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Tiivistelmä:
Lymen borrelioosi on Suomessakin yleinen puutiaisten levittämä tauti. Borrelioosin ensimmäisiä oireita ovat
muun muassa puutiaisen pureman ympärille muodostuva ihottuma, päänsärky, väsymys ja kuume.
Myöhemmin tauti voi aiheuttaa nivel- tai sydäntulehduksen sekä neurologisia oireita. Borrelioosi on monessa
suhteessa kiistanalainen tauti, sillä esimerkiksi sen hoidosta ja mahdollisesta kroonistumisesta on kaksi
eriävää näkemystä. Taudin aiheuttaja on Borrelia burgdorferi -bakteeri (Bb). Bb pystyy välttelemään isännän
immuunipuolustusta useilla eri mekanismeilla. Bakteeri on korkkiruuvinmuotoinen spirokeetta, mutta voi
esiintyä myös epätyypillisinä muotoina, joihin kuuluu esimerkiksi pyöreä muoto (RB; engl. round body).
Hypoteesina oli, että RB aiheuttaa erilaisen immuunivasteen kuin spirokeetta mahdollisesti siten vaikuttaen
taudin kroonistumiseen. Tutkimuksessa verrattiin Bb:n eri muotojen fagosytoosia sekä prosessointia
makrofageissa immunoleimaamalla syöjäsoluista aktiini, lysosomit sekä endoplasmakalvosto.
Konfokaalimikroskooppikuvista tutkittiin kolokalisaatioanalyysilla sijaitseeko soluun sisäänotettu Bb
samassa kohdassa kuin nämä soluelimet. Lisäksi tutkittiin luonnollisen ja hankitun immuniteetin yhdistäviä
dendriittisoluja. Dendriittisolujen kypsyminen varmistettiin ensin virtaussytometrillä, jonka jälkeen soluja
stimuloitiin Bb:n eri muodoilla. Tämän jälkeen stimuloitujen solujen erittämät sytokiinit analysoitiin.
Sytokiinit ohjaavat immuunivasteen kehitystä kiihdyttäen tai estäen sen muodostumista. Tutkimuksen
tuloksena todettiin, että molemmat muodot kolokalisoivat aktiinin kanssa todennäköisesti fagosytoosin
aikana. Spirokeetat kolokalisoivat useammin lysosomien kanssa kuin RB:t. Spirokeettoja on aiemmin
havaittu solulimassa, mutta näiden tulosten perusteella RB:t joutuvat spirokeettoja useammin lysosomien
ulkopuolisen hajotuksen kohteeksi. Endoplasmakalvoston ja Bb:n vähäisestä kolokalisaatiosta ei voitu vetää
johtopäätöksiä, koska varsinaisen signaalin erottaminen taustasta oli mahdotonta. Sen vuoksi bakteerin
antigeenien mahdollinen esittely samaa reittiä kuin virusproteiinit jäi yhä selvittämättä. Dendriittisolujen
kyspsymisprotokolla ei tuottanut haluttua tulosta, vaan vain 10 % soluista kypsyi. Dendriittisolujen
tuottamissa sytokiineissa näkyi määrällisiä eroja esimerkikisi interleukiini 8, CCL2 ja CCL5:n kohdalla,
mutta niiden merkitsevyyttä ei voida todeta toistamatta koetta. Bb:n spirokeetta- ja RB-muotojen
prosessointien välillä immuunisoluissa vaikuttaa olevan eroja, jotka kuitenkin vaativat lisätutkimuksia.
Mahdollisesti RB-muodon erilainen immuunivaste on yhteydessä kroonisen borrelioosin kehittymiseen.

Avainsanat: Borrelioosi, Borrelia burgdorferi, pyöreä muoto, makrofagi, dendriittisolu

4
University of Jyväskylä
Faculty of Mathematics and Science

Author:
Title of thesis:
Finnish title:
Date:
Department:
Chair:
Supervisor(s):

Abstract of Master´s Thesis

Heini Brander
Entry and processing of Borrelia burgdorferi pleomorphic forms
Borrelia burgdorferi -bakteerin eri muotojen fagosytoosi ja hajottaminen
syöjäsoluissa
23.6.2015
Pages: 43
Department of Biological and Environmental Science
Cell and Molecular Biology
Leona Gilbert, Leena Meriläinen

Abstract:
Lyme disease is a tick-borne disease also encountered in Finland. Common symptoms of Lyme disease are
erythema migrans –skin lesion, headache, fatigue, and fever. Possible symptoms in the late stage of the
disease are arthritis, carditis, and neuroborreliosis. The causative agent is a spirochete called Borrelia
burgdorferi (Bb). Bb has multiple methods to evade host immunity, and many aspects of host immune
response to Bb are not yet examined. The disease is a subject of a great controversy. Particularly the
possibility of a chronic Borrelia infection is under debate. Bb can alter its shape and transform into a round
body (RB) form, which has been suggested to play a role in chronic disease. Phagocytic cells play a
significant role in clearing an infection as well as activating other aspects of immunity. Here, actin,
lysosomes and endoplasmic reticulum (ER) were immunolabeled in macrophages, and their colocalization
with internalized spirochetes or RBs was analyzed based on confocal microscopic images. Dendritic cells are
antigen-presenting cells and the main link between innate and adaptive immunity. First, a dendritic cell
maturation protocol was developed and then cells were stimulated with either spirochetes or RBs. Cytokines
excreted by stimulated dendritic cells were analyzed. As a result, actin colocalization with both forms was
equal suggesting that actin is used in the phagocytosis of both forms. Spirochetes colocalized more with
lysosomes than RBs. Spirochetes are reported to be degraded not only in lysosomes but also in the cytosol.
These results suggested that RBs are degraded more often in the cytosol. Low colocalization of either form
with ER led to the conclusion that another method is required to study possible major histocompatibility
complex class I antigen presentation. The dendritic cell maturation protocol did not produce as high
maturation rate as pursued. However, some differences in cytokine secretion were detected between
spirochetes and RBs. For example, interleukin 8, CCL2 and CCL5 had an increased production by RB
stimulation. In conclusion, these results indicate a difference between spirochete and RB processing in
immune cells that may cause separate immune responses. Nevertheless, further studies are required to obtain
more information on the significance of the differences. Perhaps, RBs can provide an explanation for the
pathogenesis behind chronic Lyme disease.

Keywords: Lyme disease, Borrelia burgdorferi, Round body, macrophage, colocalization, dendritic cell
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ABBREVIATIONS
Bb

