and diaminobenzidine-
based detection were performed with EnVision detection kit (Dako, Hamburg,
Germany) using an automated staining machine (LabVision Corporation, Fremont,
CA). After secondary antibody, epitope retrieval was performed in a microwave
oven in Tris - ethylenediaminetetraacetic acid (EDTA) buffer (pH 9).

4.4.2 Antibody staining of cultured cells (I)

To detect biglycan and decorin expression on cultured HUVECs and HBMEC:s,
the cells were grown on 8-well chamber slides (HUVECs: Nunc™ Lab-Tek™
Chamber Slides; HBMECs: Nunc™ Lab-Tek™ II CC2™ Chamber Slides;
Thermo Fisher Scientific, Vantaa, Finland) until confluency (HUVECsS) or for 12
days (HBMECs). The cells were fixed with acetone, washed twice with 0.05%
Tween® 20 in PBS (PBS-T) and stained with monoclonal anti-biglycan clone 3E2
(HUVECs; dilution 1:50; Dako), monoclonal anti-biglycan clone 4E1-1G7
(HBMEC:sS; dilution 1:50; Abnova) or monoclonal decorin antibody clone 9XX
(dilution 1:50; Santa Cruz Biotechnology) for 1 h at 37°C. Unbound antibody was
removed by washing the cells with PBS-T. HRP-labeled anti-mouse IgG (dilution
1:1000, Santa Cruz Biotechnology) was used as a secondary antibody and incu-
bated with the cells for 1 hour at 37°C. After washing the cells, AEC substrate
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[1mM 3-amino-9-ethylcarbazole, 5% (v/v) dimethylformamide, 0.1% (v/v) hydro-
gen peroxidase in acetate buffer (pH 5.5)] was used for detection. Cells without
primary antibody served as controls.

4.4.3 Western blot analysis (1)

For detection of proteoglycans from HUVECsS, the cells were washed once with
serum containing growth medium and once with PBS. Washed cells were then
lysed with lysis buffer (20% Triton X-100, 1.5 M NacCl, 0.1 M Tris-base, 15 mM
MgCl) for 1 h on ice. Cell debris was removed by centrifugation and the superna-
tant fraction was collected for analysis.

To detect proteoglycans from HFFs, the growth medium of the cells near conflu-
ence was changed to starvation medium (medium without serum) and the incuba-
tion of the cells was continued overnight. Proteoglycans were detected in the star-
vation medium which was first concentrated ca. tenfold with centrifugal filters
(Amicon Ultra-15 centrifugal filter unit 10000NMWL, Millipore, Cork, Ireland).

All samples were treated with chondroitinase ABC (Sigma) for 3 h at 37°C in
chondroitinase ABC buffer (0.3 M Tris, 0.06% BSA, 30 mM NaAc, pH 8,0) before
the Western blot analysis. To detect biglycan and decorin, the blot was stained with
monoclonal anti-biglycan clone 3E2 (dilution 1:500; Santa Cruz Biotechnology)
or monoclonal decorin antibody clone 9XX (dilution 1:500; Santa Cruz Biotech-
nology) and HRP-labeled anti-mouse IgG (dilution 1:10000; Santa Cruz Biotech-
nology). As a loading control, glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) detection was performed using monoclonal antibody clone 6C5 (dilu-
tion 1:20000; HyTest Ltd, Turku, Finland). Also controls without primary anti-
body were included in the analysis. Enhanced chemiluminescence (ECL) reagents
(GE Healthcare, Buckinghamshire, UK) were used for detection.

4.4.4 Flow cytometry analysis (I)

HUVEC: treated with small interfering RNA (siRNA) were detached using 5 mM
EDTA. Biglycan expression was then detected using monoclonal biglycan anti-
body clone 4E1-1G7 (dilution 1:1000; Abnova) and adenylate kinase 1 antibody
(in Vivo Biotech Services, Henningsdorf, Germany) was used as a negative con-
trol. R-phycoerythrin-conjugated goat anti-mouse IgG (Southern Biotech, Bir-
mingham, AL) was used as a secondary antibody. The fluorescence was detected
using FACSCalibur instrument (Becton-Dickinson, Franklin Lakes, NJ) and the
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data were analyzed with FlowlJo software (Tree Star, Ashland, OR). The percent-
age of positive cells was calculated by subtracting the values obtained with nega-
tive control antibody from the values obtained with the biglycan antibody. Geo-
metric mean fluorescence intensities (MFIs) were calculated without subtracting
the negative control antibody values.

HBMECs were detached from culture dish with 0.1% trypsin-EDTA. The cells
were then washed once with serum containing culture medium and fixed for 5 min
at 33°C with 4% paraformaldehyde (Santa Cruz Biotechnology). The fixative was
removed by washing the cells three times with PBS. Unspecific protein-protein
interactions were blocked by treating the cells with 0.1 M glycine in PBS for 5 min
at RT. Proteoglycan expression was detected using monoclonal biglycan antibody
clone 4E1-1G7 (dilution 10ug/ml; Abnova) or monoclonal decorin antibody clone
9XX (dilution 10pg/ml; Santa Cruz Biotechnology). Mouse 1gG1 (1 pg; Caltag
Laboratories, Carlsbad, CA) and mouse IgG2a k clone eBM2a (1 pg; Thermo
Fisher Scientific) were used as isotype control antibodies. Goat anti-mouse IgG
Alexa Fluor 488 (1:1000; Invitrogen) was used as a secondary antibody. Also, as
a control, a sample treated with the secondary antibody only was analyzed. The
fluorescence was detected using Accuri™ C6 (Becton-Dickinson) or LSR II (Bec-
ton-Dickinson) and the data was analyzed with Flowing software 2 (version 2.5.1.
by Perttu Terho, Turku Center for Biotechnology, University of Turku, Finland).

4.4.5 Expression of proteoglycan mRNA by the cells

RNA was extracted from HBMECs with RNeasy kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. Also, on-column DNA digestion was
performed as instructed. Complementary DNA (cDNA) was created with Quan-
tiTect® Reverse Transcription kit (Qiagen) by using extracted RNA samples as
starting material. As a control, reactions without reverse transcription enzyme were
also performed. The relative quantification of biglycan and decorin messenger
RNA (mRNA) was performed using reverse transcription PCR (RT-PCR) with
SYBR Green (Roche, Basel, Switzerland) and LightCycler® 480 (Roche) accord-
ing to the manufacturer’s instructions. Expression of GAPDH mRNA was used as
a reference. The primer sequences and PCR conditions used are described in Table
3.
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Table 3. Primers and PCR conditions used in this study.

Primers used in mRNA analysis

PCR conditions in mRNA analysis

Biglycan forward (based on sequence with
accession number NM_001711.5):
GGCCTACTACAACGGCATCAG

Biglycan reverse (NM_001711.5): 1. 50°C2 min
AAAGTGGCCGGCTGCA 2. 95°C10 min
Decorin forward (BC005322.1): 3. 40cycles:
TCTGCCCACCTGGACACA e 95°C10s
Decorin reverse (BC005322.1): e 60°C10s
TGGACCGGGTTGCTGAAA e 72°C10s
GAPDH forward (BC025925.1): 4. melt curve
CTTAGCACCCCTGGCCAAG 5. 40°C
GAPDH reverse (BC025925.1):
TGGTCATGAGTCCTTCCACG
Primers used in quantitative PCR PCR conditions in quantitative PCR
1. 90°C5min
flaB forward (Jenkins et al., 2012): 2. 45 cycles:
TCAAGAAATAATGCTATTAATGCTGCTAA e 95°C10s
e 58°C10s
flaB reverse (Jenkins et al., 2012): e 72°C12s
CCAGCAGCATCATCAGAAGCT 3. meltcurve
4. 40°C

4.4.6 Small interfering RNA silencing of biglycan expression (I)

The cells were grown with EGM™-Plus BulletKit™ medium (Lonza) without an-
tibiotics for 24 h before the mRNA expression of biglycan was silenced with ON-
TARGET plus human biglycan smart pool siRNA (Thermo Fisher Scientific,
Dharmacon, Vantaa, Finland). Biglycan siRNA or control siRNA were transfected
into the cells with a lipofection kit (Lipofectamine RNAIMAX, Invitrogen,
Thermo Fisher Scientific) according to the manufacturer’s instructions. The cells
were then grown for additional three days before further analyses.

