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ABSTRACT. Lyme disease is a zoonosis caused by infection with bacteria belonging to the Borrelia burgdorferi
species after the bite of an infected tick. Even though an infection by this bacterium can be effectively treated with
antibiotics, when the infection stays unnoticed B. burgdorferi can persist and chronic post-treatment Lyme disease
syndrome is able to develop. Although a cellular and humoral response is observed after an infection with the Borrelia
bacteria, these pathogens are still capable to stay alive. Several immune evasive mechanisms have been revealed
and explained and much work has been put into the understanding of the contribution of the innate and adaptive
immune response. This review provides an overview with the latest findings regarding the cells of the innate and
adaptive immune systems, how they recognize contribute and mediate in the killing of the B. burgdorferi spirochete.
Moreover, this review also elaborates on the antigens that are expressed by on the spirochete. Since antigens drive
the adaptive and, indirectly, the innate response, this review will discuss briefly the most important antigens that
are described to date. Finally, there will be a brief elaboration on the escape mechanisms of B. burgdorferi with a
focus on tick salivary proteins and spirochete antigens.
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Each year, 20,000 to 30,000 new Lyme disease cases are
diagnosed in the United States of America according to
the Centers of Disease Control and Prevention [1]. Lyme
disease, also known as Lyme’s borreliosis, is one of the
most frequently occurring zoonosis. It is caused by the
bacteria belonging to the Borrelia burgdorferi sensu lato
strain. Through a tick bite (mostly Ixodes ricinus species),
these bacteria are transferred to the host. Even though anti-
biotic therapy is often sufficient to cure most patients, some
patients still develop persistent Lyme disease, which then
leads to a multisystemic disease affecting either the joints
(Lyme’s arthritis), the heart (Lyme’s carditis), or the central
peripheral nervous system (neuroborreliosis) and causing
atrophic chronica acrodermatitis (inflammatory patches or
lesions) [2, 3].

It was already known in 1945 that Ornithodoros moubata
tick bites could lead to relapsing fever caused by a spiro-
chete of the Borrelia species [4]. Lyme disease has been
clinically described as an infectious illness by Steere et al.
in 1977 [5]. Ever since the discovery of the disease, the
understanding and involvement of the immune system has
developed excessively. This review provides an overview
of the cells of the innate and adaptive immune systems
with respect to their potential roles during Borrelia infec-
tion or in persistent Lyme disease. Additionally, antigens of

B. burgdorferi are described with special mention of the
recent advances that discuss the function or role of these
antigens in the life cycle of B. burgdorferi.

THE INNATE IMMUNE SYSTEM AND ITS
ROLE IN BORRELIA BURGDORFERI
INFECTIONS

Innate immune responses are facilitated by the recogni-
tion of pathogen-associated molecular patterns (PAMPs).
These PAMPs are molecules associated with pathogens
and can be recognized by Toll-like receptors (TLRs) or
a variety of other pattern recognition receptors (PRRs)
expressed on the cell surface or intracellularly in cells of
the innate immune system such as macrophages, dendritic
cells (DCs), and neutrophils [6]. This chapter provides an
overview of the cells of the innate immune system and how
they are involved in the recognition of Borrelia. In addi-
tion, the role of nonimmune cells such as keratinocytes,
mast cells, and fibroblasts will also be discussed.

Macrophages and monocytes

Human skin-residing macrophages are one of the first
innate immune cells that B. burgdorferi encounters when
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Figure 1
Overview of the immune system in response to Borrelia burgdorferi infection. A tick crawls its way into the skin, and while sucking up blood, the
spirochete is transmitted to the host. Upon recognition of PAMPs, a variety of proinflammatory mediators are being released, which subsequently
activate the adaptive immune cells. The adaptive immune system is then able to effectively respond to the infection by Borrelia burgdorferi

bacteria.

entering the host (figure 1). In addition, macrophages are
also found in the tissues of the heart in Lyme’s carditis, a
generally early and nonrecurring disease manifestation of
Lyme disease [7]. Recognition of B. burgdorferi by macro-
phages is mediated by several TLRs, including TLR2/1
heterodimers [8], the receptor of TLR4; CD14 [9], and
intracellularly located TLR7 and TLRS8 [10, 11]. Other
TLRs such as TLR3, TLRS, and TLR9 also have a role
or an involvement in B. burgdorferi recognition [2]. TLR3
is known to recognize double-stranded RNA and, as a
result, induces the production of type I interferons (IFN).
B. burgdorferiis thereby known to induce transcription and
production of type I IFNs. However, it is not known if this
is mediated by recognition through TLR3 or by other TLRs
such as TLR7 and TLRS, which are known to be able to
induce the production of Borrelia-dependent type I IFNs
[11]. The role of TLRS in the recognition of B. burgdorferi
remains a topic of debate. TLRS recognizes bacterial fla-
gellin and contradictory papers have been published, which
will be discussed later in this review, on whether there is
a role for TLRS in PAMP recognition on B. burgdorferi.
The same contradiction seen in TLR3 and TLRS applies

for TLRO as well. Petzke et al. suggested a role for TLR9
since blocking the receptor resulted in an abrogated pro-
duction of type I IFNs by monocytes in response to live
B. burgdorferi[10], whereas Shin et al. show no inflamma-
tory response in TLR9 knockout macrophages incubated
with live B. burgdorferi [12]. In 2001, a novel TLR was
identified and described as TLR10 [13]. The phylogeny of
TLR10 resembles that of TLR1 and TLR6 and its mRNA
has been found to be expressed in the spleen, lymph node,
thymus, and tonsil [13]. Additionally, TLR10 was found
to be expressed on plasmacytoid DCs and B cells [14].
Research on TLR10 is hindered by the lack of a rodent
homologue. However, two studies have found expression
of TLR10 homologues in rat but not in mouse [14, 15]. The
role of TLR10 is not yet fully understood and its ligand
has to be identified yet. The function of TLR10 seems
to be of a suppressive nature and blocking the receptor
elicits a higher cytokine response compared to control in
PBMC:s stimulated with viable B. burgdorferi [16]. As a
result of pattern recognition of B. burgdorferi, an upregu-
lation of the macrophage attractant chemokines C-C motif
ligand (CCL) 2, CCL3, and CCL4 has been observed [17].
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In addition, upregulation of inflammatory and regulatory
cytokines such as IL-1, IL-6, IL-8, IL-10, IL-12, IFN-a,
IFN-vy, and TNF-a in macrophages/monocytes could be
observed after exposure to Borrelia [10]. Activation of the
TLR pathways not only results in the expression of chemo-
kines, cytokines, and IFNs but also helps in the maturation
and survival of cells [18, 19]. Interestingly, live B. burg-
dorferi elicited a higher expression of chemokines and
cytokines compared to heat-killed bacteria in monocytes
found by Cruz et al. in an ex vivo model [20]. It was hypo-
thesized that this indicated the presence of one or more
nonlipoproteins as PAMPs, which signal intracellularly.
Thereby, monocytes phagocytosing live B. burgdorferi
showed pathogen-induced apoptosis [20]. Even though
this is a common feature, also seen in macrophages [21],
whether this is beneficial for the host or B. burgdorferi
remains a topic of debate. It could be that either self-
induced apoptosis of macrophages or monocytes prevents
collateral damage by limiting the inflammatory response,
or that pathogen-induced apoptosis promotes the survival
of opsonized B. burgdorferi via a parasitic suicide strategy
[20].

Polymorphonuclear leukocytes

In addition to first-line defense mechanisms by the innate
immune system is the presence or invasion of polymorpho-
nuclear leukocytes (PMNs) at the site of Borrelia infection.
As seen for macrophages, pathogen recognition of PMNs
is not only mediated by PAMPs interacting with TLRs
but also complement receptors (CR). Neutrophils express
mRNA for TLRs 1 through 10 with exception of TLR3,
and upon recognition of PAMPs, they secrete inflammatory
chemokines [22]. Clearance of B. burgdorferi by PMNs has
been shown to be both dependent and independent in the
presence of anti-B. burgdorferi antibody [23, 24]. Upon
recognition, B. burgdorferi is cleared through conventio-
nal phagocytosis or by two other specialized techniques,
that is, coiling phagocytosis, by which the PMNs form
pseudopods that wrap around the pathogen in a spiral pat-
tern [25, 26], and tube phagocytosis, by which thin cellular
protrusions surround and engulf the spirochete [27, 28]. In
addition to the phagocytic killing mechanisms by PMNss,
B. burgdorferi has also been shown to be susceptible
for either oxidative or nonoxidative mechanisms, which
contribute to killing or inhibiting growth of the pathogen,
respectively [7, 28]. Nevertheless, B. burgdorferi is able
to stagnate neutrophil chemotaxis by inhibiting IL-8 and
N-formyl-met-leu-phe (fMLP), a potent chemotactic fac-
tor for PMNss released by tissue bacteria. Phagocytosis is
inhibited by OspB expression, and tick saliva helps B. burg-
dorferi by inhibiting neutrophil function [29-32]. Besides
phagocytosis, another clearance mechanism, exclusive to
neutrophils, is neutrophil extracellular traps (NETs) for-
mation. It was found in 2004 by Brinkmann et al. that
neutrophils were able to release these NETs that can trap
and kill pathogens [33]. This specific mechanism, better
known as NETosis, kills bacteria by high concentrations of
elastase and myeloperoxidase and has also been observed
in the entrapment of B. burgdorferi [29, 34]. Menten-
Dedoyart et al. suggested a possible evasion mechanism
from NETosis by B. burgdorferi by keeping in mind their
formation of round bodies. These round bodies are formed
under unfavorable conditions enabling the spirochetes to
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survive longer, and these round bodies are also observed in
NET entrapment. In addition, B. burgdorferi secretes anti-
elastases, which serves as an alternative survival strategy
[17].

Mast cells, fibroblasts, and keratinocytes

Mast cells are effector cells found throughout the body, but
higher numbers are observed in the epithelial surface of the
skin, adding up to the cells that could directly encounter
B. burgdorferi in early stages of infection. The granules
present in the mast cells are mostly known to contain
heparin and histamine, diluting the blood and increasing
the permeability of capillaries [35]. However, mast cell
granules also contain cytokines, lysosomal enzymes, and
proteases. In response to external stimuli, such as recog-
nition of the Fc-region of IgE, mast cells are capable of
phagocytosis and antigen presentation on either MHC class
I or II, to CTLs or CD4* cells, respectively. In addition,
they are also capable of producing IL-4, IL-5, IL-6, IL-
8, and TNF-«a [36-38]. Though mRNA expression levels
of IL-3, IL-4, IL-5, IL-9, IL-10, IL-13, and IL-15 did
not increase upon incubation with B. burgdorferi, increa-
sed production of proinflammatory cytokine TNF-a was
detected [39].