Borrelia burgdorferi

BSA

Bovine serum albumin

BSK II

Barbour-Stoenner-Kelly medium

C5/C5a

Complement component 5/5a

DC

Dendritic cell

ER

Endoplasmic Reticulum

G-CSF

Granulocyte colony-stimulating factor

GM-CSF

Granulocyte-macrophage colony-stimulating factor

IL

Interleukin

IFN-γ

Interferon-γ

LPS

Lipopolysaccharide

MHC

Major Histocompatibility Complex

MIF

Macrophage migration inhibition factor

MOI

Multiplicity of infection

Osp

Outer surface protein

PAI-1

Plasminogen activator inhibitor

PI

Phagocytic index

PBS

Phosphate buffered saline

RB

Round body form of Borrelia burgdorferi

sICAM-1

Soluble intracellular adhesion molecule 1

sTREM-1

Soluble triggering receptor expressed on myeloid cells 1

TNF-α

Tumor necrosis factor alpha

TLR

Toll-like receptor

VlsE

Variable lipoprotein surface-exposed protein
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1 INTRODUCTION
Lyme disease or Lyme borreliosis is the most common tick-borne disease in the northern
hemisphere with estimated 85 000 reported cases in Europe in 2006 (Rizzoli et al., 2011)
and approximately 30 000 cases annually in USA (CDC, 2015). In Finland, 1707 people
were diagnosed with Lyme disease in 2013 (THL, 2014). Unfortunately, the number of
cases is steadily increasing (Fulop and Poggensee, 2008). Lyme disease presents itself as a
variety of symptoms (for review see Stanek and Strle, 2003; Marques, 2010). The first
symptom is often erythema migrans, a bull’s eye skin lesion. Other typical early stage
symptoms are fatigue, headaches, fever, and malaise. In the late stage of the disease
arthritis, neurological problems and carditis are possible. The causative agent of Lyme
disease was discovered only three decades ago as Willy Burgdorfer found a spirochete that
was named as Borrelia burgdorferi (Bb) (Burgdorfer et al., 1982). The bacterium is
transmitted by hard-bodied Ixodes ticks. The tick feeds thrice during its life cycle (for
review see Radolf et al., 2012). Tick larva often feeds on small rodents and obtains the
spirochete. Larva becomes a nymph that feeds again on rodents, birds or mammals and
becomes an adult tick. Nymph and adult ticks can infect human as an incidental host with
nymphs being more dangerous due to their small size and difficulty to detect them.
Lyme disease is treated with antibiotics. According to Infectious Disease Society of
America guidelines, three weeks of treatment is sufficient to clear the infection (Preboth,
2001). However, there are opposing views suggesting that longer antibiotic treatment is
sometimes necessary (Cameron et al., 2014). The treatment controversy is closely related
to the question of post-treatment Lyme syndrome and whether the syndrome is caused by
chronic infection (for review see Berndtson, 2013). The question of treatment is only one
of the controversial issues connected to Lyme disease as there are no comprehensive
laboratory tests and the only way to diagnose it reliably is the presence of erythema
migrans (for review see Marques, 2010).
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1.1 The Lyme disease spirochete Borrelia burgdorferi
The disease-causing Borrelia burgdorferi sensu lato-group includes mainly three species:
B. burgdorferi sensu stricto, B. afzelii, and B. garinii. In Europe all three species are
observed which is seen as more variety in symptoms as B. garinii is linked to neurological
symptoms, B. afzelii to dermatological manifestations and B. burgdorferi sensu stricto to
arthritis (for review see Radolf et al., 2012). In North America, only B. burgdorferi sensu
stricto is present. The structure of Bb has some unique features. Bb has a cell envelope
with two lipid bilayers. Although the structure resembles cell envelope of Gram-negative
bacteria, it has some critical alterations. Gram-negative bacteria have cytoplasmic and
outer membranes with peptidoglycan between them and lipopolysaccharides (LPS) on the
other side of the outer membrane. Bb outer membrane has a significantly different
composition. One of the key features is that it lacks LPS (Takayama et al., 1987).
Curiously, Ben-Menachem et al. (2003) suggested that the major glycolipids in Bb can
replace several functions of LPS. The outer membrane harbors also several lipoproteins,
one of the most studied being outer surface protein C (OspC) (for review see Samuels,
2011). A major alteration in Bb cell envelope is also the periplasmic space located between
the membranes that encloses not only peptidoglycan but also flagella (Barbour et al.,
1986).
Spirochetes are not unique only due to the cell envelope structure but also because of the
genome. The only 900 kbp chromosome of Bb strain B31 was sequenced already in 1997
(Fraser et al., 1997). The distinctive features of Borrelia genome are linear chromosome as
well as circular and linear plasmids. The strain B31 has a substantial number of plasmids,
12 of which are linear and 9 circular (Casjens et al., 2000). The genome of Bb has to be
able to respond quickly to a drastic change in the Bb’s life cycle that includes a significant
environmental change as Bb travels from the gut of a tick into a warm blooded host. The
change involves differences for example in temperature and pH. Fortunately, the gene
expression of Bb is well adapted (for review see Samuels, 2011). An example of a protein
that is expressed only in the vector is OspA. As tick begins to feed on the host, OspA is
downregulated, and OspC upregulated (Montgomery et al., 1996).
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1.1.1

Pleomorphic forms of Borrelia burgdorferi

The pleomorphism of Bb has been recognized in the literature although there is no
consensus on nomenclature. There are three main types in addition to spirochetes
(Meriläinen et al., 2015). Biofilms are aggregates with extracellular polymeric substances
formed by many bacteria to survive harsh conditions. Also, Bb has been reported to form
biofilm-like aggregates in vitro with substances, like alginate and calcium (Sapi et al.,
2012), and collagen (Meriläinen et al., 2015), which are typical to biofilms of other
species. Bb also forms spherical shaped structures that have been called for example cell
wall deficient or cystic forms (for review see Stricker and Johnson, 2011 ). However, they
are viable and can revert to spirochetes; hence they are not cell wall deficient or cysts
(Meriläinen et al., 2015). Here, they are called round bodies (RB). Blebs are the
intermediate between spirochetes and RBs that have an expanded outer membrane on the
other end of the spirochete (Aberer and Duray, 1991; Meriläinen et al., 2015). Whether any
of the pleomorphic forms plays a role in immune evasion or chronic Lyme disease requires
further confirmation. For example, Al-Robaiy et al. (2010) suggested that the spherical
forms have a role in persistent infection. In this thesis, the immune responses to spirochetes
and RBs are studied and therefore usually the term pleomorphic forms refers the two
forms. Here, spirochetes are on average 20 µm long and corkscrew-shaped, and RBs are
spherically shaped with the diameter of 2.8 ± 0.46 μm as defined by Meriläinen et al.
(2015).

1.2 Immune system
The human immunity consists of two parallel systems. The first response to a pathogen is
non-specific innate immunity that recognizes pathogens based on their typical features, like
LPS and DNA methylation. Innate immunity includes complement system and phagocytic
cells, like macrophages and neutrophils. Complement system enhances phagocytosis and
causes cell lysis. If innate immunity is not able to clear an infection, adaptive immunity
begins to develop a pathogen-specific response. Antigen presenting cells processes
antigens and presents them to T and B lymphocytes of the adaptive immunity. T
lymphocytes can be either cytotoxic and induce death of a virally infected or cancerous
cells or helper cells that activate B cells. B lymphocytes are the main component of
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humoral immunity by producing antibodies. Adaptive immunity is responsible for
developing individual immune responses by generating memory cells that can initiate a
quick response when a pathogen is reintroduced.
Here, the focus is on phagocytic cells, particularly macrophages and dendritic cells.
Macrophages are professional phagocytic cells. Dendritic cells (DC) on the other hand
function as a bridge between innate and adaptive immune responses. DCs are the main
antigen-presenting cells to T cells. DCs mature as they come in contact with microbial
molecules like LPS or particular cytokines and they begin to express major
histocompatibility complex (MHC) proteins and several extracellular markers; CD40,
CD54, CD80, CD83, and CD86 (for review see Banchereau and Steinman, 1998).
1.2.1

Phagocytosis

A method for the immune system to stop invading pathogens or clear damaged cells is
phagocytosis. Phagocytosis is a phenomenon where a cell internalizes a particle and
degrades it. The internalized particle is located in a phagosome. Actin, and in the case of
large particles, and membranes from intracellular structures are needed for the formation of
a phagosome and the phagosome is often the shape of ingested particle (for review see
Swanson, 2008). The fate of the phagosome depends on cell type. In macrophages, the
phagosome matures by acidification through early endosomes finally to lysosomes (for
review see Kinchen and Ravichandran, 2008). In DCs, on the other hand, the phagosome is
not acidified but the pH continues to be neutral and also, proteases degrading the content
are different than in macrophages (for review see Savina and Amigorena, 2007).
1.2.2