4.5 Purification of recombinant proteins from Escherichia coli (1)

The recombinant His-tagged DbpA and B proteins were purified under native con-
ditions from E. coli M15 and BL21 strains with Ni-NTA agarose (Qiagen). Iso-
propyl B-D-1-thiogalactopyranoside (IPTG) induced E. coli cultures were har-
vested and the cell suspension was resuspended in Na-phosphate buffer (pH 8).
Benzonase (1 pl/ml; Merck Millipore, Burlington, MA) and 1 mM protease inhib-
itor phenylmethylsulfonyl fluoride (PMSF) were added to the suspension after
which the bacterial cells were lysed by sonication. Cell debris was removed by
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centrifugation and the supernatant lysate containing the recombinant proteins was
collected. His-tagged recombinant proteins were then coupled with Ni-NTA aga-
rose beads. The beads were washed and bound proteins were eluted with rising
amounts of imidazole (up to 200 mM). The purity of the eluted proteins was veri-
fied by standard SDS-PAGE staining (SimplyBlue™ SafeStain; Invitrogen) after
which the proteins were dialyzed against PBS. The concentrations of the dialyzed
proteins were measured with Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific) according to the manufacturer’s instructions.

4.6 Protein adhesion experiments (I)

4.6.1 Adhesion of recombinant Dbps to proteoglycans in static conditions (I)

Purified recombinant Dbp proteins were coated on enhanced binding microtiter
plate strips (Thermo Fisher Scientific) 10 pg/ml 100 pl/well for 1 h at 37°C after
which the wells were blocked with 1% BSA. Biotinylated biglycan (10 nM; Sigma,
biotinylated with EZ-Link NHS-LC-Biotin (Pierce, Rockford) according to man-
ufacturer’s instructions)) was then allowed to adhere to the Dbps. Unbound bi-
glycan was removed by washing the wells with PBS-T and the bound biglycan was
detected using alkaline phosphatase conjugated to streptavidin (1 pg/ml; Pierce™,
Thermo Fisher Scientific). The results were measured with Multiskan EX spectro-
photometer (Thermo Fisher Scientific) and expressed as OD4os values subtracted
with the average absorbance of wells without biotinylated proteoglycan.

To inhibit the adhesion of DbpB of B. garinii and DbpB of B. burgdorferi to bi-
glycan, the inhibitors were incubated with the Dbps coated on microtiter plates for
1 h at 37°C. After the incubation, biotinylated biglycan was added to the reaction
and allowed to adhere to the Dbps. Detection of bound biglycan was then per-
formed as mentioned above. Dermatan sulphate (50 pg/ml, Sigma), chondroitin-4-
suphate (50 pg/ml; Sigma), and chondroitin-6-sulphate (50 pg/ml, Sigma) were
used as inhibitors. Biglycan (0.1 uM) and BSA fraction V (1 puM; Serological Pro-
teins Inc., Kankakee, IL) were used as a positive and a negative control, respec-
tively.
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4.6.2 Adhesion of recombinant Dbps to proteoglycans under flow (I)

The affinity of Dbps to biglycan under liquid flow was analyzed by surface plas-
mon resonance assay with Biacore® X (GE Healthcare) according to the manufac-
turer’s instructions with a flow rate of 10 pul/min. Purified and dialyzed Dbps were
concentrated with centrifugal filters 4000 g 20 min at 4°C (Amicon Ultra-15 cen-
trifugal filter unit 1I0000NMWL; Merck, Millipore) and immobilized on CMS5 sen-
sor chips (GE Healthcare) 50 pug/ml in 10 mM sodium acetate buffer (pH 5) by
amine coupling (GE Healthcare) according to the manufacturer’s instructions.
Control cells in sensor chips were treated with the same sodium acetate buffer
lacking the adhesins. Biglycan was diluted to 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid (HEPES) running buffer (GE Healthcare) and injected into
the flow cells at concentrations of 0.1 uM, 0.5 uM, and 1 uM. BSA dissolved in
running buffer (1 pM) was used as a negative control ligand. The data was ana-
lyzed using BIAevaluation software version 4.1 (GE Healthcare).

4.7 Adhesion of Borrelia to endothelial cells (I)

4.7.1 Adhesion of Borrelia to endothelial cells under static conditions (I)

For bacterial adhesion assays, HUVECs were cultured on Lab-Tek 8-well chamber
slides (Nunc, Rockhester, NY) for two days and HBMECs were cultured on View-
Plate-96 Black plates (PerkinElmer, Waltham, MA) for 12 days. The cells were
fixed with ice cold acetone for 15 min at RT. The fixative was removed by washing
the cells twice with PBS-T. The nuclei of HBMECs were stained with 4',6-dia-
midino-2'-phenylindole dihydrochloride (DAPI; 2.5 pg/ml) for 5 min at RT and
the actin cytoskeletons of HBMECs were stained with Alexa Fluor™ 568 Phal-
loidin (Thermo Fisher Scientific) for 60 min at RT. Unbound dyes were removed
by washing the cells twice with PBS. CFSE-stained Borrelia (107 bacteria) were
allowed to adhere to the cells for 60 min at 37°C. Unbound bacteria were removed
by washing the wells twice with PBS. After the washes, 100ul of PBS was added
to the wells of 96-well plates while the chamber slides were left to dry. Borrelia
adhered to HUVECs were visualized with confocal microscope Zeiss LSM 780
(Oberkochen, Germany) and images of 5 to 10 random fields per well were rec-
orded. Borrelia adhered to HBMECs were imaged with EVOS FL Auto Cell Im-
aging System (Thermo Fisher Scientific) and two random fields per well were rec-
orded (ca. 400 cells/field). The data were analyzed with Imagel software (devel-
oped at the National Institutes of Health, Bethesda, MD). Adhesion of Borrelia to
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HUVEC:s is reported as bacteria per field and the adhesion of Borrelia to HBMECs
is reported as bacteria per 100 cells.

4.7.2 Inhibition of adhesion of Borrelia to endothelial cells (I)

Inhibition assays were performed to find out the possible binding ligand of Borre-
lia in HUVECs. Biglycan (1 uM; from bovine cartilage, Sigma), dermatan sul-
phate (50 pg/ml; Sigma), and chondroitin-6-sulphate (50 pg/ml; Sigma) were used
as inhibitors. The inhibitors were pre-incubated with CFSE-labelled Borrelia for
one hour at 37°C. As a control, reactions without inhibitors were also perfomed.
After the pre-incubation, the assay was carried out like the adhesion of Borrelia to
HUVECs under static conditions.

Borrelia-HUVEC adhesion was also inhibited by removing the GAG chains from
the endothelial cell layer with chondroitinase ABC (Sigma). The cells were grown
for two days on Lab-Tek 8-well chamber slides (Nunc), washed twice with PBS,
and treated with 10 mM chondroitinase ABC (diluted in enzyme buffer; 50 mM
Tris Base, 5 mM sodium acetate, 0.01% BSA) in Roswell Park Memorial Institute
medium (RPMI 1640; Thermo Fisher Scientific) for two hours at 37°C in a CO;
incubator. The cells were then washed and CFSE-stained Borrelia were allowed
to adhere to the cells as in the static adhesion experiment.

4.7.3 Adhesion of Borrelia to endothelial cells under flow (I)

Adhesion of Borrelia to HUVECs was analyzed under flow conditions. HUVECs
were seeded on Ibidi 1 p-SlideVI®# ibiTreat flow chamber slides (Ibidi GmbH,
Planegg, Martinsried, Germany) at a density of 1.8 x 10° /ml and grown to two
days post-confluence. During the culture, the culture medium was changed daily.
To verify the confluency of the cell layer, the cells were stained with CellMask™
Deed Red plasma membrane stain (Molecular Probes).

Borrelia were stained with fluorescent CellMask™ Orange plasma membrane
stain (1:2000; Molecular Probes), adjusted to 108 bacteria/ml in Hanks’s Balanced
Salt Solution (HBSS) and transferred into 10 ml syringes. The syringes were then
connected to flow chamber inlets using silicon tubing elbow adaptors (Ibidi
GmbH) and placed in a syringe pump apparatus (Model: NE1000, New Era Pump
Systems Inc., Farmingdale, NY). Borrelia were perfused through flow chamber
channels at 1 dyne /cm? which corresponds the reported physiological shear stress
of post-capillary venules (Ebady et al., 2016). Interactions between Borrelia and
HUVECs were monitored by recording two-minute videos with a custom-built
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spinning disk confocal microscope (Quorum Technologies Inc., Guelph, ON, Can-
ada) equipped with a Zeiss Axiovert 200M inverted fluorescence microscope with
an EMCCD camera at 15 frames /second (25 x objective). The videos were ana-
lyzed in Volocity software (PerkinElmer). Brightly fluorescent Borrelia which
paused during flow through a 100 um x 30 um field of interest were counted and
the results were expressed as bacteria per 120 seconds.

