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General inTroduCTion

Lyme borreliosis
Lyme borreliosis is a tick-borne disease caused by Borrelia burgdorferi sensu 
lato spirochetes, which was discovered during an outbreak of arthritis in 1975 in 
the Connecticut village of Old Lyme, and is currently the most common vector-
borne disease in the Northern hemisphere1-3. The causative spirochetes reside 
in the midgut of Ixodes ticks (I. scapularis in the northeastern USA, I. pacificus in 
western USA, I. ricinus in Europe and I. persulcatus in Russia/Asia), from which 
they migrate into the tick salivary glands upon ingestion of the host’s blood. During 
this process, B. burgdorferi s.l. spirochetes downregulate Outer surface protein 
A (OspA) and upregulate Outer surface protein C (OspC); expression of OspC is 
essential to infect the host4-6. When inside the host, B. burgdorferi s.l. needs to 
evade the immune system in order to cause persistent infection. The complement 
system for example, is an innate immune mechanism where the classical and lectin 
pathways are amplified by the alternative pathway, resulting in spirochete lysis by 
the formation of membrane attack complexes (MACs)7, among other detrimental 
effects for B. burgdorferi s.l., such as influx of neutrophils and opsonophagocytosis. 
As a countermeasure, many B. burgdorferi s.l. strains express complement regulator 
acquiring surface proteins (CRASPs), which bind host-derived complement inhibitors 
such as factor H, thus covering and protecting itself from the alternative complement 
pathway7,8. The complement resistance of these strains can be specific for the 
complement of several host species, allowing them to infect these specific hosts. 
This mechanism plays an important role in B. burgdorferi ecology, which involves 
feeding of the tick on three different hosts during its lifetime; as a larvae, nymph 
and adult9,10. Unfed larvae are not infected with B. burgdorferi s.l., and humans are 
bitten more frequently by nymphs than adult ticks. Therefore, the acquisition of B. 
burgdorferi by Ixodes larvae from infected mammals and birds is crucial for nymph-
mediated transmission to incidental hosts, such as  humans (Figure 1). When humans 
are bitten by infected Ixodes ticks, B. burgdorferi spirochetes can be transmitted 
from the moment they enter the tick saliva. However, not all humans will become 
infected, and not all infected individuals will become symptomatic: While 0.3% to 
5.2% of tick bites in endemic areas in Europe lead to erythema migrans (EM, a “bulls 
eye rash”), seroconversion occurs in 3.5–8.2% after tick bites that do not lead to 
EM, suggesting asymptomatic exposure and adequate clearance by the host immune 
response11-15. Indeed, in a Dutch cohort military personnel followed for one year, 
only one out of 14 seroconverters had noticed an EM16. B. burgdorferi s.l. species 
differ in their geographic distribution: B. burgdorferi sensu stricto (s.s.) and the 



13

Ch
ap

te
r 1recently discovered B. mayonii infect humans in the USA17, while B. afzelii, B. garinii 

and B. burgdorferi s.s. are the main pathogens causing Lyme borreliosis in Europe18. 
When B. burgdorferi s.l. causes Lyme borreliosis, it can manifest as (multiple) EM, 
lymphocytoma, oligoarthitis, carditis, acrodermatitis chronica atrophicans (ACA), 
carditis or neuroborreliosis19,20. Treatment with doxycycline or ceftriaxone usually 
clears the infection2.

Figure 1. Ecology of B. burgdorferi s.l. and ticks
Ixodes ticks feed three times in their life cycle: once as a larva (left) on small rodents and birds, after which 
they molt into a nymph (top). Nymphs molt into adults after they take a blood meal (right). These adults 
mate during feeding on large hosts such as deer, after which around 1000 eggs are laid (bottom). When B. 
burgdorferi s.l. is acquired by larvae or nymphs during feeding on infected hosts, their subsequent stage 
is able to transmit the pathogen, and infection in the tick is lost after the female lays eggs, which are not 
infected. Humans are often bitten by nymphs, and are a dead-end host for B. burgdorferi s.l. which is 
maintained in nature in ticks and reservoir hosts. Source: Of ticks, mice and men: understanding the dual-
host lifestyle of Lyme disease spirochaetes. Nature Reviews Microbiology 10, 87-99 (February 2012). With 
the publisher’s permission.
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Other tick-borne diseases 
Examples of other pathogens transmitted by Ixodes ticks are anaplasma 
phagocytophilum (bacteria causing human granulocytic anaplasmosis), Rickettsia 
species (bacteria causing various clinical entities), Francisella tularensis (bacteria 
causing tularemia), tick-borne encephalitis virus (TBEV, causing tick-borne 
encephalitis), babesia microti/divergens (parasites causing babesiosis), and Borrelia 
miyamotoi (bacteria causing tick-borne relapsing fever). 