Antigen presentation

Antigens can be presented by the two different molecules, MHC class I and II (for review
see van Kasteren et al., 2014). Bacterial and other extracellular antigens are usually
presented through MHC class II molecule to helper T lymphocytes. Viral and self-antigens
are collected from the cytosol and transported to the endoplasmic reticulum (ER) where
they are bound to MHC class I molecule and finally presented to cytotoxic T cells. The
phenomenon where exogenous antigens that are usually presented through MHC II
molecules are presented through MHC I molecule is called cross-presentation. Cross-

12
presentation can contribute to an immune response against an invader without an infection
of an antigen presenting cell.
1.2.3

Cytokines

Immune cells secrete signaling molecules called cytokines that they use to communicate
with each other. Cytokines can be loosely categorized into two groups. Proinflammatory
cytokines like interleukin (IL) 1 and tumor necrosis factor alpha (TNF-α) promote
inflammation, and anti-inflammatory cytokines (IL-1ra, IL-4, IL-6, IL-10, IL-11) suppress
their function (for review see Dinarello, 2000; Opal and DePalo, 2000). However, the
categorization of a cytokine is not so simple as a cytokine can have both functions
depending on the cell type. A subgroup of cytokines are called chemokines as they are the
attractant signal molecules (for review see Griffith et al., 2014).

1.3 Borrelia burgdorferi and immunity
As the Bb bacterium enters a human body, it already has an advantage to escape the
immune system. Tick saliva protein Salp15 protects Bb from antibodies by binding to
OspC (Ramamoorthi et al., 2005). Bb has other methods to evade the immune system as
well. An important role in the immune evasion is played by a protein called Variable
lipoprotein surface-exposed protein (vlsE). VlsE can go through antigenic variation and is
needed for reinfection (Rogovskyy and Bankhead, 2013). The bacterium can also inhibit
complement system by binding to factor H (Hellwage et al., 2001).
Despite the immune evasion methods, phagocytes can engulf Bb. In addition to normal
phagocytosis, Bb is internalized by coiling phagocytosis where Bb is wrapped with a
pseudopod coil, internalized and ended up in cytosolic compartments instead of lysosomes
(Rittig et al., 1992). Also, Filgueira et al. (1996) reported intracellular cytosolic Bb in DCs,
which could potentially be cross-presented. As Bb does not have LPS, immune cells
recognize it by lipoproteins, like OspA. Toll-like receptor (TLR) 2 as a homodimer with
TLR1 recognizes triacyl-lipoproteins and is, therefore, the primary receptor to recognize
Bb (Oosting et al., 2011). In addition, there are intracellular receptors, like TLRs 7/8 and 9,
that contribute to the immune response initiated in the phagocyte (for review see PetnickiOcwieja and Kern, 2015). In mice macrophages, the lack of MyD88 causes defects in
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phagocytosis of Bb (Shin et al., 2008). However, TLR2 and MyD88 independent pathway
for phagocytosis mediated by CD14 and complement receptor 3 has been reported by
Hawley et al. (2012). Also, as part of innate immunity γδ T cells can be activated in the
TLR2-mediated pathway and further activate DCs and therefore also adaptive immunity
(Shi et al., 2011). In adaptive immunity, the humoral response is the most important in
fighting the infection as while lacking T cells mice can generate a substantial humoral
response (for review see Dickinson and Alugupalli, 2012). Bb stimulates helper T
lymphocytes to differentiate into T helper phenotype 1 (Infante-Duarte and Kamradt,
1997).
The research of Bb interactions with host immunity is of particular importance as Bb can
modulate immunity. Diterich et al. (2003) reported immunotolerance to Bb and suggest
anti-inflammatory cytokine IL-10 to play a role with it. As the bacterium interferes with
host immunity, it can be said that the host immunity plays a role in the progression of
Lyme disease. Also, Bb is not known to encode any toxins or systems that secrete toxins
hence inflammatory responses contribute to tissue damage caused by the disease (Fraser et
al., 1997; for review see Radolf et al., 2012). The complexity of Bb infection ensures that
there is still plenty of research left to do. Particularly interesting is that the immune
response to pleomorphic forms has not been studied.

2 AIMS OF THE STUDY
Pleomorphic forms could explain the controversy in the pathogenicity of chronic Lyme
disease. It is important to understand if the immune response is the same against
spirochetes and RBs. Macrophages are important in reducing the pathogen load.
Pleomorphic forms could be processed differently and result in cross-presentation by either
or both forms. Also, as DCs are the bridge between innate and adaptive immunity, it is
interesting if RBs and spirochetes induce the same cytokine production in DCs.
The main interests of this study are
1) Entry and processing of Bb pleomorphic forms in macrophages.
2) Cytokine production in DCs stimulated by Bb pleomorphic forms.
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3 MATERIALS AND METHODS
3.1 Culturing of Borrelia burgdorferi
Borrelia burgdorferi strain used in the study was GCB726, a kind gift from George
Chaconas, University of Calgary (Moriarty et al., 2008). GCB726 is genetically modified
to express a green fluorescent protein that is located in the periplasmic space. The bacteria
were cultured in Barbour-Stoenner-Kelly medium (BSK II) supplemented with 6% rabbit
sera (Sigma, USA) at +37°C (Barbour, 1984). To induce RBs, the bacteria were
centrifuged 2400 g for 15 min, resuspended in H 2O and incubated for 2 h in +37°C
(Meriläinen et al., 2015).

3.2 Macrophages
THP-1 human acute monocytic leukemia cells (ATCC, USA) were cultured in RPMI 1640
medium (Gibco, UK) supplemented with 10% of fetal bovine serum (Gibco, South
America), 1% penicillin/streptomycin (Gibco, USA) and 0.05 mM β-mercaptoethanol
(Invitrogen, USA). Cells were maintained at 0.2-1.0x106 cells/ml. All mammalian cell
lines were incubated at 37°C with 5% CO2. The induction of monocytes to macrophages
was achieved by incubation with 200 nM phorbol-12-myristate-13-acetate (Sigma, USA)
for 3 days followed by a 5-day-period in fresh media (Daigneault et al., 2010). During the
differentiation of monocytes to macrophages, cells become adherent hence the maturation
was performed in 6-well-plates with 4 coverslips and 1x10 6 cells in each well.
3.2.1

Stimulation with Borrelia burgdorferi

Macrophages were stimulated with two pleomorphic forms of Bb, spirochetes and RBs,
and were prepared by transferring coverslips to 24- or 4-well-plates with the culturing
media without antibiotics. Cells were maintained 15 min on ice to synchronize cell entry
before the bacterial stimulation. The multiplicity of infection (MOI) used was 40. If
necessary spirochetes were centrifuged 5000 g for 10 min and resuspended in BSK II
medium to have the same concentration as RBs, 200·10 6 cells/ml. For each microscopic
sample 50 µl of bacteria were added to cells. Finally, six different time points were
explored; 2, 4, 8, 12, 24 and 48 h.
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3.2.2

Negative control

As a control a drug that inhibits intracellular trafficking was utilized. The goal was to
determine the amount of background signal for colocalization study as the drug inhibits
access to intracellular organelles. Nocodazole causes microtubule dynamic instability and,
therefore, prevents the trafficking of engulfed bacteria (Vasquez et al., 1997). Nocodazole
does not completely inhibit the uptake of bacteria but reduces it. As previously mentioned,
macrophages were stimulated with the pleomorphic forms of Bb and after 1 h incubation,
Nocodazole (Sigma, USA) was added to the final concentration of 30 µM. Bb was
incubated with macrophages for 8 h.