4.8 Transmigration of Borrelia across the endothelial cell layer

4.8.1 Characterization of the permeability of HBMEC cell layer

Before transmigration experiments, the permeability of HBMEC cell layer was
analyzed with three different methods.

To analyze the free flow of ions across the cell layer, transendothelial electrical
resistance (TEER) of the cells grown in transwell chambers was measured with
EVOM2 Epithelial Volt/Ohm Meter (World Precision Instruments, Sarasota, FL)
according to the manufacturer’s instructions with an STX2 electrode (World Pre-
cision Instruments).

To measure whether small molecules can passively cross the HBMEC layer, the
cells were incubated with small molecule compound Lucifer yellow (LY;
0,45kDa). The amount of LY that passed through the cellular layer during the in-
cubation was measured. HBMECs were washed once with LY buffer (20 mM
HEPES, 1.25 mM CaCly, 0.5 mM MgClz in HBSS, pH 7.4) after which 670 pl of
the buffer was added to the basolateral compartment and 150 pl of freshly dis-
solved LY in LY buffer (0.1 mg/ml; Sigma) was added on top of the cells to the
apical compartment. Cells were then incubated at 33°C. At time points 2, 4, 6, 8,
15, 30, and 60 minutes a 10 ul sample was removed from the basolateral compart-
ment, mixed with 90 ul of LY buffer and transferred into a 96-well plate (96F
Nontreated White Microwell SI; Thermo Fisher Scientific). Also, a dilution series
of LY was prepared and added to the 96-well plate to create a standard curve. The
fluorescence of the samples was then measured with Infinite® 200 PRO (Tecan,
Mainnedorf, Switzerland). The permeability coefficient was determined as de-
scribed elsewhere (Takata et al., 2013).

To analyze the ability of HBMECs to form tight junctions, tight junction protein
zonula occludens-1 (ZO-1) was stained with fluorescent antibody. The cells were
grown on ViewPlate-96 Black plates (PerkinElmer) for 12 days. The cell culture
medium was removed and the cells were fixed with 4% paraformaldehyde (PFA;
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Santa Cruz Biotechnology) for 15 min after which the fixative was removed by
washing the cells three times with PBS. The cells were permeabilized with 0.1%
Triton™ X-100 in PBS for 15 min, washed and blocked with 3% BSA in PBS for
1 h. Fluorescent ZO-1 antibody (Thermo Fisher Scientific) was diluted in the
blocking solution 1:500 and incubated with the cells for 3 h in the dark. Unbound
antibodies were removed by washing the cells three times with PBS after which
the nuclei of the cells were stained with 2.5 pg/ml of DAPI (Sigma) for 5 min. The
cells were then washed with PBS and imaged with EVOS FL Auto Cell Imaging
System (Thermo Fisher Scientific; 20x objective). All incubations were performed
at room temperature.

4.8.2 Transmigration analysis

HBMECs were cultured on Costar™ Transwell™-COL inserts (Corning Incorpo-
rated) for 12 days after which the cells were washed with PBS and 107 Borrelia in
cell culture medium were added to the apical side on top of the membranes. Bor-
relia were allowed to transmigrate for 5 h after which the medium containing trans-
migrated Borrelia was removed from the basolateral compartment. The amount of
transmigrated Borrelia was analyzed by extracting the DNA from the medium
samples with High Pure PCR Template Preparation kit (Roche) as instructed by
the manufacturer. DNA was then used as a template in quantitative PCR (qPCR).

Quantitative PCR was performed by using the flaB gene as a target with SYBR
Green (Roche) and LightCycler® 480 (Roche) according to the manufacturer’s
instructions. Standard curve was prepared by extracting DNA with High Pure PCR
Template Preparation kit from a known number of spirochetes. A standard curve
was prepared from each of the studied genospecies. The qPCR protocol and the
primers are described in Table 3.

4.9 In vivo imaging of Lyme borreliosis (II)

4.9.1 Experimental design (II)

The experimental design is presented in Figure 8. B. burgdorferi N40 strain was
used to infect twenty-two C3H/HeNhsd mice (Harlan Laboratories, Horst, the
Netherlands). Before the infection, Borrelia were washed twice with PBS and ad-
justed to 107 bacteria/ml in PBS. Mice were infected intracutaneously in the lower
back with a dose of 10° bacterial cells (100 pl). Four mice were injected only with
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an equal volume of sterile PBS to serve as infection controls. After four weeks of
infection, eight of the Borrelia-infected mice were treated with antibiotics by ad-
ministrating 25 mg /kg of ceftriaxone (Rocephalin®; Roche, Espoo, Finland) sub-
cutaneously twice a day for a total of five days. The joint swelling of each mouse
was monitored once a week by measuring the mediolateral diameter of the hind
tibio-tarsal joints. The measurer was unaware of the infection status of the mice.

Animals
10fEe—g—o—alitic—g 2 Infected + treated
9 Foo—o—o—olillg 2 Infected + treated
gloo—o—oo o8 2 Infected
T HFoe—60—6——-6 il 2 Infected

w © —ee—e—e—$ 2 Infected
5
3 5lo0—o0—8 2 Infected
0]
4 _e.e_$ 2 Infected
4 Infected + treated
4 Control
1 4 Infected

Weeks after infection

Q Joint swelling measurement
Y FDG PET/CT imaging of two animals
¥ Antibiotic treatment
Samples from two animals for histology,
culture, and FDG ex vivo gamma counting
* Only one animal imaged

%% Imaging only from one animal; ex vivo gamma counting,
histology, and culture from two animals

Figure 8. Experimental design of the in vivo imaging study. Twenty-two mice were infected with
Borrelia and four mice were left as uninfected controls. Eight of the infected mice were treated

with antibiotics four weeks after infection. Modified from the original publication II.

Two infected mice were imaged with combined positron emission tomogra-
phy/computed tomography (PET/CT) and killed each week from two weeks up to
seven weeks after infection. Whole blood, plasma, thymus, lungs, lymph nodes,
liver, pancreas, spleen, kidney, small intestine, a piece of muscle, a bone sample
from tibia, white adipose tissue, brown adipose tissue, brain, and urine were col-
lected from the mice for ex vivo gamma counting. At the time of imaging, the more
swollen hind tibio-tarsal joint was analyzed by ex vivo gamma counting and his-
tology. The other hind tibio-tarsal joint, skin sample form ear, the bladder and the
heart were also collected for ex vivo gamma counting and these tissues were also
subjected to Borrelia culture.
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Six mice (two infected, two infected and treated, and two controls) were followed
throughout the experiment by imaging them first three days after infection and then
once a week for a total of seven weeks. The mice were then killed and tissues
collected for further analyses.

4.9.2 Positron emission tomography/computed tomography (I11)

Mice were fasted for 4 h before PET/CT imaging. Anaesthetized mice were intra-
venously injected with ['®F]fluorodeoxyglucose (['*F]FDG; 10 + 0.28 MBq) via
cannulated tail vein. A 20 min static PET imaging with Inveon Multimodality
PET/CT (Siemens Medical Solutions, Knoxville, TN) was performed an hour after
tracer injection. Before PET imaging, CT was performed for anatomical reference
and for attenuation correction. This enabled defining regions of interest to specific
organs so that quantitative PET analysis could be performed with Inveon Research
Workplace 4.1 software (Siemens Medical Solutions, Malvern, PA). Quantitative
PET data was analyzed from tibio-tarsal joints and axial and inguinal lymph nodes.
Blood glucose concentrations of the mice were monitored with a glucometer
(Bayer Contour, Bayer, Leverkusen, Germany) before the ['*F]FDG injection and
again after the PET imaging. The tracer accumulation was expressed as standard-
ized uptake values with blood glucose correction (in vivo SUV giyc).

Ex vivo gamma counting was performed from excised tissues with a gamma coun-
ter (Triathler 3°’; Hidex, Turku, Finland). The radioactivity measurements were
corrected for the radionuclide decay to the time of the injection, weight of the tis-
sue and animal, and blood glucose concentration. The results were expressed as ex
vivo SUVlye.

4.10 Cytokine analyses (II1-1V)

4.10.1 Multiplex cytokine analysis (111)

Cytokine levels of CSF samples were measured with a magnetic bead suspension
array using the Bio-Plex Pro Human Cytokine 21- and 27-plex panels (Bio-Rad
Laboratories, Hercules, CA) as previously described (Nieminen et al., 2014,
Santalahti et al., 2016, Wang et al., 2016). Standard curves for each analyte were
generated using recombinant cytokines included in the kit. Standards were ana-
lyzed in duplicates and human samples in one well. Individual concentration read-
ings which remained below the measuring range of the assay were given a value
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that corresponded to a half of the lowest standard concentration of the respective
cytokine analysis. Concentrations over the detection range were given a value that
was 1.5 times the value of the highest standard concentration.