Fibroblasts reside in the dermis, which is tightly connected
to the epidermis. Due to their contribution in modeling the
extracellular matrix and signaling to DCs, macrophages,
mast cells, and nonimmune cells, such as keratinocytes,
are seen as a part of the immune system [40]. Microar-
ray analysis of fibroblasts treated in vitro with different
strains of B. burgdorferi showed upregulation of 47 genes,
which including extracellular matrix remodeling genes,
proinflammatory genes, and chemokines. Many of these
genes are under control of the signaling/regulating pathway
mediated by NFkB, such as IFN-related genes [40, 41].
Further validation of the upregulated proinflammatory
genes by qRT-PCR showed IL-6, IL-8, and CXCLI to
be upregulated when fibroblasts were coincubated with
B. burgdorferi, which is in line with other studies, sug-
gesting an important role for fibroblast in inflammation
regulation and recruitment of immune cells such as leuko-
cytes, DCs, and macrophages [40, 42].

Stratified keratinocytes, differentiating from the stratum
basale up to the protective physical barrier of the stratum
corneum, in the epidermis form the first line of defense
against pathogens. Thereby, keratinocytes maintain an
important immunological function by continuously pro-
ducing antimicrobial peptides [43]. TLR1, TLR2, TLR4,
and TLRS have been found to be expressed on keratino-
cytes, enabling to respond to PAMPs [44-46]. As a result,
an upregulation of the antimicrobial peptides is observed,
which assist in the killing of pathogens [43, 44]. IFN-y
even shows upregulation of MHC class II on keratinocytes,
indicating an immunocompetent role for keratinocytes and
antigen presentation to CD4" T cells [47]. Keratinocytes
are also affected by tick saliva proteins, which inhibit acti-
vation and subsequent antimicrobial peptide or cytokine
secretion [32].

Dendritic cells

The key in bridging the innate immune system with
the adaptive immune system lies within DCs. DCs are
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professional antigen presenting cells (APCs) able to pha-
gocytose and process antigens. They can be distinguished
into two classes: the myeloid dendritic cells (mDCs) and
the plasmacytoid dendritic cells (pDCs). Both classes of
DCs have a distinct pattern in expression of TLRs; mDCs
express TLR1 —through TLR8, and TLR 10, whereas pDCs
express TLR1, TLR6, TLR7, TLRY, and TLR10, which
express high levels of type I IFNs in response to viruses
[48]. Langerhans cells (LCs), a subclass of mDCs, reside in
the skin and are possibly the first DCs to encounter B. burg-
dorferilacking the expression of TLR4 and TLRS [48, 49].
Recognition of B. burgdorferi and phagocytosis leads to the
degradation of the bacteria in phagosomes. Activation of
TLRs in DCs results in the same MyD88-mediated path-
way, increasing expression of MHC class II, costimulatory
molecules CD80/CD86, and a large subset of cytokines
[49, 50]. Expression of these surface molecules indicates
the maturation of the DCs allowing them to migrate toward
the lymphoid tissues for antigen presentation to T lym-
phocytes, initiating an adaptive immune response. The
antigenic peptides are presented to the T lymphocytes on
the major histocompatibility complex (MHC) class I or II
with additional stimulation by CD80/CD86 and cytokines
[20, 22, 48]. Since B. burgdorferi can also be found alive in
the cytoplasm, antigens of these microbes can be presented
on MHC class I [49]. In in vitro studies, a CTL response has
been observed and their presence is also shown in biopsies
of erythema migrans lesions. However, their function or
role in the defense against B. burgdorferi infection is not
yet understood [49]. Infectivity of B. burgdorferi in the
host is increased through saliva proteins Sialo L, Sialo L2,
and prostaglandin E2. Sialo L inhibits IL-12 production;
this is important for T lymphocyte differentiation. Sialo
L2 inhibits chemokine production, and prostaglandin E2
affects DCs maturation [32, 51, 52].

THE ADAPTIVE IMMUNE SYSTEM AND ITS
ROLE IN BORRELIA BURGDORFERI
INFECTIONS

The adaptive immune system comprises of CD4* cells (T
helper 1, T helper 2 cells, and T helper 17 cells), CD8*
cells (cytotoxic T cells), gamma delta T cells (yd T cells),
natural killer T cells (NKT cells), and B cells that are able
to effectively kill pathogens or prevent pathogen growth
(figure 1). In addition to the cell-mediated immunity, the
adaptive immune response also consists of a humoral part
in the form of antibodies.

CD4* T cells

When naive CD4* T cells interact with an antigen-
presenting cell, they are activated and start to differentiate
into T helper 1 or T helper 2 cell, depending on the cyto-
kine environment. Other subsets to differentiate from CD4
naive T cells, discussed later, are T helper 17 cells, regu-
latory T cells, NKT cells, y8 T cells, and memory T cells,
which are also possibly depending on cytokine stimulation
[53].

Both Thl and Th2 responses have been observed in Lyme
disease but the ratio between the two seems to determine
the severity of the disease. Patients with a predominant Th1
response are associated with the development of a more
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severe Lyme’s arthritis phenotype [54]. This has also been
shown in the synovial fluid of Lyme’s arthritis patients
[55]. Patients with a predominant Th2 response seem to be
more susceptible to a chronic Lyme disease manifestation
[54, 56]. The reason for the different outcomes as a conse-
quence of Lyme’s borreliosis is probably multifactorial,
but remain largely unknown to date [57].

For differentiation into T helper 17 cells (Th17), naive
CD4™* T cells have to be stimulated by IL-6, IL-21, IL-23,
and transforming growth factor B [53]. As stated before,
Lyme disease is able to develop into Lyme’s arthritis, in
which T cells are shown to play an important role. Autoim-
mune diseases with comparisons between clinical signs,
such as rheumatoid arthritis, show that Th17 cells play an
important role in the autoimmune disease [58, 59]. The
Th17 response in B. burgdorferi infections seems to arise
from the recognition of the neutrophil-activating protein
A (NapA), encoded by B. burgdorferi, by TLR2, which
stimulates the expression of cytokines involved in Th17
differentiation [60]. Taken together, the Th17 response
might be crucial for Lyme disease to become a chronic
condition in patients.

CDS8* T cells

CD8* T cells differ from the CD4* positive cells in the
recognition of MHC class I compared to MHC class II for
CD4* T cells. For the development of immature CD8* T
cells into effectors cytotoxic T cells (CTLs), an antigenic
signal is required, delivered by the MHC class I, which
is recognized by the TCR on the CD8* T cell. In addi-
tion, costimulatory molecules expressed by APC signals
such as CD80 or CD86 are recognized by CD28 on CTLs,
which are thought to help develop an optimal CTL res-
ponse. IL-12 and type I IFNs are thought to be the third
type of signal. The role of CTLs in Lyme disease is not well
understood. In a mouse model susceptible to Lyme disease,
depletion of CTLs led to a decrease of the Lyme’s arthri-
tis phenotype and to an increase in disease exacerbation
[61, 62]. This suggests that CTLs might have a negative
role in B. burgdorferi infections in the host by contributing
to Lyme’s arthritis. In neuroborreliosis, it could be demons-
trated that there is high infiltration and clonal expansion
of CTLs in the cerebrospinal fluid (CSF). Cytokine profi-
ling using CD3/CD28-containing beads to in vitro activate
CTL clones, derived from patient’s CSF after infection of
B. burgdorferi, shows excretion of high amounts of [FN-v,
little IL-2, and lesser IL-4, IL-5, and TNF-«a [63]. Howe-
ver, DCs that were preincubated with B. burgdorferi lysate
only showed an increase in TNF-a [63]. The animal model
indicates a MHC class I interaction via phagocytosis of
B. burgdorferi and an IFN-vy response rather than with anti-
gens of extracellular proteins [61, 62, 64]. Infiltration of
CTLs in the CSF might be explained by the fact that DCs
are also capable of MHC class I antigen presentation and
are present in the CSF [63]. Differences in cytokine pro-
files could be explained by the fact that DCs were treated
with B. burgdorferi lysates instead of live bacteria, which
might induce a different MHC class antigen presentation
and subsequent induction of the T cell response. Another
reason could be the use of a different model system that
might affect cytokine profiles.
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Gamma delta T cells

In contrast to the more conventional a3 T cells that reside
in the peripheral lymphoid organs, the gamma delta (yd)
T cells predominate the epithelial tissues. The function of
vd T cells in Borrelia infection is not yet fully understood.
In the autoimmune disease psoriasis, yd T cells are found
to produce IL-17 and contribute to disease pathology [65].
Another, and maybe more important, difference compa-
red to a3 T cells is the recognition of antigens. Instead of
activation through MHC class I or II antigen presentation,
v8 T cells recognize a more diverse collection of intact,
unprocessed ligands including nonclassical MHC mole-
cules (e.g., heat shock proteins, lipids, and stress-induced
molecules) expressed on CDla/b/c on DCs [65, 66]. In
Lyme disease, yd T cells have been shown to be activated
through DCs upon B. burgdorferi infection. The interac-
tion between DCs and yd T cells seems to be mediated by
Fas:FasL interactions, physical contact, and yd TCR ligand
recognition by DCs [66, 67]. Additionally, expression of
cellular FLICE (FADD-like IL-1p-converting enzyme)-
inhibitory protein (c-FLIP) by DCs inhibits the apoptotic
pathway and induces the NFkB pathway, leading to an
increased proinflammatory cytokine expression and cell
survival for yd T cells [66]. As a result of Fas:FasL inter-
action, caspase 8 is activated, which only recently has been
appreciated to be required for T cell growth [68]. Sub-
sequent to yd T cell growth and activation, IL-17 levels
are increased, and in contrast to their beneficial effects,
they have also been found to contribute to the pathology
caused by psoriasis [69].