3.3 Fixing and Immunolabeling
In macrophages, two cellular compartments and actin were immunolabeled with the
intention of determining if spirochetes and RBs have the same route of entry and
processing. Duplicates for each sample were made as lysosomal associated membrane
protein 2 (Lamp2) for lysosomes and calnexin for ER were immunolabeled. Additionally,
the samples immunolabeled for ER were also stained for actin. All cells were washed with
PBS and fixed with 4% paraformaldehyde for 15 min in room temperature. Samples were
stored in 1% paraformaldehyde in +4°C until immunolabeled.
Lysosomes were immunolabeled with Rabbit

Anti-Lamp2 polyclonal antibody

(Proteintech Europe, UK) with the secondary antibody Alexa Fluor 555 goat anti-rabbit
IgG (Life Technologies, USA). ER was labeled with Calnexin (N-terminal region) Mouse
Monoclonal IgG1 (ECM Biosciences, USA) with the secondary antibody Alexa Fluor 633
goat anti-mouse IgG (Invitrogen, USA) and f-actin was stained with PhalloidinTetramethylrhodamine Conjugate (Santa Cruz Biotechnology, USA).
The immunolabeling procedure was performed in room temperature and cells are kept
rocking during incubations. All antibodies were diluted in 1% BSA 0.1% Triton X-100
0.01% NaN3. Fixed cells were labeled with the following protocol: Macrophages were
washed with PBS and free aldehyde groups are blocked with 0.15% glycine/PBS (Sigma,
USA) for 10 min followed by a wash with PBS. Permeabilization and blocking of nonspecific binding was achieved by 15 min incubation with Triton solution (1% BSA, 0.1%
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Triton X-100 (Sigma, USA) and 0.01% NaN3). The primary antibody was diluted 1:50 and
incubated with cells for 1 h. Next, cells were washed three times with Triton solution for 5
min. Secondary antibody was added with 1:200 dilution for 30 min. Samples
immunolabeled with ER antibody were washed three times with PBS for 5 min and stained
with Phalloidin using 1:1000 dilution for 15 min. Finally, samples were washed with PBS
before mounting with either Prolong Gold Antifade reagent with DAPI or Prolong
Diamond Antifade Mountant with DAPI (Molecular Probes, USA).

3.4 Confocal microscopy and image processing
Macrophages were imaged to observe the intracellular fate of engulfed bacteria. For
imaging a laser scanning confocal microscope Nikon A1 was used with NIS-Elements AR
software and 60x oil objective with the numerical aperture of 1.4. For each macrophage
sample, 10 cells as Z-stacks were imaged with both labeling protocols. Z-stacks were taken
with 0.2 µm interval, and the size of each step was 0.17 µm.
The microscope images were processed with an open-source image processing software
Fiji (Schindelin et al., 2012). The representative confocal images were processed by
adjusting brightness and contrast as well as filtering with Gaussian blur, Sigma (radius)
1.0. Differential interference contrast and the 3D plugin in Fiji (Schmid et al., 2010) were
used to confirm that the bacteria are inside the cell as Bb often is located on the surface of
a cell. For macrophages from each Z-stack, three slices (bottom, middle and top) were
chosen for colocalization analysis. The colocalization analysis was performed with an
open-source software BioImageXD (Kankaanpää et al., 2012). P-value for each label was
confirmed to be ≥0.95 by Costes method with 100 iterations. Thresholds were set manually
for each cell separately. Automatic thresholding was tried but resulted in big differences
between images. If necessary, region of interest was drawn to exclude other cells or
bacteria that were outside the cell. Manders coefficient for a cell was calculated by
weighted arithmetic mean from coefficients of the three slices (Manders et al., 1993). For
each sample, the average of Manders coefficient with standard deviation from ten cells was
calculated.
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3.5 Dendritic cells
Acute myelomonocytic leukemia cells (Mutz-3) were cultured in Alpha Minimum
Essential Medium (Gibco, UK) supplemented with 20% of fetal bovine serum, 1% of
penicillin/streptomycin and 20% of conditioned medium of urinary bladder carcinoma cell
line 5637. Both Mutz-3 and 5637 cell lines were obtained from Deutsche Sammlung von
Mikroorganismen und Zellkulturen, Germany (Drexler et al., 1997; Fogh, 1978). Mutz-3
cells were maintained at 0.4-1.0x106 cells/ml and split 1:2 every 4-6 days. The 5637 cells
were cultured in RPMI 1640 medium supplemented with 10% of fetal bovine serum and
1% penicillin/streptomycin. After two to three days, cells were treated with trypsin/EDTA
(Gibco, UK) and seeded to 1.9x106 cells/75 cm2. Media from 5637 cells was collected after
48-72 h, centrifuged 200 g for 10 min, filtered through 0.2 µm filter and stored in -20°C
(Quentmeier et al., 1997). The 5637 conditioned media was added to Mutz-3 culturing
media only to maintain the proliferation but not during maturation.
Mutz-3 cells were differentiated and matured with cytokines with a 7-day-period of
granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-4 and TNF-α followed
by a maturation with a 2-day-period with high dose TNF-α (Masterson et al., 2002).
Cytokine concentrations were determined by Kati Karvonen. Cells with the concentration
of 100 000 cells/ml were added to 12-well cell culturing plates in culturing media without
5637 conditioned media. The cytokines GM-CSF (150 ng/ml; Sigma, USA), IL-4 (20
ng/ml; Sigma, USA) and TNF-α (2.5 ng/ml; Gibco, USA) were added on days 0, 3 and 6.
On day 6 media is refreshed by centrifuging the cells for 3 min 300 g. On day 7 high dose
TNF-α (75 ng/ml) is added to differentiated Mutz-3 cells.
3.5.1

Flow cytometry

The maturation of Mutz-3 cells was confirmed by detection of the extracellular marker
CD83. CD83 expression is linked to mature DCs and increasing MHC molecule expression
(Zhou and Tedder, 1995). Approximately 200 000 cells were stained with 5 µl of PE antihuman CD83 antibody (BioLegend, USA). Cells were washed with 2 ml of staining buffer
(1% bovine serum albumin (BSA; Sigma, USA) in phosphate buffered saline (PBS)),
labeled with 200 µl of 1:40 antibody dilution on ice in the dark for 30 min and washed
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again with 2 ml of staining buffer. Cells were centrifuged after each step 400 g for 5 min.
For flow cytometry analysis, the cells were resuspended in 500 µl of staining buffer.
CD83 was detected with the flow cytometry FACS Calibur (BD Biosciences, USA) and
data was collected using BD Cell Quest Pro version 5.2.1 (BD Biosciences, USA).
Parameters used for forward scatter were voltage E00, amplification gain 1 and
amplification system linear; for side scatter voltage 350, amplification 1 and linear: and for
the channel FL2 voltage 414 and logarithmic amplification. Results were analyzed with
FlowJo –software version 8.4.5 (Tree Star, USA). The procedure was repeated twice.
3.5.2