4.10.2 Measurement of CXCL13 concentration (III-1V)

The concentration of cytokine CXCL13 was measured of the CSF (studies I11- IV)
and Borrelia-stimulated HBMEC culture supernatant samples with an ELISA-
based human CXCL13 kit (Quantikine, R&D Systems, Minneapolis, MN) accord-
ing to the manufacturer’s instructions as previously described (Hytonen et al.,
2014). Samples with a concentration below the standard curve of the assay were
given a value that corresponded to a half of the value of the lowest point of the
standard.

CXCL13 levels were also determined with a point-of-care (POC) test (study IV;
ReaScan®; Reagena, Siilinjarvi, Finland) according to the manufacturer’s instruc-
tions. Briefly, 100 pl of CSF was mixed with a conjugate and then transferred to
the POC test cassette. The reaction was continued for 20 min after which the test
cassette was placed in a cassette reader. The results were given in arbitrary ReaS-
can® values.

4.11 Statistical analyses (I-IV)

In all experiments (studies I, I, and IV), the normality of data was tested with the
Shapiro-Wilk test. Statistical significance of differences in cell adhesion, transmi-
gration, and microtiter plate assays was determined from at least three independent
experiments by Analysis of Variance (ANOVA, IBM SPSS Statistics versions 21,
22, or 23). Also, the statistical analyses used to study the differences between the
groups of mice (normally distributed data) were carried out with a two-tailed in-
dependent samples t-test or with ANOVA. In all ANOVA calculations, Post Hoc
comparisons between means were done with Dunnett t-test whenever there was a
clear control. Otherwise Tukey’s honestly significant difference test was used. The
correlations between normally distributed data were calculated with Pearson’s
method and correlations between skewed data were calculated with Spearman cor-
relation method.

Bacterial binding to siRNA treated cells (study I) was analyzed with two independ-
ent experiments and two replicates in each experiment. Five random images were
obtained from each replicate. The statistical significance of differences in bacterial
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binding to siRNA treated HUVECs was determined with independent-samples t-
test from a total of 20 images.

In multiplex analyses (study III), continuous variables were characterized using
medians and range of values, and in case of categorical variables, frequencies and
percents were used. Mann-Whitney U test was used to test the difference in age
between the groups, and for sex, Pearson’s chi-squared test was used. Differences
in cytokine concentrations between patient groups (LNB, non-LNB controls, TBE,
and MS) were tested using independent samples t-test for logarithmic transformed
variables, and Bonferroni’s method was used to correct the p values for multiplic-
ity. To find the most important cytokines to distinguish the patient groups, the ran-
dom forests method was used. The cytokines were ordered using variable im-
portance, which is calculated by the mean decrease in the Gini coefficient. Paired
samples t-test was used to test the difference in cytokine concentrations before and
after treatment in LNB patients. Logarithmic transformation was made for the data.
Nine cytokines with the smallest p values were presented using box-plots. In all
cytokine analyses, the natural logarithmic transformation was used to achieve the
normality of the distributions and all of the results and figures are presented using
transformed variables. Statistical analyses were carried out using SAS System for
Windows, version 9.4 (SAS Institute Inc., Cary, NC).

4.12 Ethics (I-IV)

All tissues of human origin were handled following strict anonymity practices.

Primary HUVECs (study I) were isolated from human umbilical cords. Fresh um-
bilical cords were recovered from healthy females at the Obstetrics and Gynecol-
ogy Department of Turku University Hospital. The donors provided informed con-
sent before donating the tissues. Paraffin-embedded human tissues (study 1) were
collected from archives of the Department of Pathology and Forensic Medicine at
the University of Turku and Turku University Hospital. No information was col-
lected from the umbilical cord donors and paraffin-embedded tissue samples did
not include any patient information.

CSF samples (studies III-IV) were collected as a part of routine clinical practice
from patients who were suspected to have a neurological disease. An informed
consent was obtained from the patients before the procedure. According to the
Finnish Medical Research Act (No. 488/1999), Chapter 1, Sections 1, 2, and 3, the
research made with human CSF samples is not medical research, and thus, a sepa-
rate approval from the local Ethics committee was not required. The study IV was
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approved by The Hospital District of Southwest Finland (Decision number
T240/2017).

All mouse experiments (study II) were approved by the National Animal Experi-
ment Board of the Regional State Administrative Agency for Southern Finland
(permission numbers ESAVI1/5507/04.10.07/2014 and
ESAVI/3006/04.10.07/2014) and conducted in accordance with the Finnish Act on
the Use of Animals for Experimental Purposes and the relevant European Union
directive.
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S RESULTS

5.1 Adhesion of Borrelia to vascular endothelium

5.1.1 Adherence of wild type Borrelia strains to human endothelial cells

To study whether representative strains of different Borrelia genospecies are able
to adhere to endothelial cells, fluorescently labelled wild type B. burgdorferi sensu
stricto N40, B. garinii SBK40, and B. afzelii A91 were allowed to interact with
HUVECs and HBMECs. As a control, surface protein deficient B. burgdorferi
sensu stricto B313 strain was also included in the experiments. The binding of
Borrelia to endothelial cells showed great variability between the individual ex-
periments, and the only statistically significant difference was seen in binding of
B. garinii SBK40 to HUVECs (Figure 9A). However, although not reaching sta-
tistical significance, it seemed that all of the studied wild type Borrelia strains
could adhere to the endothelial cells better than the surface protein deficient B313
strain (Figure 9A-B).
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Figure 9. Binding of wild type Borrelia to endothelial cells. (A) The adherence of different Bor-
relia genospecies to HUVECs is expressed as an average of bacteria per field in three independent
experiments. (B) The adherence of different Borrelia genospecies to HBMECs is expressed as an
average of bacteria per 100 endothelial cells in at least three independent experiments. ns = not

significant. Modified from the original publication 1.
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5.1.2 Proteoglycan expression in endothelial cells and human tissues

Because Borrelia are known to adhere to decorin, the expression of decorin in
HUVECs and HBMECs was analyzed. Moreover, because biglycan resembles
decorin and belongs to the same family of small leucine-rich proteoglycans, also
the expression of biglycan on endothelial cells was analyzed. As a result, HUVECs
did not seem to express decorin while biglycan expression could be demonstrated
(I, Figure 2A, 2B, and 3C). In contrast, HBMECs clearly expressed both of these
proteoglycans (Figure 10). However, biglycan RNA was produced more abun-
dantly (ACt 2.68 + 0.70) than decorin RNA (ACt 14.25 + 0.46) in relation to the
housekeeping gene GAPDH.

To further expand the knowledge of decorin and biglycan expression patterns in
different human tissues, immunohistochemical analyses were performed on skin,
heart, and brain samples. Decorin expression was observed in dermal fibroblasts
but not in the blood vessel wall or endothelial cells of the skin, the heart, or the
brain (I, Supplementary Figure 3). Biglycan expression, on the other hand, could
be demonstrated in vascular endothelial cells and the blood vessel wall in human
brain tissue, dermal blood vessels, and vascular endothelial cells and blood vessel
pericytes of heart tissue (I, Figure 2C; I, Supplementary Figure 2).
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Figure 10. Biglycan and decorin expression in HBMECs. (A) The expression of biglycan and
decorin on HBMECs was studied by culturing the cells on chamber slides and staining the prote-
oglycans with monoclonal antibodies and a peroxidase-conjugated secondary antibody. (B) The
expression of biglycan was studied by flow cytometry with LSR II. (C) The expression of decorin
was studied by flow cytometry with Accuri™ Co6.