(Invariant) natural killer T cells

A subgroup of lymphocytes, 0.2% of the T cells, express
surface antigens associated with both adaptive and innate
immunity and are described as natural killer T cells (NKT
cells), that is, CD56 and CD16 with CD3 to discrimi-
nate between NK and NKT cells [70]. NKT cells are not
only potent producers of cytokines but also provide protec-
tive immunity to microbes and tumor cells, and maintain
tolerance. Recognition of lipids occurs through the CD1
family, which are structurally related to the MHC complex.
Based upon which member of the CD1 family they reco-
gnize and the expression of specific a and 3 chains of the
TCR, NKT cells are being classified. The invariant NKT
cell (iNKT cell) is the most studied subtype of NKT cell
and is able to recognize lipid antigens, including one from
B. burgdorferi, presented on CD1d by the specific Va24-
Ja18 o chain and the VB 11 3 chain [71-73]. As a result of
antigen recognition, iNKT cells produce and secrete IFN-
v and IL-4, similar to the innate NK cells [72]. Like mice
lacking yd T cells, iNKT-deficient mice also show a redu-
ced ability to respond and clear B. burgdorferi infection
[74]. Due to the overlapping characteristics of both the
innate and adaptive immune responses of iNKT cells and
v8 T cells, they may link both systems as an immune res-
ponse to B. burgdorferi and other pathogens. Thereby, they
help in the clearance of B. burgdorferi and limit the severity
of Lyme’s arthritis. Interestingly, numbers of iNKT cells
in peripheral blood of humans vary greatly, from almost
undetectable to several percentages, and might be a risk
factor for the development of Lyme’s arthritis [75].
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B cells

Antigen recognition by B cells is mediated by the B cell
receptor (BCR) and occurs in the secondary lymphoid
organs. Upon antigen recognition, B cells can be acti-
vated either with or without the presence of T cells. T
cell-dependent activation occurs through MHC class 11
antigen presentation by the B cell [76]. Plasma cells are the
result of T cell-dependent B cell activation and secrete large
amounts of IgG antibodies. T cell-independent activation
is mediated by the costimulation of TLRs and results in
short-lived plasma cells secreting antibodies mostly of the
IgM class [76, 77]. The T cell-independent response occurs
after 3 to 4 days of infection and is the first humoral res-
ponse against pathogens, and thus B. burgdorferi. B cells
rapidly differentiate into IgM secreting cells in response to
antigens. Marginal zone B cells are the first cells to produce
pathogen-specific IgM, and defects in this system make
the host more susceptible to the development of Lyme’s
arthritis in a murine model [78]. Due to the development
of Lyme disease, patients start to develop autoantibodies
in response to B. burgdorferi proteins and glycolipids.
Nonresponding patients, treated with antibiotics, undergo
excessive inflammation and an uncontrolled immune res-
ponse, causing autoantibody formation to annexin A2
(autoantibodies found in multiple autoimmune diseases),
endothelial cell growth factor, and apolipoprotein B-100,
ultimately leading to Lyme’s arthritis development [79].
In addition, they also found that these patients had a T
and B cell response and include higher levels of IFN-vy
production.

ANTIGENS OF THE BORRELIA
BURGDORFERI BACTERIUM

Bridging the innate immune system to the adaptive immune
system occurs through APCs. Phagocytosis and sub-
sequent breakdown of B. burgdorferi initiates antigen
presentation by APCs to T and B cells (figure 2). This
process not only initiates an adaptive immune response to
effectively respond to an invading pathogen but also creates
immunological memory. The combination of immunolo-
gical memory and antigens is particularly interesting since
it would accelerate the development of vaccines to prevent
B. burgdorferi causing Lyme disease. In addition, gaining
specific knowledge on B. burgdorferi antigens could also
help in developing a more sensitive and specific diagnostic
tool for Lyme disease.

Outer surface proteins A-F; OspA-OspB

The first protein identified on the surface of B. burgdor-
feri is outer surface protein (Osp) A, which was described
as a surface antigenic determinant [80]. A similar protein
was described later by the same group and it became clear
that OspA and OspB are cotranscribed and their amino
acid sequence are identical for at least 53% [81-83]. Even
though protein identification and sequence were descri-
bed, it took a while before its function was determined. In
2000, OspA was identified as a mediator for B. burgdor-
feri attachment to the gut of the tick [84]. Later, it was
found that OspA binds specifically to the tick receptor
for OspA (TROSPA) [85]. The importance of these pro-
teins led to the development of a vaccine with recombinant
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OspA. Despite high protection levels against Lyme disease
(80-90%), OspA antibody responses in vaccine reci-
pients are generally low and result in vaccine failures
[86, 87].

OspC

Through clonal expansion and expression of an unknown
pc gene, encoding a major and prevalent protein on Borre-
lia, a pC protein was purified and later identified as OspC
[88]. The expression pattern of OspC is mutually exclusive
to OspA and OspB and is observed during tick feeding; and
the expression pattern suggests a role for OspC in dissemi-
nation from the tick and infestation in the host [89]. How
this expression is regulated is still unknown. Neverthe-
less, it seems that changes in temperature and tick feeding
might be the factors responsible for gene expression pat-
terns [90, 91]. That OspC may serve as virulence factor
was further validated using a B. burgdorferi OspC mutant
that was unable to infect the host [92]. Moreover, OspC
has shown to bind to tick salivary protein 15, which seems
to help the survival of B. burgdorferi in early infection
stages by complement- or phagocytosis-mediated killing
mechanisms [19, 93]. When OspC is not regulated and
constitutively expressed on B. burgdorferi, it was shown
that the ability of spirochetes to evade humoral immunity is
reduced [94, 95]. The observed humoral response to OspC
was areason to investigate the potency of a vaccine directed
against OspC. Unfortunately, the OspC sequence displays
high variation between Borrelia species and the humoral
response tends to be directed to the variable domains of the

protein complicating the vaccine design [96]. Therefore,
better understanding of the variable antigenic domains
could improve further studies on vaccine development.

OspD

Norris et al. discovered OspD expressed by a low-passage
strain of B. burgdorferi. Molecular cloning and sequence
analysis revealed a lipoprotein of about 28 kDa, represen-
ting OspD [97]. The function of OspD was later determined
when recombinant OspD was found to bind to tick gut
extracts. Furthermore, its expression decreased when sub-
jected to host-specific factors in a dialysis membrane
system mimicking the host environment, and when tempe-
rature rose from 23 °C to 35 °C, providing more evidence
of it as a adhesion protein for B. burgdorferi in the tick gut
[91, 98]. Unless there was tight regulation pattern, OspD
mutant strains did not alter spirochete transmission during
tick feeding, which indicates that B. burgdorferi is able
to compensate for the lack of OspD and therefore OspD
seems not required for the spirochete to survive [99].

OspE

OspE is the first lipoprotein that has been found to bind to
factor H and/or factor H-like protein-1 (FH/FHL-1) [100].
All proteins interacting with FH/FHL-1-factors are refer-
red to as complement regulator-acquiring surface proteins
(CRASPs) [101]. OspE plays a role in the evasion of the
immune system of the host. The expression of OspE is
increased when the temperature rises to 35 °C, providing



76

more evidence for its immunoevasive role [102]. OspE
function was demonstrated by adding soluble OspE to
human serum. The addition of soluble OspE inhibited fac-
tor H binding to the spirochete, and complement-mediated
killing was initiated [100]. It is therefore involved in
immune evasion, which is in line with a recent paper that
shows that B. burgdorferi spirochetes protect themselves
from a complement attack by mimicking host protection
mechanisms [103].

OspF

OspF is found downstream of OspE in the same operon and
they are cotranscribed genes. This seems to be a unique fea-
ture of the B. burgdorferi N40 strain [104]. As is seen with
OspE, gene expression of OspF is also upregulated when
there is a shift in temperature to 35 °C. While the function
of OspF is yet unknown, this behavior in gene expression
implies arole in the suppression of the complement system
during spirochete infection in the host [91]. Additionally,
OspF was found to be as a candidate adhesion molecule in
Lyme’s carditis [105].

Ospl7

Ospl7, first described in 1999, was found to be abundantly
expressed on the surface of the Borrelia afzelii strain pKo.
Unexpectedly, its expression was found in patients with
Lyme’s borreliosis in a late disease stage as well [106].
However, the sequence of the ospl7 gene showed 88-
100% sequence homology with Decorin-binding protein
A (DbpA) within the same B. afzelii strain [107]. DbpA
sequence homology in B. burgdorferi sensu stricto and
Borrelia garinii was shown to be around 45%. Altogether,
these data imply that the protein is species-specific and
conserved over time [107]. This finding could be confir-
med by another group, which proposed Ospl7 as a new
component for serodiagnosis of Lyme’s borreliosis [108].

Borrelia p83/100 antigen protein

The p83/100 antigen protein is known to elicit a strong
IgM and IgG response in all stages of Lyme disease.
The p83/100 antigen can be found in literature under dif-
ferent annotations, for example, p83, p93, p94, or p100.
Nevertheless, p83, p93, and p100 are homologs [109]. The
function of this protein is yet unknown, though it is cur-
rently being used in IgG Western blotting analysis as one of
the 10 specific bands for Lyme disease diagnosis, as descri-
bed by the CDC [110] after recommendation by Engstrom
et al. and Dressler et al. [111, 112].

Flagellin

Briefly discussed earlier in this review for its potential role
in PAMP recognition by TLRS is flagellin. Even though
the flagella of B. burgdorferi are contained within the outer
envelope, early immune responses still show an increase in
antibody response against the 41 kDa flagellin protein. It
seems that processed spirochetes result in the production of
antiflagellin antibodies [113]. Besides flagellin, also des-
cribed as p41 or flagellin B [114], flagellin A is an outer
sheath protein of the flagella of B. burgdorferi and has a
molecular weight of 37 kDa [114]. In contrast, only the
41 kDa flagellin is described by the CDC as a positive
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signal in the test for diagnosis of Lyme disease [110]. In
addition to diagnostic purposes, flagellin could also be a
factor for the innate immune system to recognize the spiro-
chete. Flagellin is recognized by TLRS and its recognition
has been described to induce a response by monocytes
[12]. However, it has been recently reported that B. burg-
dorferirecognition is independent of TLRS, which is likely
to assume since the flagella are encased within the outer
surface membrane [12, 115]. It might be that processing
the dead bacteria results in the unwrapping of the flagella
and thereby exposing the protein to TLRS, or recognition
through transient gaps within the membrane of the spi-
rochete. While both have yet to be demonstrated, it was
shown that TLRS is able to recognize the flagellin protein
of the spirochete Treponema pallidum [116]. It remains
an open question whether TLR5 and its ligand, flagellin,
are involved in the recognition of B. burgdorferi during
infection or disease.

Borrelia persistence protein A

The Borrelia persistence protein A (BptA) is a protein that
is conserved in all sensu lato strains and was shown to be
an Osp as well [117]. The sequence for BptA is located on
the linear plasmid 25 (Ip25). Although its function is not
yet known, it was shown to be involved in infectivity of
the bacteria since a BptA-deficient strain was not only less
virulent but also had drastically reduced survival within
the tick [117].

P13 and P66

P13 and P66 proteins were found as surface antigens with
a size of 66 kDa and 13 kDa, respectively [118, 119]. Both
proteins were found to be pore-forming proteins, which
were expressed on the outer surface of B. burgdorferi. In
addition, the porin protein P66 was found to have adhesive
properties and bind to human 1- and (33-chain integrins.
A P66-mutant strain was severely impaired during binding
to B3-chain integrins and was shown to be a virulence fac-
tor for Borrelia to establish infection in the host [120, 121].
The pore formed by P66 consists of 7-8 subunits, in total
accounting for a membrane complex of about 460 kDa, and
build up by oligomeric P66 proteins [122]. It is of note that
results from a recent study led the authors to conclude that
the integrin-binding characteristic of P66 does not seem to
play arole in infectivity of B. burgdorferi, but is important
for transmigration of the bacteria through the endothelial
cell layer and further dissemination [123]. In contrast, the
P13 pore formed is approximately 300 kDa and is com-
posed of monomeric P13 subunits [124]. Even though the
function of P66 is partly described, the function of both
P66 and P13 as porins is not well understood to date. Their
function as pore proteins was investigated, but when the
spirochete was faced with osmotic pressure, P13 and P66
showed no active participation [125].