Borrelia miyamotoi was known to infect ticks for two decades, although  it was 
only identified as a human pathogen in 2011, when Alexander Platonov described  
the first infected patients21,22. Interestingly, B. miyamotoi is the only relapsing fever 
Borrelia species that is present in Ixodes ticks. Because Borrelia miyamotoi infects 
Ixodes ticks, it occurs in the same areas where Lyme borreliosis is endemic. Unlike 
Borrelia burgdorferi s.l. however, it is regularly transovarially transmitted by female 
Ixodes ticks to their larval offspring, and bites by larvae can transmit B. miyamotoi23-27. 
Moreover, the clinical symptoms of Borrelia miyamotoi infection seem to differ from 
those caused by Lyme borreliosis, as will be presented in a literature review that is 
included in this thesis. Furthermore, several studies are presented in this thesis that 
explore this emerging pathogen that is present across the Northern hemisphere. 

All other currently known relapsing fever species reside in lice (Borrelia recurrentis, 
causing louse-borne relapsing fever in the horn of Africa, LBRF) or soft ticks (various 
species around the world, causing tick-borne relapsing fever, TBRF). LBRF caused 
large epidemics in Europe, North Africa and Russia in various 20th century world- and 
civil wars, causing millions of deaths, and has recently been described in refugees 
traveling from the horn of Africa to The Netherlands and other European countries28,29. 
The most well-studied TBRF species is B. hermsii, which is found in the Western USA, 
but is not a common pathogen in humans with only 450 described cases between 
1987 and 200030. In contrast, Borrelia crocidurae in Senegal was found responsible 
for a community incidence of 14 per 100 person years, the highest of any bacterial 
infection reported in Africa, but has been scarcely studied31. African tick-borne 
relapsing fever was already described by David Livingstone in 1857 during his travels 
across the continent, and the relationship between relapsing fever and tick bites has 
been long known in some African communities32. In Nyasaland for example, people 
knew that newcomers were more susceptible to TBRF, and that immunity to tick bites 
in locals waned after after living in a different place without exposure to ticks. They 
have even been said to bring ticks to feed on them when they would temporarily live 
somewhere else, in order to preserve immunity. Joseph Everett Dutton, the British 
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apparently was not immune: he died in The Congo Free State from infection with the 
TBRF species later named Borrelia duttonii 33, 34. 

Borrelia burgdorferi s.l. vaccination
OspA is the most commonly targeted antigen in B. burgdorferi vaccination studies, 
and has been described already in 1990 35. Antibodies against the highly immunogenic 
OspA not only target infecting spirochetes in the host, but have also been described 
to kill B. burgdorferi inside ticks feeding on vaccinated animals 36. While an effective 
human vaccine based on OspA (LYMErix®) was introduced in 1998 37, it was voluntarily 
withdrawn from the market in 2002 due to commercial reasons, the need for boosters 
and speculations of an epitope in OspA potentially causing auto-immune arthritis 38, 
although vaccine safety studies did not support this hypothesis 39, 40. Because of the 
vaccine potential of OspA and because the incidence of Lyme borreliosis has since 
then dramatically increased, vaccine trials are again targeting OspA in humans 41.  A 
second promising vaccine candidate against B. burgdorferi s.l. is OspC. In contrast to 
OspA, OspC is upregulated when B. burgdorferi infects the host, and OspC vaccines 
are very effective in preventing transmission by ticks as well as needle-inoculation 
with the spirochete, while spirochete migration from the tick midgut to its saliva is 
also inhibited 42-45. A problem with OspC as a vaccine candidate however is that there 
are many OspC serotypes with low cross-protectivity, and therefore multivalent OspC 
vaccines are currently being investigated to protect against B. burgdorferi isolates with 
various OspC serotypes 46, 47. Furthermore, recombinant OspC vaccination might induce 
local skin reactions, which might limit its use in humans 48. 