62 Results

5.1.3 The role of Dbps in endothelial adhesion

To study the role of Dbps in endothelial adhesion, fluorescently labelled B.
burgdorferi B313 strains expressing Dbps of different genospecies were allowed
to interact with the endothelial cells in static conditions. The strains expressing
Dbps of B. garinii and B. burgdorferi sensu stricto adhered to HUVECs signifi-
cantly more efficiently than the negative control strain (transformed with the ex-
pression plasmid pBSV2) (Figure 11; I, Figure 1B). However, when these same
Dbp-expressing Borrelia strains were allowed to adhere to HBMECSs, the strains
did not bind to the cells any better than the strain used as a negative control (Figure
11). Moreover, Dbps of B. afzelii did not mediate adhesion to neither of the endo-
thelial cell lines (Figure 11; I, Figure 1B). When the Dbp-expressing Borrelia
strains were allowed to interact with HUVECs under flow conditions, only the
strain expressing Dbps of B. garinii bound to the endothelium significantly more
than the control strain (I, Figure 5A).
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Figure 11. Binding of B313 strains expressing Dbp proteins of different Borrelia genospecies to
endothelial cells. Binding to HUVECS is presented in grey bars as an average of bound bacteria
per field in three independent experiments. Binding to HBMEC:s is presented in white bars as an
average of bound bacteria per 100 endothelial cells in three independent experiments. The differ-
ences in binding when compared with the B313 + pBSV2 negative control strain are not statisti-

cally significant unless otherwise indicated. Modified from the original publication I.
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5.1.4 Biglycan as the binding ligand on endothelial cells

To study whether biglycan serves as a ligand for Dbps in HUVEC adhesion, the
adherence of Borrelia to the cells was inhibited 1) by pretreating the bacteria ex-
pressing Dbps of B. garinii and Dbps of B. burgdorferi sensu stricto with biglycan,
dermatan sulphate, and chondroitin-6-sulphate before the adhesion experiment, 2)
by pretreating the HUVECs with GAG-degrading chondroitinase ABC enzyme
before the adhesion experiment, and 3) by silencing biglycan expression of HU-
VECs with siRNA before the adhesion experiments. All these studies demon-
strated diminished binding of Dbp-expressing Borrelia strains to HUVECs when
compared with uninhibited conditions (I, Figures 3A, 3B, 3D, and Supplementary
Figure 4).

The role of biglycan and /or dermatan sulphate as an adhesion ligand of Dbps in
vascular endothelial cells was further confirmed by studying the binding of recom-
binant Dbps to biglycan. Interestingly, when recombinant DbpA of B. garinii was
allowed to interact with biglycan in static conditions, no binding could be observed
(I, Figure 4A) but when the same interaction was studied under flow conditions,
there was a clear interaction (I, Figures 4B-C). DbpB of B. garinii and DbpB of B.
burgdorferi sensu stricto adhered to biglycan both in static and in flow conditions
(I, Figures 4A-C). Moreover, the binding could be inhibited with biglycan, derma-
tan sulphate, chondroitin-6-sulphate, and chondroitin-4-sulphate (I, Supplemen-
tary Figure 6). The binding of DbpA and B of B. garinii and the binding of DbpB
of B. burgdorferi sensu stricto to biglycan was dose dependent (I, Supplementary
Figure 7B).

5.2 Dissemination of Borrelia into distant tissues

5.2.1 Transmigration of Borrelia across HBMEC cell layer

To analyze the ability of HBMECs to form a BBB —type of cell layer, the barrier
properties of HBMEC layer were characterized by a LY assay, TEER-measure-
ment, and by antibody staining of ZO-1 tight junction molecules. Tight junction
protein ZO-1 was detected in endothelial cell junctions of HBMECs although the
staining pattern was not constant all over the cell layer (Figure 12A). Permeability
coefficient for a small molecule dye LY (0,45 kDa) was 2.7 x 10 £ 1.76 x 1073
cm /min and the measured TEER was 3.5 + 1.6 Qcm?,

The ability of wild type Borrelia strains to transmigrate across the endothelial cell
layer was analyzed by culturing HBMECs in transwell chambers and incubating
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Borrelia on the apical side of the wells while analyzing the number of transmi-
grated Borrelia in the medium on the basolateral compartments under the cells. As
aresult, all tested strains seemed to be able to cross the cell layer equally well after
5 hour incubation (Figure 12B). Moreover, when Borrelia were left to transmigrate
overnight, no differences between the strains could be seen (data not shown).
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Figure 12. Zonula occludens-1 staining and transmigration of different Borrelia genospecies
across HBMEC layer. (A) Zonula occludens-1 (ZO-1) tight junction protein was stained with
fluorescent antibody (green) and the nuclei of HBMECs were stained with DAPI (blue). ZO-1
localized to the cell borders but the staining was not even. Also the nuclei gave strong background
signal. 20x objective. (B) Borrelia that had transmigrated across the HBMEC layer in 5 hours
were quantified with qPCR. Transmigration is expressed as a percentage of the number of Borre-
lia crossing the transwell membrane with HBMEC:s relative to the number of Borrelia crossing

the transwell membrane without HBMECs. ns = not significant

5.2.2 Dissemination of Borrelia in vivo

Mice infected with Borrelia and uninfected control mice were PET/CT imaged
with ["®F]FDG tracer once a week to longitudinally monitor the dissemination of
infection and the degree of inflammation. The sensitivity and resolution of the im-
aging technique were high enough to visualize inflamed tissues (Figure 13; 11, Fig-
ure 2A-B). The tracer accumulated to the sites of high glucose metabolism (the
brain, the eyes, the heart) and to the excretory system (the bladder and the kidneys)
in all imaged mice at every time point. However, unlike in uninfected control mice,
the tracer accumulated also to the joints, the spleen, and the axillary and inguinal
lymph nodes of Borrelia infected mice. Interestingly the stifle joints of infected
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mice showed tracer accumulation one week after infection while the tracer gener-
ally accumulated to the tibio-tarsal joints 3-5 weeks post infection.

Infected Infected
Control mouse 1 mouse 2 98E5

Figure 13. PET/CT imaging of one uninfected control mouse and two Borrelia-infected mice one
week after infection. Mice were PET/CT imaged with an [18F]FDG tracer. Red arrows indicate
different inflamed joints, yellow arrows indicate the tracer uptake in the spleen, and white and
blue arrows indicate tracer accumulation in axillary and inguinal lymph nodes. Scale bar shows

the intensity of the signal per volume as Bq /ml. Modified from the original publication II.

More precise examination of the tracer accumulation in the tibio-tarsal joints of
infected mice revealed that the peak inflammation appeared four weeks after in-
fection after which the tracer signal started to diminish and reached the level of the
signal in the tibio-tarsal joints of control mice (II, Figure 3A). The result was also
confirmed by ex vivo gamma counting (II, Figure 4A). When the tracer accumula-
tion in tibio-tarsal joints was compared to other inflammation markers (ex vivo
gamma counting, joint swelling, and histology), good or excellent correlations be-
tween the parameters were observed (II, Figure 4C).

In inguinal and axillary lymph nodes of infected mice, the peak tracer accumula-
tion was observed one and two weeks after infection, respectively (II, Figure 3B-
C). At week 6, the tracer signal in the axillary lymph nodes of infected mice di-
minished to the level observed in uninfected control mice. The signal of the tracer
in inguinal lymph nodes, however, was elevated when compared with the control
animals even at the last imaging time point seven weeks after infection. The similar
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phenomenon could be observed in ex vivo gamma counting of pooled axillary and
cervical lymph nodes (11, Figure 4B). The tracer accumulation was the highest two
weeks after infection but remained elevated even at the last time point of the ex-
periment (7 weeks post infection) when compared with the pooled lymph nodes of
uninfected control mice.

5.3 Cytokines in the CSF of Lyme neuroborreliosis patients

5.3.1 Characteristic cytokine profile of Lyme neuroborreliosis patients

To characterize the cytokine profile of CSF, the concentrations of 49 different cy-
tokines were quantified of the CSF samples of LNB patients, TBE patients, MS
patients, and control patients. The nine best cytokines to differentiate all studied
patient groups from each other were CXCL13, interleukin (IL) -6, IL-10, granulo-
cyte-colony stimulating factor (G-CSF), IL-1 receptor antagonist (IL-1ra), TNF-a,
CXCL10, interferon gamma (IFN-y), and IL-8 (III, Figure 1). Pairwise compari-
sons between the different groups, on the other hand, demonstrated that there were
only ten cytokines that could not distinguish LNB patients from the control patients
(ITL, Figure 2A). All other studied cytokines were significantly elevated in the CSF
of LNB patients when compared with the control patients. In addition, the cytokine
profile of LNB patients was highly different when compared with the cytokine
profile of MS patients as only ten cytokines were unable to separate these groups
from each other (III, Figure 2B). TBE patients, on the other hand, seemed to have
the strongest cytokine secretion among the studied patient groups. There were 15
cytokines that differentiated TBE patients from the LNB patients and the majority
of these were more elevated in the TBE group (III, Figure 2C). Chemokine
CXCL13 was the only cytokine marker in the CSF of LNB patients the concentra-
tion of which was highly elevated and, importantly, showed no overlap between
the other patient groups (111, Figure 3).