Decorin-binding proteins A and B

In addition to P66 that binds to host ligands, decorin-
binding proteins A (DbpA) and B (DbpB) have been
shown to bind host decorin and glycosaminoglycans [126].
Both are important elements of proteoglycans found in
the connective tissues. The ability of B. burgdorferi being
able to bind to proteoglycans facilitates tissue invasion
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[127]. The role of DbpA and DbpB was further vali-
dated by Shi et al., who demonstrated that with mutant
DbpA or DbpB B. burgdorferi strains, the infectivity was
not decreased whereas the colonization in the tissues was
decreased [126]. This hypothesis was substantiated based
on the observation the expression of DbpA and DbpB was
induded in a temperature-dependent manner when the spi-
rochete was transferred from an environment of 23 to 37°C
[91].

Nicotinamidase

In a study with a B. burgdorferi strain lacking 1p25, ano-
ther gene, pncA (BBE22), was found to be important for the
infectivity of the spirochete. Loss of the Ip25 plasmid made
the strain deficient for infectivity. However, infectivity was
restored to almost wild-type levels when the spirochete
was transfected with a shuttle vector containing the pncA
gene [128]. The pncA gene was found to be responsible for
the transcription of a protein with nicotinamidase activity,
thus catalyzing the reaction of nicotinamide to nicotinic
acid [128]. The latter is being used for the production of
NAD*. Interestingly, the genome of B. burgdorferi does
not seem to contain genes encoding for enzymes that are
required for NAD™ synthesis. This indicates that B. burg-
dorferi relies on the salvage of nicotinamide in the host
for the production and homeostasis of NAD* [129]. In a
recent study by Gilmore et al., it was investigated whether
pncA alone or pncA and bptA would restore the infecti-
vity to Ixodus scapularis in a lp25-deficient strain. Even
though some of the infectivity was restored, it was still far
from wild type (45% in pncA- and bptA-restored strains
vs. 100% wild type) [130]. They rationalize this finding
by the fact that a complete loss of 1p25 not only results in
a loss of pncA and bptA but also other proteins that may
be involved in B. burgdorferi infectivity and persistence
[130].

Barrel assembly machinery

B. burgdorferi is known as a diderm, meaning that their
cell envelope consists of outer and inner membranes.
All diderms can be characterized by the presence of
a B-barrel assembly machinery (BAM complex) that is
dependent on the presence of BamA [131]. The BAM
complex is involved in the localization and assembly of
other (-barrel-containing integral outer membrane pro-
teins into the bacterial outer membrane [132]. These
barrel-containing membrane proteins may be involved
in the defense against environmental factors including
antibiotics. Besides BamA, the BAM complex in B. burg-
dorferi is composed of other lipoproteins, namely, BamB
and BamD [133, 134]. These lipoproteins may act as inter-
action modules. This has been shown by Igbal et al. in
which BamA was shown to interact with translocation
and assembly module B (TamB) [135]. A TamB mutant
strain showed deformed morphology and was essential for
B. burgdorferi viability. These data give new insights regar-
ding outer membrane biogenesis and suggest an important
role for TamB orthologues in this field [135]. Furthermore,
since the BAM complex is located in the outer mem-
brane, it might be a potential antigen for novel vaccination
strategies.
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Surface-located membrane protein 1

The 128 kDa surface-located membrane protein 1 (Lmp1)
was originally discovered by Antonara et al. [105, 136].
This led to the identification of several new and already
verified adhesins in B. burgdorferi; Lmpl was found to
be a new protein with an unknown function and was
found in heart, joint, and bladder tissues [105], sugges-
ting a role in adhesion, tissue invasion or persistence in
the host. In addition, it was found to be a chromosomally
encoded protein, and serum antibodies of B. burgdorferi
infected mice did recognize a certain fragment of Lmpl
(BB0210) [105]. Additional investigation of the protein’s
function and antibody responses showed that the antibody
response of the host was directed against Lmpl protein
[137]. When mice were immunized with Lmp1, antibody
responses significantly interfered with the persistence of
B. burgdorferiin an organ-specific manner [137]. The most
significant results were found in Lmp1N-immunized mice
which showed a significant decrease of the spirochete in
the heart and joint tissues but not bladder tissue [137].
Furthermore, the Lmp1-N-terminal region shows more
beneficial effects for B. burgdorferi since Impl mutant
strains were highly susceptible to immune sera whereas
Imp 1N-complemented strains showed viability levels com-
pared to wildtype, suggesting a role in bacterial resistance
to the humoral immune response [136, 137]. The middle
region of the Lmpl protein is involved in cell adhesion
and mutant strain of Lmp1l-expressing LmplM was suf-
ficient to support B. burgdorferi infectivity in a murine
host [138].

Borrelia efflux system protein C

Multidrug resistance in bacteria is mainly provided through
membrane transporter proteins such as Borrelia efflux sys-
tem protein (BesC). These efflux systems are able to pump
out toxins that otherwise would kill the pathogen, hence
the interest in these proteins to circumvent drug resistance.
Efflux pumps with these properties are categorized in the
resistance-nodulation-division (RND) superfamily [139].
A well-known member of this family is the TolC mem-
brane channel found in Escherichia coli, providing a role
in antibiotic resistance [139]. Borrelia efflux system pro-
tein C was previously known as BB0142 but Bunikis et al.
found that this gene is likely a homologue of TolC [140].
They also identified two other genes, BesA and BesB, loca-
ted within the same putative operon and cotranscribed with
BesC [140]. Besides the efflux properties, Borrelia strains
with mutated besC were unable to establish infection in
the host heart, bladder, knee, and ear tissues. Additio-
nally, besC mutants were up to 64-fold more sensitive to
inhibitory concentrations for certain antibiotics [140].

BB0405

An addition to the outer membrane proteins is BB0405.
The gene is cotranscribed with its paralog BB0406. Howe-
ver, the interest in BB0405 is due to the fact that a mutant
strain failed in transmission to the host, whereas loss
of BB0406 had no influence on infectivity [141]. That
BB0405 would be important in the infectivity of the spi-
rochete was hypothesized before since the bb0405 gene
is upregulated when temperature rises, similar to when
B. burgdorferi is in the environment of the host [142].
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Nevertheless, its expression is ubiquitous through the life-
cycle of B. burgdorferi, and the function of BB0405 is
still not known [143]. Recent reports have not found an
antibody response against this protein despite its location
on the surface of the bacterium. Nevertheless, mice that
were immunized with a recombinant protein were found
to develop a longer lasting and higher antibody titer res-
ponse, which protected the mice against infection through
tick bite, indicating a potential interesting target for vaccine
studies [143].

Borrelia glycosaminoglycan-binding protein

Glycosaminoglycans (GAG) are polysaccharides that are
ubiquitously expressed throughout the body. Distinct
classes of GAGs are known such as heparin sulphate and
dermatan sulphate, which differ with respect to disac-
charide repeat and the degree of modification. These
GAGs are covalently bound to proteins to form pro-
teoglycans of which decorin is a well-known example
by binding to fibrils in connective tissue [144]. Borre-
lia glycosaminoglycan-binding protein (Bgp) is known
to bind this protein in addition to DbpA; DbpB binds to
decorin and BBK32 binds to fibronectin [144, 145]. In a
study to determine the importance of Bgp for infection
of B. burgdorferi, two bgp-mutant strains were used and
compared to wild-type and a Ip25-knockout strain, having
the plasmid required for infectivity [146]. Results showed
that mutations in the bgp gene mutation abrogated Bgp
protein expression. However, the mutant strains were still
able to maintain their infectivity in immunodeficient mice
by collecting them from injection site, blood, skin, joints,
and bladder [146]. This indicates that Bgp is not required
in establishing infection and suggests that other proteins
such as DbpA and DbpB may be more important or that
Bgp functions as a redundant protein.

Surface lipoprotein E

A widely studied protein on the surface of the B. burgdor-
feri spirochete is surface lipoprotein E (VISE). This protein
is of interest since it contributes to immune evasion and per-
sistence in the host, which is mediated through antigenic
variation. It consists of an invariable C- and N-terminus,
6 other invariable regions, as well as 6 variable regions.
The Vmp-like sequence (vis) is located on plasmid 1p28-1
and consists of a vIsE protein coding region and an array of
15 unexpressed vis cassettes [ 147]. These cassettes replace
the variable regions within the vIsE cassette and thereby
contribute to antigenic variation. Interestingly, the antige-
nic variation activity only occurs in the host environment.
Loss of the Ip28-1 plasmid results in a decreased infectivity
in B. burgdorferi in immunocompetent and immunodefi-
cient mice [148]. This already suggested an important role
for VISE, which was verified by Bankhead and Chaconas
who found that VIsE is an absolute requirement for persis-
tence in immunocompetent mice [149]. In humans, a strong
humoral response against VISE is seen after infection,
mainly against the invariable region 6; however, fortuna-
tely, this region is located in the membrane-distal region
and not surface exposed, and thus it is likely that antibo-
dies cannot bind to this region [150]. However, antibody
reactivity against other domains of the VISE regions are
seen throughout the disease and may possibly be linked to
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the adaption state of B. burgdorferi and/or disease stage
[151, 152]. Furthermore, experiments have been carried
out using a nonvariable VISE gene to determine if the spi-
rochete would be able to colonize the Ixodus scapularis
tick again. Results show that colonization of this mutant
strain was impaired [ 152]. Moreover, it was found that rein-
fection in Peromyscus mice only occurred when a different
strain of Borrelia was used. Intrastrain reinfection was not
able to establish another infection in the same host. This
would suggest that reinfection as it occurs in nature would
go through strains that are heterologous to the strain that
originally infected the host [152].

BORRELIA BURGDORFERI IMMUNE
EVASION STRATEGIES

Despite the contribution of the aforementioned immune
cells, the B. burgdorferi spirochete remains capable of esta-
blishing a chronic disease pathology. It is well known that
several immune evasion strategies exist for the spirochete.
Although some strategies are dependent on the interaction
with tick-derived proteins or presented antigens, other stra-
tegies of B. burgdorferi are a direct result of the migratory
behavior of the spirochete upon infection in the host. More
knowledge with respect to these evasion strategies could
potentially contribute to new vaccines. Herein, we will ela-
borate on the mechanisms to escape from the immune
system utilized by B. burgdorferi with respect to tick-
assisted immune evasion or specific strategies exhibited
by the spirochete.