Phagocytic index

Phagocytic index (PI) describes the phagocytic activity of a cell with a certain bacteria
suspension. PI can be used to compare the phagocytic activity of cell types or bacteria.
Here, PI was calculated from differentiated and mature DCs that were exposed to either
spirochetes or RBs. DCs were centrifuged 200 g for 3 min and resuspended into nonantibiotic media. Cells were maintained on ice for 15 min before Bb stimulation. Cells
were fixed after 2 h incubation, stained with Phalloidin and imaged with the confocal
microscope as described above for macrophages. As DCs were suspension cells, prior to
fixing DCs were centrifuged 200 g for 3 min. During staining, between each step cells
were centrifuged 16 000 g for 1 min. Actin was stained to help determine if bacteria are
inside a cell. At least 230 cells from all four conditions were studied under the microscope
for attaining the percentage of DCs that have engulfed Bb. More than 10 cells were imaged
to a closer examination of how many bacteria are inside the cell. PI was calculated using
the following formula (Barbuddhe et al., 1998):

3.5.3

Cytokine analysis

A commercial kit was used to determine which cytokines DCs, stimulated by the
pleomorphic forms, produce. Mature DCs were refreshed in a non-antibiotic media and
maintained on ice for 15 min before adding bacteria. The final concentration of DCs was
0.5·106 cells/ml. After 24 h incubation cells were centrifuged 16 000 g for 5 min, the
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supernatant was collected, and either used immediately or stored at ˗80°C. As a positive
control DCs were stimulated with Escherichia coli strain DH5α with the MOI of 40. The
bacteria were grown in Luria-Bertani medium with shaking 225 rpm at +37°C. As an
unstimulated control, mature DCs were used. Secreted cytokines were detected with
Proteome Profiler Array Human Cytokine Array Panel A (R&D Systems, USA). The kit
identified 36 cytokines: IL-α, IL-1β, IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12p70,
IL-13, IL-16, IL-17, IL-17E, IL-23, IL-27, IL-32α, complement component 5/5a (C5/C5a),
CD40 ligand, granulocyte colony-stimulating factor (G-CSF), GM-CSF, CXCL1,
macrophage migration inhibition factor (MIF), soluble intracellular adhesion molecule 1
(sICAM-1), interferon-γ (IFN-γ), CCL1, CCL2, CCL3, CCL4, CCL5, CXCL10, CXCL11,
CXCL12, plasminogen activator inhibitor 1 (PAI-1), TNF-α and soluble triggering
receptor expressed on myeloid cells 1 (sTREM-1). The kit was used according to
manufacturer’s instructions. The membranes were imaged for 10 min with ChemiDoc XRS
System (Bio-Rad, USA) and analyzed with ImageJ macro Dot Blot Analyzer plugin by
Gilles Garpentier, University of Paris. The background was subtracted from the results,
and they were normalized based on the positive controls in each membrane.

3.6 Statistics
The statistical significances of the lysosome, ER and actin colocalization differences
between RBs and spirochetes at each time point was analyzed with two-tailed, unpaired ttest with equal variances. Differences were considered significant when p > 0.05. Because
the sample size in the cytokine experiment was low statistical differences were tested with
Wilcoxon signed-rank test with 0.05 alpha. Analyzes were performed with an open-source
spreadsheet program Gnumeric version 1.10.16.
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4 RESULTS
4.1 Entry and processing in macrophages
Borrelia burgdorferi spirochete and RB entry with actin and processing in lysosomes and
ER in macrophages were studied at six different time points; 2, 4, 8, 12, 24, and 48 h.
Confocal images of RBs or spirochetes with actin, lysosomes or ER are presented in
Figures 1A, 2A, and 3A, respectively. Figures include 2, 8 and 24 h representatives for
both pleomorphic forms. Also, figures include zoomed images to give a closer look for the
possible colocalization. The co-localization results are presented as how much of either
spirochete or RB internalized by a cell colocalizes with a cell organelle. Colocalization is
presented as Manders coefficient with standard deviations in Figures 1B, 2B, and 3B. As a
control, cells were treated with Nocodazole to prevent intracellular trafficking and provide
information on the background when Bb should not reach a cell organelle (Figures 1B, 2B,
and 3B).
F-actin was seen mostly on the edges of a cell (Figure 1A). The adherent cells had clear
actin fibers at the bottom. Manders coefficient for actin ranged from 0.2 to 0.5 so that in
Nocodazole treated cells Bb colocalized the most with actin and at 4 h Bb colocalized the
least (Figure 1B). The trend was similar with RBs and spirochetes; hence there were no
statistically significant differences between RBs and spirochetes at any time point. Actin
could sometimes be seen specifically around RBs in macrophages as well as in DCs
(Figure 5C). In DCs the phenomena was also observed in spirochetes (Figure 5B).
Lysosomes were observed as dot-like organelles of different sizes that were unevenly
spread all over a cell, occasionally more abundant closer to the edges of a cell (Figure 2A).
Manders coefficient indicated the smallest colocalization for RBs, 0.09, at 4 h and for
spirochetes, 0.28, by Nocodazole control (Figure 2B). The largest colocalization for RBs
was 0.28 at 12 h and for spirochetes 0.49 at 12 h. For both pleomorphic forms, the
colocalization increased until 12 h and after that stayed approximately the same for
spirochetes and decreased to 0.16 for RBs. At each time point, spirochetes colocalized
more with lysosomes than RBs ranging from 0.03 at 2 h to 0.32 at 48 h. Statistically
significant differences between RBs and spirochetes were at 4, 8, 12, 24 and 48 h.
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ER is a membrane structure that originates next to the nucleus. Often, the strongest signal
was detected around the nucleus, but ER was spread throughout a cell (Figure 3A). Unlike
with actin and lysosomes, zoomed images suggested no colocalization with Bb and ER.
The Manders coefficients were also lower for ER, ranging from 0.04 to 0.11 (Figure 3B).
Spirochetes colocalized more with ER than RBs with no difference at Nocodazole control
and 8 h and the largest difference of 0.04 at 2 and 4 h. Statistically significant differences
between pleomorphic forms were at 2, 4 and 48 h.
From at the confocal microscopy samples and images, a few observations were noted.
First, the engulfment of both spirochetes and RBs took time. At 2 h, it was challenging to
find Bb inside a cell. On the other hand, even at 24 h there were still several Bbs that were
not engulfed. Nocodazole treatment altered cell morphology to a more irregular from.
Furthermore, certain RB behavior should be mentioned. At 8 h, RBs outside cells started to
revert to spirochetes. Also, in the RB control samples treated with Nocodazole mostly
spirochetes were detected.
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Figure 1 Colocalization of actin (red) and Borrelia burgdorferi pleomorphic forms (green) in macrophages.
A) Representative confocal images of spirochetes and round bodies (RB) at 2, 8 and 24 h time points as a
merged image, channels separately and as a zoomed image. All slices are from the middle of the cell and
scale bars are 10 µm. B) Colocalization as Manders coefficient with standard deviations for spirochetes
(Spiro) and RBs at 2, 4, 8, 12, 24, and 48 h as well as for 30 µM Nocodazole treated cells at 8 h.
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Figure 2 Colocalization of lysosomes (red) and Borrelia burgdorferi spirochetes or round bodies (RB)
(green) in macrophages. A) Confocal images of spirochetes and RBs at 2, 8 and 24 h time points as a merged
image, channels separately and as a zoomed image. All images are from the middle of the cell and scale bars
are 10 µm. B) Colocalization of spirochetes (Spiro) and RBs with lysosomes as Manders coefficient with
standard deviation at 2, 4, 8, 12, 24, 48 h, and Nocodazole control with 30 µM treatment at 8 h.* indicates a
statistically significant difference between pleomorphic forms.
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Figure 3 Endoplasmic reticulum (red) and Borrelia burgdorferi pleomorphic form (green) colocalization in
macrophages. A) Confocal images of spirochetes and round bodies (RB) at 2, 8 and 24 h time points as a
merged image, channels separately and as a zoomed image. All images are from the middle of the cell. Scale
bars are 10 µm. B) Colocalization of spirochetes (Spiro) and RBs as Manders coefficient with standard
deviation at 2, 4, 8, 12, 24, and 48 h as well as at 8 h for 30 µM Nocodazole treated cells.* indicates a
statistically significant difference
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4.2 Phagocytosis in dendritic cells
To confirm that the Mutz-3 maturation protocol resulted in mature DCs, the CD83
expression in Mutz-3 DCs was studied. When cultured Mutz-3 cells (Figure 4A) or cells
that have differentiated for 7 days with GM-CSF, IL-4, and TNF-α (Figure 4C) were
compared to DCs with after additional 2 days with high-dose TNF-α (Figure 4E), the highdose TNF-α treated DCs expressed CD83 about 10% more. Even though there was no
difference in CD83 expression between cultured cells and 7 days differentiated cells, there
was a difference in size and granularity (Figure 4B, D, and F).
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Figure 4 CD83 expression of DCs during the maturation protocol. A) and B) represent normal Mutz-3 cells
from cell culture, C) and D) Mutz-3 cells differentiated for 7 days with cytokines, and E) and F) cells with
additional 2 days with high-dose TNF-α. A), C) and E) illustrate the CD83 expression. Gates with the
percentage of cells within are included. B), D) and F) show cell size as the forward (FCS), and side (SSC)
scatters as well as gates made for each sample. Results are a representive example from one of the three
experiments.