To find out whether endothelial cells could be responsible for the high CXCL13
secretion, the ability of HBMECs to produce CXCL13 was studied by stimulating
the cells with Borrelia. However, no CXCL13 production could be detected (data
not shown).
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5.3.2 The performance of a point-of-care test measuring CSF CXCL13 levels

To study whether a newly developed POC test measuring CSF CXCL13 levels
could be used in place of a more laborious ELISA-based method, CXCL13 con-
centrations of 225 patient CSF samples were analyzed with both the ELISA and
the POC test. The results correlated well with each other (IV, Figure 1). However,
a few CSF samples obtained from TBE patients gave relatively high CXCL13 val-
ues with the POC test even though the concentrations remained low in the ELISA.

5.4 Effect of antibiotic treatment on immune mediators

5.4.1 Inflammation in antibiotic treated mice

To study the feasibility of PET/CT imaging in monitoring the effect of antibiotics
on inflammation, subgroups of Borrelia-infected mice were treated with antibiot-
ics four weeks post infection. Antibiotic treatment was efficient as all the tissues
collected and cultured from ceftriaxone treated mice were Borrelia culture nega-
tive. Also, the joint swelling diminished and the signs of inflammation in histolog-
ical samples disappeared in treated mice by the end of the experiment (II, Figure
6A-B). Moreover, the ['®F]FDG tracer accumulation to the tibio-tarsal joints di-
minished to the level of control mice right after the treatment (II, Figure 6C-D).
The same decline in inflammation parameters was also observed in untreated Bor-
relia infected mice. However, at week 7, the tracer signal in the joints of untreated
mice started to rise again. In addition, at week 7, the treated mice had no histolog-
ical signs of inflammation in the joints while the untreated mice still had an ongo-
ing infection according to histology (II, Figure 6B).

5.4.2 Cytokine profile of antibiotic treated Lyme neuroborreliosis patients

To study whether cytokines can serve as biomarkers that distinguish LNB patients
with active disease from those that have received antibiotic treatment, the levels of
49 different cytokines were measured of the CSF samples of LNB patients treated
with antibiotics. The results were compared to the cytokine levels measured of the
CSF obtained from these same patients before the treatment. Forty-two of the stud-
ied cytokines were significantly more elevated in the untreated LNB patient sam-
ples when compared with the treated LNB patient samples (III, Figure 4). Nine
best markers to differentiate these two groups from each other were IL-Ira,
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CXCL13, CXCL9, TNF-a, IL-10, IFN-y, IL-6, beta nerve growth factor (3-NGF),
and IL-8 (III, Figures 4-5).
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6 DISCUSSION

6.1 Vascular dissemination of Borrelia

Previous studies have shown that Borrelia disseminate via the blood vasculature
into distant tissues in a living host (Moriarty et al., 2008, Norman et al., 2008). The
first step in this process is the interaction with and the adhesion to the vascular
endothelium. Because there is a constant flow of blood in the vasculature, the ef-
fect of the liquid flow on adhesion needs to be considered when characterizing
adhesins that bind to vascular endothelium. To cause a systemic infection, bacteria
have to adhere firmly to the endothelium although the blood-flow continuously
creates a preventive force for many interactions (Lemichez et al., 2010). Firm ad-
hesion usually involves initial adhesion of bacteria to endothelium, and as a fol-
lowing step, reorganization of the endothelial membrane.

Borrelia are known to bind vascular endothelial cells which is in accordance with
the results of this study. However, in this study, the overall binding of wild type
Borrelia strains to the endothelial cells remains rather modest. It is known that
flow can induce the expression of proteins that are used as adhesion ligands by
Borrelia (e.g. integrins) on vascular endothelium (Cucullo et al., 2011). In our
studies, the binding experiments with wild type strains were, however, done in
static conditions. Thus, it can be speculated whether the binding would have in-
creased if the experiments had been performed under flow.

The knowledge of the molecular level interactions in vascular adhesion of Borrelia
has been limited. Moreover, only few studies have been done in flow conditions
(Ebady et al., 2016, Moriarty et al., 2008, Moriarty et al., 2012, Niddam et al.,
2017, Norman et al., 2008). The results of our study demonstrate that the Dbp-
adhesins of Borrelia mediate binding to primary endothelial cells (HUVECS) in a
flow dependent manner. Dbps have previously been shown to bind decorin (Benoit
etal., 2011, Salo et al., 2011) but our results show that a potentially more relevant
ligand on vascular endothelium is biglycan. Decorin is not expressed by HUVECs
while biglycan expression can be demonstrated. Also the other endothelial cell line
studied (HBMEC) seems to express biglycan more than decorin.

Recombinant DbpA of B. garinii acts in a flow dependent manner binding biglycan
only under shear stress. Moreover, Dbps of B. garinii are also flow tolerant adhe-
sins when expressed on the surface of Borrelia since they mediate interaction of
Borrelia with HUVECs under flow. These results suggest that Dbps of B. garinii
have a key role in in vivo endothelial adhesion in the blood vasculature. The results
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support the previous observations of the importance of Dbps in the early dissemi-
nation of Borrelia (Imai et al., 2013, Weening et al., 2008). Before this study,
BBK32, which binds fibronectin and GAGs, was the only adhesin of Borrelia that
had been shown to mediate binding to vascular endothelium under flow conditions
(Moriarty et al., 2012, Norman et al., 2008).

The reason behind the flow dependency of DbpA of B. garinii is not known. How-
ever, it is likely that the protein changes its conformation under liquid flow. Such
adhesins have been characterized also previously. For example, FimH protein of
fimbriae of E. coli changes its conformation under shear stress which then leads to
formation of catch-bonds with mannose (Thomas et al., 2004). Unlike many other
interactions between adhesins and their ligands, catch-bonds become stronger un-
der liquid flow.

B. afzelii A91 and B. burgdorferi N40 strains are infectious and, as a consequence,
even though the Dbps of these strains do not seem to mediate binding to endothe-
lium under flow, they are likely to have other adhesins which contribute to vascular
adhesion under shear stress. In addition, the rate of blood flow is heterogeneous
and in some specific locations in microvasculature the flow can even stop for a
moment (Mairey et al., 2006). This creates an opportunity for adhesins, which are
not able to bind under flow, to interact with their ligand. When the blood flow
starts again, stationary adhesions may already have been formed. In fact, although
not measured accurately, it seemed that, at least in some flow experiments, B313
strain expressing Dbps of B. burgdorferi N40 adhered to HUVECs before the
pump apparatus creating the liquid flow was turned on. When the liquid flow
started, the spirochetes that had already adhered to the cells resisted the flow and
remained adhered.

It is not known why all Dbps do not bind decorin and biglycan as efficiently. All
Dbps studied in this thesis contain the critical lysine amino acid residues shown to
contribute to adhesion (Brown et al., 1999, Fortune et al., 2014, Pikas et al., 2003).
However, when the structures of mature Dbps were compared, it was noted that
even the small differences in amino acid composition lead to varying tertiary struc-
tures of the proteins and hindered accessibility to the GAG binding site (Morgan
et al., 2015, Morgan and Wang, 2015).

Despite adhering to HUVECs, Dbp-expressing strains seem to fail in binding to
HBMEC:s although these cells clearly express both biglycan and decorin. The rea-
son for this is unclear. It can be speculated that the proteoglycans on HBMECs are
not necessarily glycosylated. Indeed, proteoglycans are known to sometimes be
expressed on endothelium in their unglycosylated forms (Valiyaveettil et al.,
2004). Another explanation could be that the GAGs are present but they are of
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such a type (e.g. chondroitin-6-sulphate) that Dbps are not able to bind so effi-
ciently. Yet another possible explanation could be that biglycan, decorin, and their
GAGs are somehow covered with other types of molecules expressed on HBMECs
and, thus, the specific binding sites are not available to Dbps.

After adhesion to the vascular endothelium, the next step in dissemination process
is transmigration of Borrelia across the endothelium. /n vivo imaging of GFP-ex-
pressing Borrelia has demonstrated that Borrelia transmigrate from the blood into
tissues and that the process is relatively fast, ca. 10 min (Moriarty et al., 2008).
Transmigration has been studied mainly with B. burgdorferi sensu stricto strains
while studies with B. afzelii or B. garinii genospecies have not been performed.
According to the results of the present study, representative wild type Borrelia
strains from all these three major genospecies are able to transmigrate across the
HBMEC cell layer. However, transmigration seems to be as efficient also with the
B313 laboratory strain.