Tick-assisted immune evasion

The first step in the infection cascade is the tick that crawls
into the skin of the host with the sole goal of sucking up
blood. Injury in the vascular system of the host normally
results in the coagulation of blood to prevent blood loss.
Tick saliva however contains a panel of molecules that tar-
get and thereby inhibit the platelet aggregation pathway, for
example, integrin antagonists and collagen receptor inhibi-
tors [153]. In addition, ticks secrete vasodilatory molecules
that allow more blood circulation at the site of infection,
which contributes to the infectivity of B. burgdorferi [153].
Other proteins present in the saliva of the tick are more
directed to inhibiting innate and adaptive immune path-
ways, as well as target various key elements of the host
defense mechanisms. Tick salivary protein (Salp) 20 is a
protein that is involved in inhibiting complement-mediated
opsonisation by interfering with the active C3 convertase
[154]. Besides the help of salivary proteins to escape the
deleterious effects of complement system, OspE expres-
sion on the outer surface of B. burgdorferi interacts with
complement regulating factor H in an inhibitory fashion
[103]. Salp15 on the other hand is a protein derived from
tick saliva that is involved in inhibiting CD4* T cell acti-
vation. The target of Salpl5 is T cell receptor ligation
and subsequent calcium fluxes. As a result, lower levels
of IL-2 are observed and development of CD4* T cell res-
ponses are hampered [155, 156]. Moreover, tick saliva also
contains IL-2 binding protein, which results in even more
reduced levels of IL-2 [156]. Another salivary protein,
Salp25D, that shares homology with glutathione peroxi-
dases, reduces the production of reactive oxygen species,
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which allows extended feeding time for the tick since
wound healing is impaired [157].

Recently, Bernard et al. found that tick saliva suppresses
TLR2/TLR3-induced cytokine responses in keratinocytes
when exposed to live Borrelia [32]. TLR3 recognizes
dsRNA, which is found at the site of skin injury, whereas
TLR2/1 recognizes OspC present on the outer surface of
the spirochete. These results were found in vitro and were
verified later in an in vivo mouse model. They rationalize
this finding as a two-step process of infection. The first step
involves transmission of B. burgdorferi with TLR inhibi-
tion through tick saliva proteins. This allows multiplication
of the spirochete. The second step would be the migration
of Borrelia to other tissues. As a consequence, tissue injury
would arise, and since the saliva is no longer active at the
time, inflammation arises in the form of erythema migrans
[32].

Not only are TLRs inhibited on keratinocytes, TLRs on
DCs are also affected by the presence of tick saliva.
Phagocytosis, lymph node migration, the expression of
costimulatory molecules such as CD40, CD80, and CD86,
and secretion of proinflammatory cytokines such as IL-12,
IL-6, IFN-vy, TNF-a, and IL-1f have all been shown to be
inhibited or diminished in DC subsets in various treatments
in combination with tick saliva [51, 158-160]. In contrast,
IL-10 was upregulated, which is a well-known suppressor
of inflammation [160]. In addition, antigen presentation
and a Th1/Th17 polarization was impaired but Th2 diffe-
rentiation was promoted, which is supposed to be in favor
of B. burgdorferi and the tick itself [158].

Escape mechanisms by Borrelia burgdorferi

The aforementioned escape mechanisms all rely on the
assistance of tick salivary proteins. However, after some
time of feeding by the tick, the saliva and its content
are cleared and the B. burgdorferi spirochete has to sur-
vive without further help. To fully develop into a chronic
disease, the spirochete relies on some other evasion strate-
gies that are independent of the tick and its proteins.

One of the strategies is infiltration into the lymph nodes.
Even though the lymph nodes contain high numbers of
naive B and T cells, which are being activated upon recog-
nition of antigens, whether or not presented by APCs,
B. burgdorferi is able to suppress long-lived humoral
immunity. Lymphadenopathy, an enlargement of the lymph
node which is abnormal in size, number, or consistency, is a
common manifestation following an infection by B. burg-
dorferi[161].It often occurs adjacent to the site of infection
with B. burgdorferi. The strategy of the spirochete by
infiltrating the lymph node is by evoking an inadequate
humoral immune response by infiltrating the germinal cen-
ters. This provokes a rapid expansion of B cells in the
germinal centers, which ultimately secrete IgM, IgG2, and
IgG3a antibodies that are T-independent B cell response
antibody subtypes [161, 162]. It is thought that the T cell-
independent nature of the immune response is inadequat
to remove B. burgdorferi in the host.

Recently, it has been shown that due to the infection of the
spirochete into the lymph nodes, the germinal centers deve-
lop abnormally and become nonfunctional. As a result,
no memory B cells and long-lived antibody-producing
plasma cells will develop [163]. Even an induction of a

79

T-dependent antibody response was not sufficient to elicit
a long-lasting antibody response [162, 163].

In addition to infiltrating the lymph nodes and thereby
disrupting the adaptive humoral immune response, it has
also been shown that B. burgdorferi is better protected in
the skin and joints compared to the heart and the blad-
der. Due to the expression of decorin in the skin and
joints, the spirochete is able to establish a protective niche
by upregulating its decorin-binding protein A expression
[164].

CONCLUSION

The pathogenesis of Lyme disease has been well inves-
tigated over the last few decades. Even though a cellular
immune response can be observed at the site of an infec-
tion with effector cells of both the innate and adaptive
immune systems, B. burgdorferi has a variety of evasion
strategies that result in its survival in the host. These strate-
gies include, but are not limited to, the formation of round
bodies, secretion of IL-2 binding protein, and the assis-
tance of tick (salivary) proteins to protect the spirochete
from killing mechanisms or to interfere with immune cell
effector functions (figure 1). To overcome chronic infection
by B. burgdorferi and the development of Lyme disease,
vaccination of the highest-risk population groups could
be beneficial in preventing Lyme disease. In the United
States of America, 93% of all reported cases were loca-
ted within 10 states in the Northeast and upper Midwest
according to the CDC in 2009 [1]. Vaccine development
already took place in the 1990s by two companies whose
vaccines were directed against OspA. Results were pro-
mising as the phase III trial prevented most definite cases
of Lyme disease or asymptomatic B. burgdorferi infection
[87]. However, due to adverse events and other factors,
the vaccine was taken off the market [165]. Prevention of
Lyme disease has since then been focused on a practical
basis instead of prevention through vaccines. The unders-
tanding of the infection mechanisms of B. burgdorferi and
the antigens present on the spirochete could assist in the
development in new and more promising vaccines. Howe-
ver, one of the difficulties to overcome while designing a
vaccine is strain-specific antigens. This has been shown
with respect with the OspA antigen, which showed protec-
tion against B. burgdorferi sensu lato strains expressing
serotype-1 or serotype-2 OspA molecules in mice [166]. It
is therefore of importance that vaccine design should pro-
vide a broad range of protection or vaccines be designed for
specific geographic regions where only certain strains of
the spirochete are observed. Additional ideas on vaccine
design could be sought by targeting proteins of the tick
itself, tick salivary proteins, or proteins that interact with
Borrelia [167]. Further understanding of these proteins and
their potential as vaccine candidate could mediate the deve-
lopment of new vaccines to prevent cases of Lyme disease
or other zoonoses, particularly those transmitted through
insects.

Disclosure. Financial support: M. Oosting is supported by the
Netherlands Organisation for Scientific Research (NWO, VENI
grant, 016.176.006). Conflict of interest: none.



80

REFERENCES

13.

14.

. Centers for Disease Control and Prevention (CDC USA). Lyme

disease graphs by year/month/sex/symptoms, United States, 1995-
2015. USA: Centers for Disease Control and Prevention, 2015,
https://www.cdc.gov/lyme/stats/graphs.html.

. Oosting M, Buffen K, van der Meer JW, Netea MG, Joosten LA.

Innate immunity networks during infection with Borrelia burgdor-
feri. Crit Rev Microbiol 2016;42:233-44.

. Biesiada G, Czepiel J, Lesniak MR, Garlicki A, Mach T. Lyme

disease: review. Arch Med Sci 2012; 8: 978-82.

. Burgdorfer W. How the discovery of Borrelia burgdorferi came

about. Clin Dermatol 1993; 11:335-8.

. Steere AC, Malawista SE, Snydman DR, ef al. Lyme arthritis: an

epidemic of oligoarticular arthritis in children and adults in three
connecticut communities. Arthritis Rheum 1977;20: 7-17.

. Kumar H, Kawai T, Akira S. Pathogen recognition by the innate

immune system. Int Rev Immunol 2011;30: 16-34.

. Montgomery RR, Booth CJ, Wang X, et al. Recruitment of macro-

phages and polymorphonuclear leukocytes in Lyme carditis. Infect
Immun 2007;75: 613-20.

. Oosting M, Ter Hofstede H, Sturm P, ef al. TLR1/TLR2 hete-

rodimers play an important role in the recognition of Borrelia
spirochetes. PLoS One 2011; 6:e25998.

. Giambartolomei GH, Dennis VA, Lasater BL, Philipp MT.

Induction of pro- and anti-inflammatory cytokines by Borrelia
burgdorferi lipoproteins in monocytes is mediated by CD14. Infect
Immun 1999; 67: 140-7.

. Petzke MM, Brooks A, Krupna MA, Mordue D, Schwartz I. Recog-

nition of Borrelia burgdorferi, the Lyme disease spirochete, by
TLR7 and TLR9 induces a type I IFN response by human immune
cells. J Immunol 2009; 183: 5279-92.

. Cervantes JL, Dunham-Ems SM, La Vake CJ, et al. Phagosomal

signaling by Borrelia burgdorferi in human monocytes involves
Toll-like receptor (TLR) 2 and TLRS8 cooperativity and TLRS-
mediated induction of IFN-beta. Proc Natl Acad Sci U S A
2011; 108: 3683-8.

. Shin OS, Isberg RR, Akira S, et al. Distinct roles for MyD88 and

Toll-like receptors 2, 5, and 9 in phagocytosis of Borrelia burgdor-
feri and cytokine induction. Infect Immun 2008;76:2341-51.

Chuang T, Ulevitch RJ. Identification of hTLR10: a novel human
Toll-like receptor preferentially expressed in immune cells. Biochim
Biophys Acta 2001; 1518: 157-61.

Hasan U, Chaffois C, Gaillard C, et al. Human TLR10 is a func-
tional receptor, expressed by B cells and plasmacytoid dendritic
cells, which activates gene transcription through MyD88. J Immu-
nol 2005; 174:2942-50.

. Hubert FX, Voisine C, Louvet C, Heslan M, Josien R. Rat plas-

macytoid dendritic cells are an abundant subset of MHC class
[I+ CD4+CD11b-0X62- and type I IFN-producing cells that exhi-
bit selective expression of Toll-like receptors 7 and 9 and strong
responsiveness to CpG. J Immunol 2004; 172: 7485-94.

. Oosting M, Cheng SC, Bolscher JM, et al. Human TLR10is an anti-

inflammatory pattern-recognition receptor. Proc Natl Acad Sci U S
A2014;111: E4478-84.

. Strle K, Drouin EE, Shen S, etal. Borrelia burgdorferi sti-

mulates macrophages to secrete higher levels of cytokines and
chemokines than Borrelia afzelii or Borrelia garinii. J Infect Dis
2009;200: 1936-43.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

D. Verhaegh, et al.

Thompson MR, Kaminski JJ, Kurt-Jones EA, Fitzgerald KA. Pat-
tern recognition receptors and the innate immune response to viral
infection. Viruses 2011; 3: 920-40.