27
Forward scatter indicates cell size and the central population moves towards a bigger cell
size as maturation proceeds. Side scatter indicating cell granularity has even a more
definite change indicating an increase in granularity. Two of the three experiment
repetitions produced similar results as in Figure 4. The third repetition resulted in a similar
amount of CD83 expression for differentiated and mature DCs while cultured cells had
again about 10% lower expression.
In addition to DC maturation, the phagocytic ability of DCs was confirmed. DCs engulfed
both pleomorphic forms of Borrelia burgdorferi as seeing in confocal images of Figure 5B
and C. DC morphology was also explored from the images. The cells were mainly round
with occasional dendrites. No visible differences between differentiated and mature DCs
were detected. The PI for mature and differentiated DCs with both pleomorphic forms is
presented in Figure 5A with the average number of bacteria inside a phagocytosed DC. PIs
for mature DCs were increased compared to differentiated DCs. Moreover, spirochete PI
for mature DCs was 27, which is larger than RB PI 24, but for differentiated DCs RB PI
was 13, which is more substantial than spirochete PI 3. The mean number of bacteria
inside a phagocytosed cell was greater for RBs in both cell types though for mature DCs
the difference was only 0.1 when it was 0.5 for differentiated DCs.
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Figure 5 Mature Mutz-3 dendritic cells (DC) engulfed Borrelia burgdorferi. A) Table with phagocytic
indexes and the mean numbers of bacteria inside a cell that has phagocytosed bacteria. Values are for
differentiated and mature DCs with both spirochetes and round bodies (RB). Confocal images of mature DCs
showing DNA (blue), actin (red) and differential interference contrast (gray) stimulated with fluorescent
(green) B) spirochetes and C) RBs. Scale bars are 10 µm.