Only a few molecules of Borrelia have been shown to have a role in transmigration
process. OspA [encoded in plasmid Ip54 (BorreliaBase: www.borreliabase.org; ac-
cessed 30.7.2018)] is needed for transmigration across the endothelium (Pulzova
et al., 2011). Another protein shown to be important in transmigration of Borrelia,
P66 (Kumar et al., 2015), is encoded by the chromosomal gene p66 (BorreliaBase:
www.borreliabase.org; accessed 30.7.2018). BbHtrA is a protein which degrades
the components of ECM (including decorin and biglycan) and cell junction pro-
teins, and consequently, most likely has a role in transmigration of Borrelia
(Russell et al., 2013). Like P66, it is also encoded by a chromosomal gene (Borre-
liaBase: www.borreliabase.org; accessed 30.7.2018). B313 strain is lacking the
plasmid Ip54 so it does not encode OspA (Exner et al., 2000). Chromosomal genes
p66 and bbHtrA are most likely expressed. This may explain why B313 strain is
able to cross the HBMEC layer equally well as the wild type strains. In addition,
it has to be noted that the barrier properties of the used HBMECs are not optimal
as demonstrated by the low TEER values, disconnected ZO-1 staining, and subop-
timal permeability coefficient (Eigenmann et al., 2013).

6.2 In vivo imaging of disseminated Borrelia infection and Borrelia-in-
duced inflammation

Mice are widely used experimental animals in Borrelia-infection studies and es-
pecially in LA research. Traditional techniques for studying disseminated Borrelia
infection include 1) Borrelia-culture or PCR of mouse tissues, 2) histology, 3) se-
rology, and in the case of arthritis, 4) the measurement of the diameter of tibio-
tarsal joints. These methods are either imprecise (diameter measurement) or the
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animals must be killed to obtain tissues for the analyses. /n vivo imaging would,
thus, be a helpful tool for Borrelia research. Imaging of Borrelia infection is pos-
sible with genetically modified GFP- or luciferase-expressing Borrelia
(Bockenstedt et al., 2012, Hyde et al., 2011, Moriarty et al., 2008, Norman et al.,
2008, Skare et al., 2016). Spinning disc intravital imaging and multiphoton laser
scanning microscopy detection of GFP can be used only for studying specific or-
gans. Bioluminescent imaging detecting luciferase expressing Borrelia can be used
to image whole animals but using this approach, the resolution for imaging specific
organs in live mice is not sufficient. The results of the present study show that
these drawbacks can be overcome by using PET/CT imaging with the ['"*F]JFDG
tracer. With this imaging technique, whole animals can be imaged and the inflam-
mation caused by infection with genetically unmodified Borrelia can be detected
in specific organs. Thus, PET/CT imaging of Borrelia infection enables targeted
tissue sampling when the mice are sacrificed diminishing the number of mice
needed for an experiment. Previously, other types of bacterial infections have also
been studied by PET/CT imaging in rodent models. These include e.g. diseases
caused by Grimontia hollisae, Staphylococcus aureus, E. coli, and Mycobacterium
tuberculosis (Lin et al., 2013, Mokaleng et al., 2015, Takemiya et al., 2018,
Weinstein et al., 2012, Weinstein et al., 2014).

['®F]FDG accumulation can be seen in the joints, the spleen, and the lymph nodes
of Borrelia-infected mice. Interestingly, since the tracer accumulates to the lymph
nodes, and because lymph nodes of mice have been shown to be Borrelia culture
positive (Hyde et al., 2011, Imai et al., 2013), it seems possible that, in addition to
the blood vasculature, Borrelia might exploit the lymphatic circulation in dissem-
ination. PET/CT imaging has potential as an imaging technique to study this pro-
cess.

Also the kinetics of Borrelia infection can be monitored with PET/CT as demon-
strated by the finding that tissues closer to the primary infection focus (stifle joints
and inguinal lymph nodes) have tracer accumulation and, thus, inflammation, be-
fore more distant tibio-tarsal joints and axillary lymph nodes. In addition, individ-
ual variation in infection kinetics between different animals can be observed with
PET/CT. Moreover, the results show that the inflammation focus in the joints fluc-
tuates from one tibio-tarsal joint to the other, a phenomenon known to occur also
in human LB patients (Steere et al., 2016). PET/CT seems to be a useful tool to
monitor also this process.

['8F]FDG is a marker for high glucose metabolism and, as a consequence, it is not
Borrelia specific (Basu et al., 2011, Basu et al., 2014). Indeed, ['*F]FDG PET/CT
imaging method visualizes Borrelia-induced metabolic activity of the mouse im-
mune response, like glucose uptake of neutrophils and macrophages (Matsui et al.,
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2009, Rennen et al., 2001), but not the bacteria themselves. To develop PET/CT
imaging of Borrelia infection further, a Borrelia specific tracer should be de-
signed. A few studies have been published where such pathogen-specific immu-
notracers have successfully been used in PET/CT imaging of infection (Rolle et
al., 2016, Santangelo et al., 2015).

Currently, there are no imaging techniques available for the diagnostics of LB in
human patients although a few studies and case reports have been published on the
subject (Aigelsreiter et al., 2005, Flemming et al., 2014, Kalina et al., 2005,
Logigian et al., 1997, Newberg et al., 2002, Plotkin et al., 2005). However, if a
Borrelia-specific tracer could be developed, PET/CT imaging might have potential
also as a method to image and diagnose LB patients. PET/CT imaging has already
proven to be useful in diagnostics of human patients with other types of infections
such as infections of pacemakers and spinal infections (Beadsmoore et al., 2015,
Hess et al., 2014, Vaidyanathan et al., 2015).

Recently, another tracer, [®*Ga]DOTA-Siglec-9, was used to study Borrelia-in-
duced arthritis in mice (Siitonen et al., 2017). The tracer accumulated to the joints
of Borrelia-infected mice but not to the joints of uninfected control animals. How-
ever, like ['8F]FDG, this tracer is not Borrelia-specific. [®*Ga]DOTA-Siglec-9
binds to vascular adhesion protein-1 which is expressed by endothelial cells under
inflammatory conditions. Thus, the tracer detects inflammation rather than live
Borrelia.

6.3 Cytokines as diagnostic markers for Lyme neuroborreliosis

Once Borrelia eventually disseminate into the CNS, the immune system of the host
starts secreting cytokines into the CSF in response to the invading organism. To
analyze which cytokines are produced and whether they could be used as diagnos-
tic markers, a multiplex analysis of CSF samples collected from LNB patients, MS
patients, TBE patients, and control patients was performed. The results show that
many of the studied cytokines are clearly elevated in the CSF of LNB patients
when compared with the other patient groups. However, CXCL13 is the only cy-
tokine the concentration of which shows no overlap between LNB patients and
other patient groups in this study. This result is in accordance with other reports
demonstrating the potential of CSF CXCL13 as a diagnostic marker for LNB both
in adult and child patients (van Burgel et al., 2011, Eckman et al., 2018,
Henningsson et al., 2016, Hytonen et al., 2014, Markowicz et al., 2018, Remy et
al., 2017, Schmidt et al., 2011, Senel et al., 2010, Sillanpaa et al., 2013, Skogman
etal., 2017, Tjernberg et al., 2011, Wagner et al., 2017, Wutte et al., 2011).
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Some laboratories in Europe, and also in Finland, have already started to use CSF
CXCL13 measurement for diagnostic purposes. The only controversy concerning
the use of CXCL13 as a biomarker for LNB is that, currently, there is no consensus
on the optimal cut-off value which would lead to highest possible specificity with-
out compromising sensitivity. However, a recent meta-analysis evaluating the op-
timal cut-off value suggested 162 pg/ml as the optimal (Rupprecht et al., 2018).
Further, combining CXCL13 concentration result with the CSF cell count of the
same patient has been suggested to improve specificity (Markowicz et al., 2018).
Nonetheless, correlation between CSF cell count and CXCL13 concentration
needs to be further verified by other studies since correlation was not observed e.g.
in Finnish patient material (Hytonen et al., 2014).