Carrasco SE, Troxell B, Yang Y, et al. Outer surface protein OspC
is an antiphagocytic factor that protects Borrelia burgdorferi from
phagocytosis by macrophages. Infect Immun 2015; 83: 4848-60.

Cruz AR, Moore MW, La Vake CJ, et al. Phagocytosis of Bor-
relia burgdorferi, the Lyme disease spirochete, potentiates innate
immune activation and induces apoptosis in human monocytes.
Infect Immun 2008; 76: 56-70.

Navarre WW, Zychlinsky A. Pathogen-induced apoptosis of macro-
phages: a common end for different pathogenic strategies. Cell
Microbiol 2000; 2: 265-73.

Iwasaki A, Medzhitov R. Toll-like receptor control of the adaptive
immune responses. Nat Immunol 2004; 5: 987-95.

Lusitani D, Malawista SE, Montgomery RR. Borrelia burgdorferi
are susceptible to killing by a variety of human polymorphonuclear
leukocyte components. J Infect Dis 2002; 185: 797-804.

Suhonen J, Hartiala K, Tuominen-Gustafsson H, Viljanen MK. Bor-
relia burgdorferi-induced oxidative burst, calcium mobilization,
and phagocytosis of human neutrophils are complement dependent.
J Infect Dis 2000; 181: 195-202.

Linder S, Heimerl C, Fingerle V, Aepfelbacher M, Wilske B.
Coiling phagocytosis of Borrelia burgdorferi by primary human
macrophages is controlled by CDC42Hs and Racl and involves
recruitment of Wiskott-Aldrich syndrome protein and Arp2/3 com-
plex. Infect Immun 2001; 69: 1739-46.

Rittig MG, Krause A, Haupl T, et al. Coiling phagocytosis is the
preferential phagocytic mechanism for Borrelia burgdorferi. Infect
Immun 1992; 60: 4205-12.

Suhonen J, Hartiala K, Viljanen MK. Tube phagocytosis, a novel
way for neutrophils to phagocytize Borrelia burgdorferi. Infect
Immun 1998; 66: 3433-5.

Montgomery RR, Lusitani D, de Boisfleury Chevance A, Malawista
SE. Human phagocytic cells in the early innate immune response
to Borrelia burgdorferi. J Infect Dis 2002; 185: 1773-9.

Menten-Dedoyart C, Faccinetto C, Golovchenko M, et al. Neutro-
phil extracellular traps entrap and kill Borrelia burgdorferi sensu
stricto spirochetes and are not affected by Ixodes ricinus tick saliva.
J Immunol 2012; 189: 5393-401.

Hartiala P, Hytonen J, Suhonen J, et al. Borrelia burgdorferi inhi-
bits human neutrophil functions. Microbes Infect 2008; 10: 60-8.

Ribeiro JM, Weis JJ, Telford 3rd. SR. Saliva of the tick Ixodes
dammini inhibits neutrophil function. Exp Parasitol 1990;70:
382-8.

Bernard Q, Gallo RL, Jaulhac B, et al. Ixodes tick saliva suppresses
the keratinocyte cytokine response to TLR2/TLR3 ligands during
early exposure to Lyme borreliosis. Exp Dermatol 2016;25:26-31.

Brinkmann V, Reichard U, Goosmann C, et al. Neutrophil extracel-
lular traps kill bacteria. Science 2004;303: 1532-5.

Remijsen Q, Kuijpers TW, Wirawan E, et al. Dying for a cause:
NETosis, mechanisms behind an antimicrobial cell death modality.
Cell Death Differ 2011; 18: 581-8.

Wernersson S, Pejler G. Mast cell secretory granules: armed for
battle. Nat Rev Immunol 2014; 14: 478-94.

Benyon RC, Bissonnette EY, Befus AD. Tumor necrosis factor-
alpha dependent cytotoxicity of human skin mast cells is enhanced
by anti-IgE antibodies. J Immunol 1991; 147: 2253-8.


https://www.cdc.gov/lyme/stats/graphs.html

Borrelia and antigen presentation

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Bradding P, Feather IH, Wilson S, et al. Immunolocalization of
cytokines in the nasal mucosa of normal and perennial rhinitic sub-
jects. The mast cell as a source of IL-4, IL-5, and IL-6 in human
allergic mucosal inflammation. J Immunol 1993; 151: 3853-65.

Moller A, Lippert U, Lessmann D, et al. Human mast-cells produce
11-8. J Immunol 1993;151:3261-6.

Talkington J, Nickell SP. Borrelia burgdorferi spirochetes
induce mast cell activation and cytokine release. Infect Immun
1999;67: 1107-15.

Schramm F, Kern A, Barthel C, efal. Microarray analyses
of inflammation response of human dermal fibroblasts to dif-
ferent strains of Borrelia burgdorferi sensu stricto. PLoS One
2012;7: e40046.

Ebnet K, Brown KD, Siebenlist UK, Simon MM, Shaw S. Borrelia
burgdorferi activates nuclear factor-kappa B and is a potent inducer
of chemokine and adhesion molecule gene expression in endothelial
cells and fibroblasts. J Immunol 1997; 158: 3285-92.

Jones NC, Germain A, Riley KE, etal. Borrelia burgdorferi
decreases hyaluronan synthesis but increases IL-6 production by
fibroblasts. Microb Pathog 1994;16:261-7.

Schroder JM. The role of keratinocytes in defense against infection.
Curr Opin Infect Dis 2010;23: 106-10.

Pivarcsi A, Bodai L, Rethi B, et al. Expression and function of
Toll-like receptors 2 and 4 in human keratinocytes. Int Immunol
2003; 15:721-30.

Baker BS, Ovigne JM, Powles AV, Corcoran S, Fry L. Normal
keratinocytes express Toll-like receptors (TLRs) 1, 2 and 5: modu-
lation of TLR expression in chronic plaque psoriasis. Br J Dermatol
2003; 148: 670-9.

Mempel M, Voelcker V, Kollisch G, et al. Toll-like receptor expres-
sion in human keratinocytes: nuclear factor kappaB controlled gene
activation by Staphylococcus aureus is Toll-like receptor 2 but not
Toll-like receptor 4 or platelet activating factor receptor dependent.
J Invest Dermatol 2003;121: 1389-96.

Bos ID. Skin immune system (SIS): cutaneous immunology and
clinical immunodermatology. NY (USA): CRC press, 1997.

Blanco P, Palucka AK, Pascual V, Banchereau J. Dendritic cells
and cytokines in human inflammatory and autoimmune diseases.
Cytokine Growth Factor Rev 2008; 19: 41-52.

Mason LM, Veerman CC, Geijtenbeek TB, Hovius JW. Menage a
trois: Borrelia, dendritic cells, and tick saliva interactions. Trends
Parasitol 2014;30: 95-103.

Gallego C, Golenbock D, Gomez MA, Saravia NG. Toll-like recep-
tors participate in macrophage activation and intracellular control of
Leishmania (Viannia) panamensis. Infect Immun 2011;79: 2871-9.

Lieskovska J, Kopecky J. Tick saliva suppresses IFN signalling in
dendritic cells upon Borrelia afzelii infection. Parasite Immunol
2012;34:32-9.

Lieskovska J, Palenikova J, Langhansova H, et al. Tick sialostatins
L and L2 differentially influence dendritic cell responses to Borrelia
spirochetes. Parasites Vectors 2015; 8: 275.

Luckheeram RV, Zhou R, Verma AD, Xia B. CD4(+)T cells: dif-
ferentiation and functions. Clin Dev Immunol 2012;2012:925135.

Tomasiewicz K, Chmielewska-Badora J, Zwolinski J, Murias-
Brylowska E. Analysis of main T-cell subsets and activated T
supressor/cytotoxic cells in patients with Borrelia burgdorferi s.
lato only infection and co-infections with Anaplasma phagocyto-
philum, Bartonella spp. and Babesia microti. Ann Agric Environ
Med 2016;23:111-5.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

81

Gross DM, Steere AC, Huber BT. T helper 1 response is dominant
and localized to the synovial fluid in patients with Lyme arthritis.
J Immunol 1998; 160: 1022-8.

Bockenstedt LK, Kang I, Chang C, efal. CD4+ T helper 1
cells facilitate regression of murine Lyme carditis. Infect Immun
2001;69: 5264-9.

Sjowall J, Fryland L, Nordberg M, et al. Decreased Thl-type
inflammatory cytokine expression in the skin is associated with
persisting symptoms after treatment of erythema migrans. PLoS
One 2011;6:e18220.

Leipe J, Grunke M, Dechant C, et al. Role of Th17 cells in human
autoimmune arthritis. Arthritis Rheum 2010;62: 2876-85.

Oosting M, ter Hofstede H, van de Veerdonk FL, ef al. Role of
interleukin-23 (IL-23) receptor signaling for IL-17 responses in
human Lyme disease. Infect Immun 2011;79: 4681-7.

Codolo G, Amedei A, Steere AC, et al. Borrelia burgdorferi NapA-
driven Th17 cell inflammation in Lyme arthritis. Arthritis Rheum
2008; 58: 3609-17.

Keane-Myers A, Nickell SP. T cell subset-dependent modula-
tion of immunity to Borrelia burgdorferi in mice. J Immunol
1995; 154: 1770-6.

Busch DH, Jassoy C, Brinckmann U, Girschick H, Huppertz HI.
Detection of Borrelia burgdorferi-specific CD8+ cytotoxic T cells
in patients with Lyme arthritis. J Immunol 1996; 157: 3534-41.

Jacobsen M, Zhou D, Cepok S, et al. Clonal accumulation of acti-
vated CD8+ T cells in the central nervous system during the early
phase of neuroborreliosis. J Infect Dis 2003; 187: 963-73.

Dong Z, Edelstein MD, Glickstein LJ. CD8+ T cells are activated
during the early Th1l and Th2 immune responses in a murine Lyme
disease model. Infect Immun 1997;65: 5334-7.

Wiest DL. Development of gammadelta T cells, the special-force
soldiers of the immune system. Methods Mol Biol 2016;1323:
23-32.

Divan A, Budd RC, Tobin RP, Newell-Rogers MK. Gammadelta T
cells and dendritic cells in refractory Lyme arthritis. J Leukoc Biol
2015;97: 653-63.

Collins C, Wolfe J, Roessner K, et al. Lyme arthritis synovial gam-
madelta T cells instruct dendritic cells via fas ligand. J Immunol
2005; 175: 5656-65.

Thai PT, Collins CC, Fortner KA, et al. Increased caspase acti-
vity primes human Lyme arthritis synovial gammadelta T cells for
proliferation and death. Hum Immunol 2011;72: 1168-75.

Cai Y, Fleming C, YanJ. New insights of T cells in the pathogenesis
of psoriasis. Cell Mol Immunol 2012;9: 302-9.

Marques A, Brown MR, Fleisher TA. Natural killer cell counts are
not different between patients with post-Lyme disease syndrome
and controls. Clin Vaccine Immunol 2009; 16: 1249-50.