After DCs have phagocytosed a pathogen, they begin to secrete cytokines to communicate
with other immune cells. Cytokine production of DCs after 24 h stimulation with either
spirochetes or RBs were studied. As controls, DCs were not stimulated or stimulated with
E.coli. Either or both pleomorphic forms induced secretion of CCL5, TNF-α, PAI-1,
CCL4, CCL3, MIF, CCL2, IL-16, IL-8, IL-1β, IL-1ra, IL-1α, sICAM-1, CCL1, CXCL1,
GM-CSF, CD40 ligand and C5/C5a (Figure 6). There were only small differences in
productions of TNFα, CCL3, MIF, IL-1α, CCL1 and GM-CSF (Figure 6B, E, F, L, N, and
P). Spirochete stimulation increased CXCL1 production to 1.37 when RB stimulation
resulted in 0.98 of relative intensity (Figure 6O). Most of the cytokines in Figure 6 had an
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increased secretion by RB stimulation. Although RBs stimulated higher production of IL16, IL-1β, CD40 ligand and C5/C5a, the relative intensity was <0.3 (Figure 6H, J, Q, and
R). PAI-1, CCL4, and sICAM-1 had production by both pleomorphic forms ranging from
0.63 to 0.83 (Figure 6C, D and M). The most secreted cytokines by RB stimulation were
CCL2 (1.66; spirochetes 1.33), IL-8 (1.49; spirochetes 1.22), CCL5 (1.42; spirochetes
1.09) and IL-1ra (1.36; spirochetes 1.15) (Figure 6G, I, A, and K).
In addition to the cytokines presented in the figure, neither RBs nor spirochetes stimulated
the expression of IL-2, IL-4, IL-12p70, IL-17, IL17E, IL-32α, CXCL10, CXCL11 or
CXCL-12. Only RBs but not spirochetes stimulated minor expression of IL-10 and IL-6
(relative intensity <0.002) as well as some sTREM-1, IL-27 and IL-13 (<0.013). On the
other hand, spirochetes but not RBs stimulated a minor expression of IL-5, G-CSF, and
IFN-γ (<0.007). Both pleomorphic forms stimulate a low IL-23 (<0.006) expression. The
statistical analysis of cytokine expression between RBs and spirochetes does not indicate a
significant difference. The Wilcoxon sign-ranked test does not give a significant result
either when comparing the controls or either of the pleomorphic forms to positive or
unstimulated control.
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Figure 6 Cytokines secreted by dendritic cells when stimulated for 24 h with E. coli, spirochetes (S), round
bodies (RB) or without stimulation presented as relative intensity. A) CCL5, B) TNF-α, C) PAI-1, D) CCL4,
E) CCL3, F) MIF, G) CCL2, H) IL-16, I) IL-8, J) IL-1β, K) IL-1ra, L) IL-1α, M) sICAM-1, N) CCL1, O)
CXCL1, P) GM-CSF, Q) CD40 ligand and R) C5/C5a.
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5 DISCUSSION
5.1 Colocalization of pleomorphic forms with actin, lysosomes and
endoplasmic reticulum in macrophages
F-actin has been shown to be involved in the phagocytosis of Bb spirochete (Linder et al.,
2001). Here, the results suggest that actin participates in the phagocytosis of both
pleomorphic forms. Also, actin colocalizes mainly in the uptake of Bb but not with Bb that
is already inside a cell as suggested by microscopic observations (Figure 1A). The fact that
there is still colocalization at 48 h after addition of Bb is the result of the high MOI used in
the study. There are no statistically significant differences in colocalization of actin
between the pleomorphic forms, and the trend is similar throughout the time points (Figure
1B). In this case, the pattern represents more the competence of cells to engulf bacteria
than the characteristics of the bacteria. The colocalization of actin and pleomorphic forms
during the engulfment is also supported by visual observations for macrophages and DCs.
The same phenomena as seen in figure 5B and C for DCs was observed in macrophages as
well: actin forming a ring around RBs or the signal being very strong at the whole or the
other end of a spirochete as the shape of a spirochete. In the actin images (Figure 1A), as
well as others, spirochetes could be seen entering macrophages end-on that has been
reported previously (Montgomery and Malawista, 1996). Here, spirochetes were also
observed to enter starting from the middle suggesting that internalization does not have to
be end-on. Further, it would be interesting to see if f-actin is necessary for the uptake of
both pleomorphic forms of Bb or can the engulfment be mediated by other structural
proteins.
Lysosomes colocalize less with RBs than spirochetes, but the colocalization trend in both
conditions is mainly increasing over time until 12 h (Figure 2B). Colocalization can also be
observed in some confocal microscopic images supporting the data (Figure 2A).
Statistically significant differences are starting at 4 h. Consistency between time points
suggest a significant difference between the two pleomorphic forms. Bb spirochetes enter
lysosomes in about 1 h and are degraded there in about 5 h (Montgomery and Malawista,
1996). Therefore, colocalization already at 2 h is possible and so the results support one
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another. Nevertheless, there is a fact that could contribute to the difference between
pleomorphic forms. As the green fluorescent protein is located in the periplasmic space in
Bb, the signal fades as membranes are disrupted. Whether this affects the fluorescence
signal strength given by partially degraded spirochetes or RBs is difficult to say.
Considering that spirochetes are degraded more often in lysosomes than RBs, what
happens to Bb that does not end up in lysosomes? Previously Rittig et al. (1992) reported
about coiling phagocytosis that resulted in spirochete degradation in the cytoplasmic area
independent of lysosomal activity. The observation of cytoplasmic Bb has been done in
DCs as well (Filgueira et al., 1996). Coiling phagocytosis could not be visually detected
with confocal microscopy, however, that does not indicate that pleomorphic forms are not
engulfed by coiling phagocytosis. A possible explanation for cytosolic RB observation is
that RBs use more often the same cytoplasmic degradation route as some spirochetes.
Also, the cytosolic Bb could lead to antigen cross-presentation suggesting that RBs are
more commonly cross-presented. If the pleomorphic forms are treated differentially, the
reason could be a different type of phagocytosis or recognition. Recognition of RBs could
differentiate from spirochete recognition due to the distinct markers on RB's cell wall
which could possibly lead to other recognition pathways than TLR2 pathway (Meriläinen
et al., 2015). In addition, some TLRs locate in phagolysosomes. Less recognition by those
TLRs could contribute to the immune response initiated by RBs.
The colocalization of Bb and ER was studied to detect possible cross-presentation of
antigens. An antigen that is processed through ER is presented by MHC class I molecule
instead of typical MHC class II presentation of extracellular antigens. In this study, the
colocalization for Bb and ER was low as could be expected for extracellular antigens. It is
challenging to confirm whether the results are an actual signal for antigen and ER
colocalization or background as the colocalization is so low. Visually, no colocalization is
detected with ER (Figure 3A). There are no large differences in colocalization between
time points (Figure 3B). Spirochetes colocalized more with ER compared to RBs at time
points 2, 4, 24 and 48 h, however; differences were statistically significant at time points 2,
4 and 48 h. Nevertheless, it seems unlikely that there is cross-presentation already at 2h.
Some background signal could result from phagolysosomes that might use ER membranes
to increase membrane surface area (for review see Savina and Amigorena, 2007). Another
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reason for the high background is manual thresholding. Thresholding was slightly more
difficult for ER than other labels because the microscope was optimized for 555 nm.
Finally, the 633 secondary antibody resulted in a weak signal with some background. Bb
antigen cross-presentation has been speculated for example by Filgueira et al. (1996).
However, these results do not exclude the possibility of cross-presentation nor do they
confirm it. Also, these results do not reliably show a difference between pleomorphic
forms and ER. If there is cross-presentation, the bacterium might be so degraded in the ER
that it cannot be detected with this method. A different approach could be immunolabeling
several specific Borrelia proteins like p41. Now, those proteins can be processed in ER, but
they are not detected if the green fluorescent protein does not go through ER. Crosspresentation is often studied in cancer or viral studies by methods that include co-culturing
with CD8+ T cells as done for example by Harding and Song (1994). Also, for adaptive
immunity DCs usually present antigens to CD8+ T cells and are probably more important
cross-presenting cells than macrophages.
The experiment setup used here to study entry and processing of Bb in macrophages is not
flawless. Colocalization is not a straightforward method (for review see Dunn et al., 2011).
Manders coefficient is very dependent on thresholding but normalizes the results and is,
therefore, better for comparing pleomorphic forms than colocalization percentages. Here,
thresholding was completed manually and, therefore, is sensitive for subjectivity.
Automatic thresholding was tested but resulted in very different thresholds between
samples. The colocalization results have high standard deviations that are the result of
small sample size and variation between individual cells. To receive more reliable results,
other intracellular organelles such as early endosomes as well as organelles that do not
colocalize with Bb as control could be studied. Entry studies of bacteria are often
completed by washing off the excess bacteria as was done for example by Montgomery
and Malawista (1996). Here, the excess bacteria could have been washed off at 2 h.
Washing off the excess bacteria would have given a better idea of how long the
internalization takes and how quickly the bacteria are degraded. Nocodazole treatment was
expected to inhibit colocalization with lysosomes and ER. However, that was not
completely the case. Nocodazole treatment protocol could be revised or a different control
used.
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The phagocytosis of Bb spirochete has been studied before. However, RBs are not
considered important as they often are thought to be unviable (for review see Stricker and
Johnson, 2011). In the macrophage study as well as in the DC studies the main idea is to
compare the pleomorphic forms. While comparing spirochetes and RBs, it has to be taken
into consideration that RB samples also include some spirochetes. At particularly 8 h or
longer time points some RBs had reverted to spirochetes. Some reversion of RBs is
expected as 2h in H2O induced RBs can revert to spirochetes and are viable (Meriläinen et
al., 2015). Also, PFA fixing opens up RBs that are not phagocytosed which could play a
major role in the amount of observed spirochetes in RB samples.
All the experiments were completed in vitro. When considering the results in vivo have to
take into consideration that there are many other players that are excluded in the studies. In
a human body, Bb can be in contact with blood before it is phagocytosed. As a function of
complement system Bb can be opsonized and phagocytosed based on Fcγ receptors
(Belperron et al., 2014). Antibody opsonization helps to fight the infection, but it also can
promote arthritis in the later stage of the disease in mice (Belperron et al., 2014).