Tick proteins and their vaccine potential 
William trager described in 1929 that repeated infestations with dog ticks 
(Dermacentor variabilis) induce “tick immunity” in guinea pigs 49. Tick immune hosts 
have acquired immunity to tick proteins by repeated exposure, and subsequently 
feeding ticks will feed shorter and ingest smaller amounts of blood. The mechanisms 
behind “tick immunity” are poorly understood, however it is believed basophils 
play an important role in antibody-mediated acquired immunity to Haemaphysalis 
longicornis ticks, causing a delayed-type hypersensitivity response at the bite site 
50. For Rhipicephalus (Boophilus) microplus, a tick that feeds on the same cow in all 
of its stages (a “one-host tick”), vaccination of cattle with a R. (B.) microplus midgut 
protein (Bm86) causes tick mortality after feeding on antibody-containing blood. 
Bm86 vaccination is also successful in diminishing tick reproduction on cattle, and 
combied these effects have led to a strong reduction in the incidence of bovine 
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babesiosis (“cattle fever”) after vaccination 51. Two Bm86-based commercial vaccines 
are currently widely used in cows in endemic areas, preventing cattle disease, 
decreasing the use of acaricides and saving farmers millions of dollars in Australia 
and Latin America52-54. 

The next obvious step is to develop a vaccine against Ixodes ticks, which are most 
relevant for human disease. For Ixodes ticks, “tick immunity” has been described 
in guinea pigs by immunizing with 24-hour fed Ixodes scapularis salivary gland 
extracts, resulting in decreased tick feeding time, fed tick weights and transmission 
of B. burgdorferi55. “Tick immune” rabbit serum transferred to mice also reduced B. 
burgdorferi transmission by infected ticks55. Interestingly, some humans also seem 
to be able to acquire immunity to Ixodes ticks: in an American study, people who 
reported more than 3 itching tick bites (a sign of delayed type hypersensitivity) had 
the lowest incidence of Lyme borreliosis, despite a high exposure to tick bites56.  

During a tick bite, various anticoagulant and immunosuppressive tick saliva proteins 
are inserted into the host skin, enabling tick feeding as well as infection by tick-borne 
pathogens57. An example of such proteins is Salp15, which suppresses CD4 T-cells and 
dendritic cells, and also protects B. burgdorferi at the bite site from host antibody-
mediated killing by binding and shielding OspC58-60. Interestingly, although Salp15 
increases infectivity by B. burgdorferi and enables prolonged tick attachment, it was 
also proven effective as an anti-tick vaccine61. 

Another Ixodes salivary protein that impairs host immunity is tick salivary lectin 
pathway inhibitor (TSLPI). This protein was identified in I. scapularis based on its 
binding to anti-tick antibodies in repeatedly infested “tick immune” rabbits. It 
inhibits the lectin complement pathway, thus protecting complement-sensitive B. 
burgdorferi s.l. from complement-mediated killing at the bite site62,63. Interestingly, 
both the transfer of TSLPI antibodies to mice as well as silencing of TSLPI by RNA 
interference in ticks reduced the transmission of B. burgdorferi s.l. from ticks to 
mice63. Finally, vaccination against a tick cement protein was shown to protect mice 
against transmission of TBEV, proving that vaccines against Ixodes ticks could not 
only prevent Lyme borreliosis, but also other tick-borne diseases 64-66.
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Figure 2. Inhibition of skin innate immune responses by tick saliva. 
Tick saliva that is introduced into host skin contains various proteins with immunosuppressive functions, 
thus aiding prolonged tick attachment and feeding as well as pathogen transmission. AMP, antimicrobial 
peptide; IFN-γ, inteferon γ; IL, interleukin; NO, nitric oxide; TNF-α; tumor necrosis factor-α.
Spitting Image: Tick Saliva Assists the Causative Agent of Lyme Disease in Evading Host Skin’s Innate 
Immune Response. Joppe W.R. Hovius. Journal of Investigative Dermatology (2009) 129, 2337–2339. 
doi:10.1038/jid.2009.202. With the publisher’s permission.
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Outline of the dissertation