Katchar K, Drouin EE, Steere AC. Natural Killer cells and natural
killer T cells in Lyme arthritis. Arthritis Res Ther 2013; 15: R183.

Lee WY, Moriarty TJ, Wong CH, et al. An intravascular immune
response to Borrelia burgdorferi involves Kupffer cells and iNKT
cells. Nat Immunol 2010; 11: 295-302.

Pei B, Vela JL, Zajonc D, Kronenberg M. Interplay between car-
bohydrate and lipid in recognition of glycolipid antigens by natural
killer T cells. Ann N'Y Acad Sci 2012; 1253: 68-79.

Shi C, Sahay B, Russell JQ, ef al. Reduced immune response to
Borrelia burgdorferi in the absence of gammadelta T cells. Infect
Immun 2011;79: 3940-6.



82

75

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

. Tupin E, Benhnia MR, Kinjo Y, ef al. NKT cells prevent chronic
joint inflammation after infection with Borrelia burgdorferi. Proc
Natl Acad Sci U S A 2008; 105: 19863-8.

Pieper K, Grimbacher B, Eibel H. B-cell biology and development.
J Allergy Clin Immunol 2013;131:959-71.

Shlomchik MJ, Weisel F. Germinal center selection and the
development of memory B and plasma cells. Immunol Rev
2012;247: 52-63.

Belperron AA, Dailey CM, Booth CJ, Bockenstedt LK. Marginal
zone B-cell depletion impairs murine host defense against Borrelia
burgdorferi infection. Infect Immun 2007;75: 3354-60.

Pianta A, Drouin EE, Crowley JT, ef al. Annexin A2 is a target
of autoimmune T and B cell responses associated with synovial
fibroblast proliferation in patients with antibiotic-refractory Lyme
arthritis. Clin Immunol 2015;160: 336-41.

Barbour AG, Tessier SL, Todd WJ. Lyme disease spirochetes
and ixodid tick spirochetes share a common surface antigenic
determinant defined by a monoclonal antibody. Infect Immun
1983;41:795-804.

Barbour AG, Tessier SL, Hayes SF. Variation in a major surface
protein of Lyme disease spirochetes. Infect Immun 1984;45:94-
100.

Bergstrom S, Bundoc VG, Barbour AG. Molecular analysis of
linear plasmid-encoded major surface proteins, OspA and OspB, of
the Lyme disease spirochaete Borrelia burgdorferi. Mol Microbiol
1989; 3: 479-86.

Yang XF, Pal U, Alani SM, Fikrig E, Norgard MV. Essential role
for OspA/B in the life cycle of the Lyme disease spirochete. J Exp
Med 2004; 199: 641-8.

Pal U, de Silva AM, Montgomery RR, et al. Attachment of Borre-
lia burgdorferi within Ixodes scapularis mediated by outer surface
protein A. J Clin Invest 2000; 106: 561-9.

Pal U, Li X, Wang T, et al. TROSPA, an Ixodes scapularis receptor
for Borrelia burgdorferi. Cell 2004;119: 457-68.

Sigal LH, Zahradnik JM, Lavin P, et al, & Recombinant Outer-
Surface Protein A Lyme Disease Vaccine Study Consortium. A
vaccine consisting of recombinant Borrelia burgdorferi outer-
surface protein A to prevent Lyme disease. N Engl J Med
1998;339:216-22.

Steere AC, Sikand VK, Meurice F, et al, & Lyme Disease Vaccine
Study Group. Vaccination against Lyme disease with recombinant
Borrelia burgdorferi outer-surface lipoprotein A with adjuvant. N
Engl J Med 1998;339: 209-15.

Fuchs R, Jauris S, Lottspeich F, ef al. Molecular analysis and
expression of a Borrelia burgdorferi gene encoding a 22 kDa protein
(pC) in Escherichia coli. Mol Microbiol 1992;6: 503-9.

Schwan TG. Temporal regulation of outer surface proteins of the
Lyme-disease spirochaete Borrelia burgdorferi. Biochem Soc Trans
2003;31:108-12.

Schwan TG, Piesman J, Golde WT, Dolan MC, Rosa PA. Induc-
tion of an outer surface protein on Borrelia burgdorferi during tick
feeding. Proc Natl Acad Sci U S A 1995;92:2909-13.

Ojaimi C, Brooks C, Casjens S, et al. Profiling of temperature-
induced changes in Borrelia burgdorferi gene expression by using
whole genome arrays. Infect Immun 2003;71: 1689-705.

Grimm D, Tilly K, Byram R, ef al. Outer-surface protein C of the
Lyme disease spirochete: a protein induced in ticks for infection of
mammals. Proc Natl Acad Sci U S A 2004;101:3142-7.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

D. Verhaegh, et al.

Schuijt TJ, Hovius JW, van Burgel ND, et al. The tick salivary
protein Salp15 inhibits the killing of serum-sensitive Borrelia burg-
dorferi sensu lato isolates. Infect Immun 2008; 76: 2888-94.

Xu Q, Seemanapalli SV, McShan K, Liang FT. Constitutive expres-
sion of outer surface protein C diminishes the ability of Borrelia
burgdorferi to evade specific humoral immunity. Infect Immun
2006;74:5177-84.

Bockenstedt LK, Hodzic E, Feng S, et al. Borrelia burgdorferi
strain-specific Osp C-mediated immunity in mice. Infect Immun
1997;65:4661-7.

Earnhart CG, Buckles EL, Dumler JS, Marconi RT. Demonstration
of OspC type diversity in invasive human Lyme disease isolates and
identification of previously uncharacterized epitopes that define the
specificity of the OspC murine antibody response. Infect Immun
2005;73: 7869-717.

Norris SJ, Carter CJ, Howell JK, Barbour AG. Low-passage-
associated proteins of Borrelia burgdorferi B31: characterization
and molecular cloning of OspD, a surface-exposed, plasmid-
encoded lipoprotein. Infect Immun 1992; 60: 4662-72.

Brooks CS, Hefty PS, Jolliff SE, Akins DR. Global analysis of
Borrelia burgdorferi genes regulated by mammalian host-specific
signals. Infect Immun 2003;71:3371-83.

Li X, Neelakanta G, Liu X, ef al. Role of outer surface protein
D in the Borrelia burgdorferi life cycle. Infect Immun 2007;75:
4237-44.

Hellwage J, Meri T, Heikkila T, et al. The complement regulator
factor H binds to the surface protein OspE of Borrelia burgdorferi.
J Biol Chem 2001;276: 8427-35.

Kraiczy P, Hellwage J, Skerka C, et al. Complement resistance of
Borrelia burgdorferi correlates with the expression of BbCRASP-
1, anovel linear plasmid-encoded surface protein that interacts with
human factor H and FHL-1 and is unrelated to Erp proteins. J Biol
Chem 2004;279:2421-9.

Stevenson B, Schwan TG, Rosa PA. Temperature-related differen-
tial expression of antigens in the Lyme disease spirochete, Borrelia
burgdorferi. Infect Immun 1995;63: 4535-9.

Bhattacharjee A, Oeemig JS, Kolodziejczyk R, et al. Structural
basis for complement evasion by Lyme disease pathogen Borrelia
burgdorferi. J Biol Chem 2013;288: 18685-95.

Lam TT, Nguyen TP, Montgomery RR, et al. Outer surface proteins
E and F of Borrelia burgdorferi, the agent of Lyme disease. Infect
Immun 1994; 62: 290-8.

Antonara S, Chafel RM, LaFrance M, Coburn J. Borrelia burgdor-
feri adhesins identified using in vivo phage display. Mol Microbiol
2007; 66: 262-76.

Jauris-Heipke S, Rossle B, Wanner G, et al. Osp17, a novel immu-
nodominant outer surface protein of Borrelia afzelii: recombinant
expression in Escherichia coli and its use as a diagnostic antigen
for serodiagnosis of Lyme borreliosis. Med Microbiol Immunol
1999; 187:213-9.

Heikkila T, Seppala I, Saxen H, efal. Species-specific sero-
diagnosis of Lyme arthritis and neuroborreliosis due to Borrelia
burgdorferi sensu stricto, B. afzelii, and B. garinii by using decorin
binding protein A. J Clin Microbiol 2002;40: 453-60.

Wilske B, Habermann C, Fingerle V, et al. An improved recombi-
nant IgG immunoblot for serodiagnosis of Lyme borreliosis. Med
Microbiol Immunol 1999; 188: 139-44.

Rauer S, Kayser M, Neubert U, Rasiah C, Vogt A. Establishment
of enzyme-linked immunosorbent assay using purified recombi-
nant 83-kilodalton antigen of Borrelia burgdorferi sensu stricto and



Borrelia and antigen presentation

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Borrelia afzelii for serodiagnosis of Lyme disease. J Clin Microbiol
1995; 33: 2596-600.

Anon., & Centers for disease control and prevention (CDC
USA). Two-step laboratory testing process. USA: Centers for
disease control and prevention, 2015, https://www.cdc.gov/lyme/
diagnosistesting/labtest/twostep/index.html.

Engstrom SM, Shoop E, Johnson RC. Immunoblot interpretation
criteria for serodiagnosis of early Lyme disease. J Clin Microbiol
1995;33:419-27.

Dressler F, Whalen JA, Reinhardt BN, Steere AC. Western blot-
ting in the serodiagnosis of Lyme disease. J Infect Dis 1993; 167:
392-400.

Wallich R, Moter SE, Simon MM, et al. The Borrelia burgdorferi
flagellum-associated 41-kilodalton antigen (flagellin): molecular
cloning, expression, and amplification of the gene. Infect Immun
1990; 58: 1711-9.

Gilmore Jr. RD, Murphree RL, James AM, Sullivan SA, Johnson
BJ. The Borrelia burgdorferi 37-kilodalton immunoblot band (P37)
used in serodiagnosis of early lyme disease is the flaA gene product.
J Clin Microbiol 1999; 37:548-52.

Dennis VA, Dixit S, O’Brien SM, et al. Live Borrelia burgdorferi
spirochetes elicit inflammatory mediators from human mono-
cytes via the toll-like receptor signaling pathway. Infect Immun
2009;77: 1238-45.

Blanco DR, Radolf JD, Lovett MA, Miller JN. The antigenic inter-
relationship between the endoflagella of Treponema phagedenis
biotype Reiter and Treponema pallidum Nichols strain. I. Trepone-
micidal activity of cross-reactive endoflagellar antibodies against
T. pallidum. J Immunol 1986; 137:2973-9.

Revel AT, Blevins JS, Almazan C, ef al. bptA (bbel6) is essen-
tial for the persistence of the Lyme disease spirochete. Borrelia
burgdorferi, in its natural tick vector. Proc Natl Acad Sci U S A
2005; 102: 6972-7.

Sadziene A, Thomas DD, Barbour AG. Borrelia burgdorferi mutant
lacking Osp: biological and immunological characterization. Infect
Immun 1995; 63: 1573-80.