Even though LNB patients have high concentrations of CXCL13 in their CSF, the
cell type responsible for the production of CXCL13 remains unclear. Two studies
have been published demonstrating that PBMCs secrete CXCL13 in response to
Borrelia stimulation, and monocyte derived DC population among the PBMCs is
the specific cell type responsible for the production (Narayan et al., 2005,
Rupprecht et al., 2007). However, leucocytes in the CSF of a healthy person are
mainly T cells (90%) (Ransohoff and Engelhardt, 2012). B cells and monocytes
both account for 5% and DCs less than 1% of the cells in the CSF. Also other cell
types in the CSF have been shown to produce CXCL13 in response to different
stimuli. For example, CXCL13 has been shown to be localized on brain vascular
endothelium (Brunn et al., 2007, Smith et al., 2003). Moreover, some studies report
microglia as the cells producing CXCL13 in Borrelia infection (Ramesh et al.,
2009). To further study the cell type responsible for the high CXCL13 production
in LNB patients, we also stimulated many different cell types (HBMECs, primary
human microglia, immortalized human astrocytes, PBMCs, primary human mac-
rophages differentiated from PBMCs, primary human DCs differentiated from
PBMCs, immortalized human B cells) with Borrelia in order to find out the cellular
source for CXCL13. Undifferentiated PBMCs were the only cell population that,
also in our studies, produced CXCL13 upon stimulation (unpublished observa-
tions). It can be speculated that CXCL13 production in LNB is actually a result of
activation of many different cell types and all these cell types together would be
responsible for the high CXCL13 concentration observed in the CSF of LNB pa-
tients. For example, if resident microglia in the CSF interacted with invading Bor-
relia and introduced the antigens to T cells, T cells would then start producing
proinflammatory cytokines and, as a consequence, CXCL13 secretion by DCs and
/or other cell types could be initiated.
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6.4 Point-of-care testing for CXCL13

CSF CXCL13 concentration is typically measured with ELISA or Luminex-based
methods. Moreover, the measurement is often performed as an additional step in
LNB diagnostic workflow (Koedel et al., 2015). However, because high CXCL13
concentration is a good biomarker for LNB, both the clinicians and the patients
would benefit from a fast-to-be-performed laboratory test that could be used to
measure CXCL13 concentration right after the lumbar puncture.

In general, POC tests are increasingly used in diagnostics (St John and Price,
2014). The advantage of POC testing over typical laboratory testing is e.g. the
rapid availability of the results, which leads to more rapid and targeted initiation
of treatment (Price, 2001). In the field of clinical microbiology, POC tests are usu-
ally based on lateral flow immunoassay principal (Kozel and Burnham-Marusich,
2017). They are available e.g. for infections caused by group A Streptococcus,
Helicobacter pylori, and influenza viruses. There is also a POC test available for
detecting Borrelia specific IgM and IgG antibodies in human blood samples, as
well as a POC test for Borrelia diagnostics in veterinary medicine (Kozel and
Burnham-Marusich, 2017, Schvartz et al., 2015). In addition, new POC tests for
LB diagnostics are constantly being developed (Nayak et al., 2016).

Recently, a POC test that measures CSF CXCL13 levels in less than an hour was
developed and brought to the market. According to the results of the present study,
the POC test performs equally well as an ELISA based method in recognizing high
CXCL13 concentrations of CSF samples. The results of these two different meth-
ods correlate very well with each other. The POC test, however, gave high
CXCL13 values for a few CSF samples of TBE patients although the concentra-
tions of these same samples remained low in ELISA measurement. This contradic-
tion warrants more research.

Based on the good performance of CXCL13 as a biomarker for LNB and due to
the availability of the POC test for CXCL13 measurement, a change in the current
LNB diagnostic workup is proposed. With the POC test, CSF CXCL13 concentra-
tion can be measured right after the lumbar puncture. It has been reported that the
earlier LNB patients are diagnosed and treated, the less they have residual symp-
toms after the treatment (Knudtzen et al., 2017). This highlights the need for fast
diagnosis and early initiation of antibiotics for LNB patients. However, also more
targeted use of antibiotics is extremely important in the battle against increasing
antibiotic resistance of microbes. The results of the POC CXCL13 measurement,
together with the clinical picture and pleocytosis, could guide clinicians to start
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targeted antibiotic treatment for LNB patients soon after the lumbar puncture. Af-
ter CXCL13 POC test (and also after / in parallel with ELISA), Borrelia specific
antibodies should still be measured to confirm the diagnosis.

6.5 Effect of antibiotic treatment on inflammation and cytokine secre-
tion

Treatment of Borrelia-infected mice with ceftriaxone has been shown to eradicate
cultivable spirochetes (Salo et al., 2015). However, after antibiotic treatment, Bor-
relia DNA, RNA, proteins, and even intact but attenuated Borrelia have been de-
tected in mouse tissues (Bockenstedt et al., 2012, Bockenstedt et al., 2002, Hodzic
et al., 2008, Hodzic et al., 2014, Salo et al., 2015, Yrjandinen et al., 2010). In the
in vivo imaging study, the mice were administered with ceftriaxone four weeks
after infection. After antibiotic treatment, joint swelling started to resolve, histo-
logical signs of inflammation started to disappear and ['®F]FDG tracer accumula-
tion declined. However, at the same time, the same phenomena were also seen in
untreated Borrelia-infected mice. Seven weeks post infection, signs of inflamma-
tion started to appear again in untreated mice while no increase in inflammation
parameters was seen in antibiotic treated mice. This indicates that PET/CT imag-
ing could also be used to study the effect of antibiotic treatment on Borrelia-in-
duced inflammation. If the mouse experiment had been continued longer, most
likely, more significant rise in all inflammation parameters in untreated mice
would have been observed. This assumption is based the our previous reports
show-ing a two-peaked joint swelling pattern in Borrelia-infected mice followed
up for 15 weeks after infection (Salo et al., 2015).

Borrelia-specific antibodies can persist in the CSF of LNB patients for months or
even years after treatment without protecting from reinfections (Steere et al.,
2016). Thus, patients suspected to have a reinfection are a challenge for serology
based diagnostics of LB. To study the effect of antibiotics on cytokine concentra-
tions and to find out whether cytokines can be used as diagnostic biomarkers also
in reinfected patients, we performed a multiplex cytokine analysis with follow-up
CSF samples obtained from LNB patients after antibiotic treatment. According to
the results, out of 49 analyzed cytokines, the concentrations of 42 decline signifi-
cantly after the treatment. The results show that, in addition to CXCL13, also IL-
Ira might have potential as a biomarker of successful antibiotic treatment. There
are no other cytokines besides CXCL13 which have previously been proposed to
have value as biomarkers of LNB treatment response. However, because the over-
all performance of CXCL13 as a biomarker exceeds the performance of IL-1ra,
the use of IL-1ra alone as a biomarker for LNB treatment response is not supported.
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7 CONCLUSIONS

Borrelia have multiple surface-exposed lipoproteins which mediate binding to var-
ious components of the ECM and to endothelial cells. However, in order to escape
the blood vasculature and to reach distant tissues, adhesins must overcome the
shear stress caused by the flowing blood. Before this study, only one Borrelia ad-
hesin mediating flow-tolerant interactions with the vascular endothelium was char-
acterized. The present study identified Dbp adhesins as additional flow-tolerant
molecules of Borrelia. They were shown to mediate binding to vascular endothe-
lial cells in a flow-tolerant manner through interaction with biglycan.

After adhesion to the vascular wall, Borrelia transmigrate across the endothelium
to invade distant tissues. B. burgdorferi sensu stricto strains have previously been
shown to transmigrate across the endothelial layer. This study showed that also
strains representing B. afzelii and B. garinii are able to cross the endothelial cell
layer. This study also showed that PET/CT imaging can be used to study dissemi-
nated LB infection caused by wild type Borrelia in vivo in mice.

When spirochetes disseminate into the CNS, patients develop LNB. This study
demonstrated that LNB causes the secretion of multiple cytokines into the CSF.
While IL-ra could potentially be used as a diagnostic marker of LNB treatment
response, CXCL13 is clearly the best cytokine that can be used both as a diagnostic
marker for LNB and for the verification of treatment response. This study also
demonstrated that the concentration of CXCL13 can be measured with a POC test
and, thus, we suggest a reorganization of the current diagnostic work-flow.

The main findings of this study are presented in Figure 14. Altogether, the results
give important information on how Borrelia disseminate into distant tissues to
cause a multisystem infection and how new methods can be exploited to improve
current LB diagnostics. The results are useful for infection research and for
healthcare professionals involved in LB diagnostics and treatment.
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Figure 14. Conclusions of the studies. Borrelia adhere to human endothelial cells under flow
through interaction with biglycan. After adhesion, Borrelia transmigrate across the endothelial
cell layer into deeper tissues. Disseminated Borrelia infection can be imaged in vivo in mice with
[I8F]FDG PET/CT imaging. If Borrelia transmigrate across the BBB, human immune defense
starts producing high concentrations of CXCL13. CXCL13 can be used as a diagnostic marker
for LNB and the concentration of CXCL13 in CSF samples can be measured with a point-of-care

test.
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