5.2 Dendritic cell maturation and phagocytosis of Borrelia burgdorferi
To study Bb and DCs, DC maturation protocol was set up. With the procedure obtained
from Masterson et al. (2002) with some modifications, only about 10% of DCs matured
during the 2-day-period with high-dose TNF-α. According to Masterson et al. (2002) the
percentage should be 20. Hence, the maturation protocol was not optimal. One of the
repetitions indicated that DCs were mature already at day 7 before adding high-dose TNFα. During this maturation, the cells did not proliferate as during other maturations. An
explanation is that the cell death stimulated DCs to mature. In addition to CD83
expression, the flow cytometry experiment provided information about cell size and
granularity. As expected cell size and granularity increased during maturation supporting
the CD83 results of protocol resulting in maturation. The CD83 flow cytometry was
repeated thrice but because of the inconsistency in the results, more repetitions are
required. While confirming the maturation, there could have been a comparison of 2-day
stimulation with TNF-α and Bb to see whether DCs could have been effectively matured
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with Bb instead of the high-dose TNF-α. It should be possible as DCs can mature not only
with the stimulation of cytokines but also of LPS or whole bacteria, and immature DCs can
phagocytose (for review see Banchereau and Steinman, 1998). Although, a two-day
stimulation with Bb would not be convenient for all studies. The small maturation
percentage of DCs is hard to justify in future studies, and the protocol requires further
optimization. Also, the staining protocol of CD83+ cells could be optimized and confirmed
that results are not affected by the staining protocol for flow cytometry.
On top of DC maturation, the phagocytosis of Bb had to be confirmed. Confocal images
demonstrated that DCs phagocytose both pleomorphic forms. DC morphology had too
small differences between differentiated and mature cells to be observed visually. When
DC morphology was compared to macrophages, the main difference was due to the
different culturing methods as DCs are suspension cells and macrophages become adherent
during the maturation. According to their name DCs should have dendrites, narrow but
long projections that help them to reach other cells, that also Mutz-3 derived mature DCs
should produce (Masterson et al., 2002). However, many dendrites were not detected,
possibly due to the low maturation rate. For mature DCs, the difference in PI as well as
average bacteria inside a cell between RBs and spirochetes is very small and most likely
not statistically significant. Again, repetition of the test is required for more reliable results.
PI results support DC maturation percentages assuming that mature cells phagocytose.
However, PI is very low possibly partly due to the size and shape of Bb. When DCs were
compared to THP-1 macrophages the average bacteria engulfed by a cell is smaller for
both pleomorphic forms in THP-1 cells (Meriläinen, unpublished data). Despite the low
PI, it can be concluded that DCs phagocytose both pleomorphic forms of Bb.
Previously, Bb spirochetes are reported to induce DC maturation almost as LPS and induce
IL-8 production (Suhonen et al., 2003). In the same study, Bb was detected as fragmented
pieces in phagolysosomes as well as in the cytoplasm. Also, Filgueira et al. (1996)
observed spirochetes in phagolysosomes and cytosol, coiling phagocytosis, MHC II
antigen presentation and speculate on MHC class I antigen presentation of cytosolic Bb.
DCs on the skin, Lagerhans cells, a decrease in MHC class II expression is detected in skin
manifestations connected with Lyme disease suggesting an insufficient response to Bb
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(Silberer et al., 2000). Again, there are no studies of DCs and RBs. Also, in Bb studies DC
cell line has not been used, and PI has not been calculated.

5.3 Cytokines produced by dendritic cells
Although the DC maturation protocol did not produce as good maturation response as
pursued, the protocol was used in an experiment where excretion of cytokines was
analyzed after Bb stimulation. Results indicated that RBs and spirochetes stimulated
different cytokine responses in DCs. While considering all the 36 cytokines the difference
was not statistically significant, but this was expected as the Wilcoxon signed-rank test did
not give a statistically significant difference between the controls either. This could be due
to the fact that there were several cytokines that were not secreted. Nonetheless, it does not
exclude the possibility of statistically significant differences for a few particular cytokines.
To observe the potential differences, the cytokine analysis should be repeated. In addition,
the cytokine analysis confirmed that DCs produce several cytokines without stimulation
(Figure 6; Hoefnagel et al., 2011).
Cytokines produced the most by spirochete and RB stimulation were the chemokines
CXCL1, CCL2, IL-8, and CCL5 (Figure 6O, G, I, and A). CXCL1 is a neutrophil attractant
(for review see Griffith et al., 2014). CCL2 induces responses mainly in monocytes or
macrophages but is a chemoattractant also to T cells (for review see Mukaida et al., 1998).
Since Lyme disease can manifest as neurological symptoms, it is interesting that CCL2 is a
factor in many neurogenerative disorders like multiple sclerosis (for review see Bose and
Cho, 2013). IL-8 has multiple effects on neutrophils, including chemotaxis and release of
lysosomal enzymes (for review see Mukaida et al., 1998). IL-8 has been suggested to play
a role in particularly T helper cell phenotype 1 immune reaction (for review see Mukaida
et al., 1998) that agrees with observed spirochete stimulation towards T helper cell
phenotype 1 (Infante-Duarte and Kamradt, 1997). CCL5 is also an inflammatory
chemokine that recruits several immune cells, including macrophages ans T cells, but on
the other hand CCL5 is strongly associated with cancer (for review see Aldinucci and
Colombatti, 2014).
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The same experiment was conducted by Leena Meriläinen (unpublished data) with
differentiated THP-1 macrophages. The experiment produced stronger signals, probably
due to higher PI in macrophages. Spirochetes induced significantly higher production of
CCL5, CCL4, MIF, IL1β, and IL1ra secretion while CCL2 was the only one produced
more by RB stimulation. However, here all these cytokines were produced more by RB
than spirochetal stimulation. Therefore, RBs seem to initiate a stronger immune response
in DCs than spirochetes that can further affect the adaptive immunity. Here, the differences
for all these cytokines might not be significant and, therefore, they do not confirm nor
contradict previous results. As macrophages and DCs have separate roles in the immune
system, also different cytokine production was expected. Only DCs, but not macrophages,
produced C5/C5a, CCL1, IL-1α, and IL-10. Whereas, only macrophages released G-CSF,
IL-6, IL-23, CXCL10, and CXCL11. Based on these results without their reproduction
what can be said is that a difference in cytokine production between pleomorphic forms is
possible. The difference could result from different processing of RBs and spirochetes in
immune cells.
Whether the immune responses to pleomorphic forms differ, has not been studied so far.
Nevertheless, cytokines related to Lyme disease are well known. In mice macrophages
increased IL-10 secretion is suggested to suppress their immune response (Lazarus et al.,
2008). Here, IL-10 did not have increased secretion by either of the pleomorphic forms
although it could be due to cell type. In monocytes and macrophages, Bb stimulates
directly CCL4 production and indirectly with the help of IFN-γ CCL2, CXCL9, and
CXCL10 are released (Shin et al., 2010). Here, DCs also released CCL4 and CCL2, but not
CXCL10. Soloski et al. (2014) studied several cytokines in early Lyme disease patients
and concluded that primarily CXCL9, CXCL10, and CCL19 were elevated attracting T
lymphocytes. The kit used in this study included only CXCL10 that was not released.
Nonetheless, there are other immune cells that most likely contribute more to the cytokine
release into sera. In addition, Glickstein et al. (2003) studied patient with early Lyme
disease. They stimulated peripheral blood mononuclear cells with Bb and observed the
production of IFN-γ, TNF-α, and IL-13 as well as lack of many anti-inflammatory
cytokines suggesting a strong inflammatory response. Here, IL-13 was slightly produced
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by RB stimulation but not by spirochetes, on contrary to IFN-γ. TNF-α was released by
both stimulations as much as without stimulation.
Surprisingly, cytokines have been suggested to contribute to diagnostics. Particularly, the
role of CXCL13 in neuroborreliosis has been studied (Cerar et al., 2013). DCs are
important in T cell communication where cytokines IL-12 is important in Th1
differentiation and IL-4 in Th2 differentiation (for review see Schmitt and Ueno, 2015).
However, neither of these was released by Bb stimulation. Possibly, combinations of other
cytokines could promote the differentiation with antigen presentation. DC cytokine
production by Bb stimulation requires further studies with also another method. As DCs
interact with T cells, their co-culture could provide useful insight.

5.4 Conclusion
The controversy related to Lyme disease together with all the peculiarities of Bb and its
immune evasion implies a missing piece in the puzzle. Whether pleomorphism is the key
to solving the mystery, needs to be determined in the future. Regardless, this study
suggests a difference in the immune response stimulated by pleomorphic forms. The
significance of the difference must be further studied. The role of pleomorphic forms,
particularly RBs, in Bb infection and Lyme disease progression can at its best enlighten the
term chronic Lyme disease.
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