Coleman JL, Benach JL. Isolation of antigenic components from
the Lyme disease spirochete: their role in early diagnosis. J Infect
Dis 1987, 155:756-65.

Coburn J, Cugini C. Targeted mutation of the outer membrane pro-
tein P66 disrupts attachment of the Lyme disease agent. Borrelia
burgdorferi, to integrin alphavbeta3. Proc Natl Acad Sci U S A
2003; 100: 7301-6.

Defoe G, Coburn J. Delineation of Borrelia burgdorferi p66
sequences required for integrin alpha(IIb)beta(3) recognition. Infect
Immun 2001; 69: 3455-9.

Barcena-Uribarri I, Thein M, Maier E, et al. Use of nonelectrolytes
reveals the channel size and oligomeric constitution of the Borrelia
burgdorferi P66 porin. PLoS One 2013; 8:e78272.

Ristow LC, Bonde M, Lin YP, et al. Integrin binding by Borrelia
burgdorferi P66 facilitates dissemination but is not required for
infectivity. Cell Microbiol 2015;17:1021-36.

Barcena-Uribarri I, Thein M, Barbot M, et al. Study of the protein
complex, pore diameter, and pore-forming activity of the Borrelia
burgdorferi P13 porin. J Biol Chem 2014;289: 18614-24.

Bonde M. Structure and function of the Borrelia burgdorferi Porins
P13 and P66. Umed Univ 2015.

Shi'Y, Xu Q, McShan K, Liang FT. Both decorin-binding proteins
A and B are critical for the overall virulence of Borrelia burgdorferi.
Infect Immun 2008; 76: 1239-46.

127.

128.

129.

130.

13

—_

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

—_

142.

143.

144.

83

Feng W, Wang X. Structure of decorin binding protein B from
Borrelia burgdorferi and its interactions with glycosaminoglycans.
Biochim Biophys Acta 2015; 1854: 1823-32.

Purser JE, Lawrenz MB, Caimano MJ, et al. A plasmid-encoded
nicotinamidase (PncA) is essential for infectivity of Borrelia burg-
dorferi in a mammalian host. Mol Microbiol 2003;48:753-64.

Jewett MW, Jain S, Linowski AK, Sarkar A, Rosa PA. Molecular
characterization of the Borrelia burgdorferi in vivo-essential protein
PncA. Microbiology 2011;157:2831-40.

Gilmore RD, Brandt KS, Hyde JA. pncA and bptA are not sufficient
to complement Ixodes scapularis colonization and persistence by
Borrelia burgdorferi in a linear plasmid 1p25-deficient background.
Infect Immun 2014; 82: 5110-6.

. Stubenrauch C, Grinter R, Lithgow T. The modular nature of the

beta-barrel assembly machinery, illustrated in Borrelia burgdorferi.
Mol Microbiol 2016; 102: 753-6.

Knowles TJ, Scott-Tucker A, Overduin M, Henderson IR. Mem-
brane protein architects: the role of the BAM complex in outer
membrane protein assembly. Nat Rev Microbiol 2009;7: 206-14.

Dunn JP, Kenedy MR, Igbal H, Akins DR. Characterization of the
beta-barrel assembly machine accessory lipoproteins from Borrelia
burgdorferi. BMC Microbiol 2015;15:70.

Lenhart TR, Kenedy MR, Yang X, Pal U, Akins DR. BB0324 and
BBO0028 are constituents of the Borrelia burgdorferi beta-barrel
assembly machine (BAM) complex. BMC Microbiol 2012; 12: 60.

Igbal H, Kenedy MR, Lybecker M, Akins DR. The TamB
ortholog of Borrelia burgdorferi interacts with the beta-barrel
assembly machine (BAM) complex protein BamA. Mol Microbiol
2016; 102: 757-74.

Yang X, Coleman AS, Anguita J, Pal U. A chromosomally encoded
virulence factor protects the Lyme disease pathogen against host-
adaptive immunity. PLoS Pathog 2009; 5: €1000326.

Yang X, Lenhart TR, Kariu T, er al. Characterization of unique
regions of Borrelia burgdorferi surface-located membrane protein
1. Infect Immun 2010;78: 4477-87.

Yang X, Lin YP, Heselpoth RD, et al. Middle region of the Borrelia
burgdorferi surface-located protein 1 (Lmpl) interacts with host
chondroitin-6-sulfate and independently facilitates infection. Cell
Microbiol 2016;18:97-110.

Nikaido H, Takatsuka Y. Mechanisms of RND multidrug efflux
pumps. Biochim Biophys Acta 2009; 1794: 769-81.

Bunikis I, Denker K, Ostberg Y, ef al. An RND-type efflux system
in Borrelia burgdorferi is involved in virulence and resistance to
antimicrobial compounds. PLoS Pathog 2008; 4: e1000009.

Shrestha B, Kenedy MR, Akins DR, ef al. Outer membrane pro-
teins BB0405 and BB0406 are immunogenic but only BB0405 is
required for Borrelia burgdorferi infection. Infect Immun 2017; 85,
pii: e00803-16.

Brooks CS, Vuppala SR, Jett AM, Akins DR. Identification
of Borrelia burgdorferi outer surface proteins. Infec Immun
2006; 74:296-304.

Kung F, Kaur S, Smith AA, etal. A Borrelia burgdor-
feri surface-exposed transmembrane protein lacking detectable
immune responses supports pathogen persistence and constitutes
a vaccine target. J Infect Dis 2016;213: 1786-95.

Parveen N, Caimano M, Radolf JD, Leong JM. Adaptation of
the Lyme disease spirochaete to the mammalian host environment
results in enhanced glycosaminoglycan and host cell binding. Mol
Microbiol 2003;47: 1433-44.


https://www.cdc.gov/lyme/diagnosistesting/labtest/twostep/index.html

84

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Lin YP, Chen Q, Ritchie JA, et al. Glycosaminoglycan binding
by Borrelia burgdorferi adhesin BBK32 specifically and uniquely
promotes joint colonization. Cell Microbiol 2015; 17: 860-75.

Parveen N, Cornell KA, Bono JL, etal. Bgp, a secreted
glycosaminoglycan-binding protein of Borrelia burgdorferi strain
N40, displays nucleosidase activity and is not essential for infection
of immunodeficient mice. Infect Immun 2006; 74: 3016-20.

Coutte L, Botkin DJ, Gao L, Norris SJ. Detailed analysis of
sequence changes occurring during VISE antigenic variation in
the mouse model of Borrelia burgdorferi infection. PLoS Pathog
2009; 5: €1000293.

Labandeira-Rey M, Skare JT. Decreased infectivity in Borrelia
burgdorferi strain B31 is associated with loss of linear plasmid
25 or 28-1. Infect Immun 2001; 69: 446-55.

Bankhead T, Chaconas G. The role of VISE antigenic variation in
the Lyme disease spirochete: persistence through a mechanism that
differs from other pathogens. Mol Microbiol 2007; 65: 1547-58.

Liang FT, Alvarez AL, Gu Y, et al. An immunodominant conser-
ved region within the variable domain of VISE, the variable
surface antigen of Borrelia burgdorferi. J Immunol 1999; 163:
5566-73.

Jacek E, Tang K S, Komorowski L, et al. Epitope-specific evolution
of human b cell responses to Borrelia burgdorferi VISE protein
from early to late stages of Lyme disease. J Immunol 2016; 196:
1036-43.

Rogovskyy AS, Casselli T, Tourand Y, et al. Evaluation of the
importance of VISE antigenic variation for the enzootic cycle of
Borrelia burgdorferi. PLoS One 2015; 10: e0124268.

Kazimirova M, Stibraniova I. Tick salivary compounds: their role
in modulation of host defences and pathogen transmission. Front
Cell Infect Microbiol 2013;3:43.

Hourcade DE, Akk AM, Mitchell LM, et al. Anti-complement acti-
vity of the Ixodes scapularis salivary protein Salp20. Mol Immunol
2016;69: 62-9.

AnguitaJ,Ramamoorthi N, Hovius JW, et al. Salp15, an Ixodes sca-
pularis salivary protein, inhibits CD4(+) T cell activation. Immunity
2002; 16: 849-59.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

D. Verhaegh, et al.

Gillespie RD, Dolan MC, Piesman J, Titus RG. Identification of an
IL-2 binding protein in the saliva of the Lyme disease vector tick,
Ixodes scapularis. J Immunol 2001; 166: 4319-26.

Das S, Banerjee G, DePonte K, et al. Salp25D, an Ixodes scapularis
antioxidant, is 1 of 14 immunodominant antigens in engorged tick
salivary glands. J Infect Dis 2001; 184: 1056-64.

Skallova A, Iezzi G, Ampenberger F, Kopf M, Kopecky J. Tick
saliva inhibits dendritic cell migration, maturation, and func-
tion while promoting development of Th2 responses. J Immunol
2008; 180: 6186-92.

Sa-Nunes A, Bafica A, Lucas D A, et al. Prostaglandin E2 is a
major inhibitor of dendritic cell maturation and function in Ixodes
scapularis saliva. J Immunol 2007; 179: 1497-505.

Cavassani KA, Aliberti JC, Dias AR, Silva JS, Ferreira BR. Tick
saliva inhibits differentiation, maturation and function of murine
bone-marrow-derived dendritic cells. Immunology 2005;114:
235-45.

Tunev SS, Hastey CJ, Hodzic E, et al. Lymphoadenopathy during
lyme borreliosis is caused by spirochete migration-induced specific
B cell activation. PLoS Pathog 2011;7:e1002066.

Hastey CJ, Elsner RA, Barthold SW, Baumgarth N. Delays and
diversions mark the development of B cell responses to Borrelia
burgdorferi infection. J Immunol 2012; 188: 5612-22.

Elsner RA, Hastey CJ, Olsen KJ, Baumgarth N. Suppression of
long-lived humoral immunity following Borrelia burgdorferi infec-
tion. PLoS Pathog 2015;11:e1004976.

Liang FT, Brown EL, Wang T, lozzo RV, Fikrig E. Protective niche
for Borrelia burgdorferi to evade humoral immunity. Am J Pathol
2004; 165:977-85.

Hitt E. Poor sales trigger vaccine withdrawal. Nar Med 2002; 8:
311-2.

Livey I, O’Rourke M, Traweger A, et al. A new approach to a Lyme
disease vaccine. Clin Infect Dis 2011;52:s266-70.

Schuijt TJ, Hovius JW, van der Poll T, van Dam AP, Fikrig E. Lyme
borreliosis vaccination: the facts, the challenge, the future. Trends
Parasitol 2011;27:40-7.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 15%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /PDFXOutputConditionIdentifier (FOGRA27)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /FRA <>
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        28.346460
        28.346460
        28.346460
        28.346460
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Coated FOGRA27 \(ISO 12647-2:2004\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B004800610075007400650020007200E90073006F006C007500740069006F006E005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 14.173230
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [566.929 822.047]
>> setpagedevice