Part I:  Novel vaccine candidates and methods 

 to prevent Lyme borreliosis

In part i, novel vaccination approaches are investigated against Lyme borreliosis in 
Europe, targeting either B. afzelii or its European vector, I. ricinus. In chapter two, a 
novel technique to apply DNA vaccines using a tattoo machine was tested against B. 
afzelii OspC in mice. This method resulted in full protection from needle-inoculation 
with B. afzelii and an improved antibody subclass profile compared to recombinant 
OspC vaccination. Chapter three describes vaccination with I. ricinus homologues of 
Bm86, in order to inhibit adult I. ricinus tick feeding on rabbits. Unfortunately, the 
strong phenotype in diminishing Rhipicephalus tick infestations on Bm86-vaccinated 
cattle was not observed in rabbits infested with Ixodes ticks. Chapter four describes 
the identification of a TSLPI homologue in I. ricinus. This tick salivary protein can aid 
B. burgdorferi transmission by inhibiting complement activity at the tick bite site, and 
is a homologue of a previously described potential anti-tick vaccine candidate. 

  

Part II: Host immunity against Borrelia miyamotoi

Borrelia burgdorferi s.l. species are not the only Borrelia spirochetes transmitted by 
Ixodes ticks, and part ii of this thesis aims to expand knowledge on the emerging 
tick-borne relapsing fever spirochete B. miyamotoi. Chapter five gives a broad 
literature-based overview on B. miyamotoi and its ecologic and clinical aspects, 
highlighting the widespread occurrence of this pathogen. Chapter six reports on 
the first B. miyamotoi infected patient described in Europe, and the second case of 
meningoencephalitis linked to this pathogen. It was the start point of our focus on 
this emerging pathogen, and the excitement from observing live B. miyamotoi in 
CSF from this patient inspired the pursual of the research projects included in the 
following chapters. Chapter seven describes the occurrence of B. miyamotoi in wild 
animals in The Netherlands, and reports on PCRs we have performed on biopsies of 
patients with Lyme borreliosis (LB)-suspected skin lesions that had been previously 
tested for B. burgdorferi in our hospital. While we found ticks and wild animals to be 
infected, B. miyamotoi was not found in patient skin biopsies. This suggests that B. 
miyamotoi is not associated with LB-suspected skin lesions, although this requires 
further investigation and more patients should be tested.  
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Using this medium, we were able to demonstrate that B. miyamotoi is resistant to 
human complement, which provides insight in its survival mechanism in the human 
bloodstream. Finally, Chapter nine describes a novel mouse model for infection with 
B. miyamotoi. In C3H/HeN mice, a minority experienced a relapse of spirochetemia, 
which had previously been described to occur in a minority of human patients. For 
the first time, the expression of Variable Major Proteins (Vmps) by B. miyamotoi is 
described, as well as the role of Vmp antibodies in spirochete clearance and Vmp 
serotype switching, a mechanism crucial for immune evasion by relapsing fever 
spirochetes. Moreover, B. miyamotoi-infected patients were revealed to rapidly 
produce Vmp antibodies during infection, which might serve as a basis for more 
sensitive serologic tests to diagnose B. miyamotoi infection. 
Finally, in Chapter ten, our findings are summarized and discussed in broader context. 
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Chapter 2
Rapid Outer surface protein C DNA  

tattoo-vaccination protects against  

Borrelia afzelii infection

A. Wagemakers1, L.M.K. Mason1, G.A. Oei2, B. de Wever2,  
T. van der Poll1,3, A.D. Bins4* & J.W.R. Hovius1,3,5*  

Gene Therapy, 2014

Department of Internal Medicine, Center for Experimental and Molecular Medicine, Academic 

Medical Center, University of Amsterdam, Amsterdam, The Netherlands.

Department of Medical Microbiology, Academic Medical Center, Amsterdam, The Netherlands.

Division of Infectious Diseases, Department of Internal Medicine, Academic Medical Center, 

Amsterdam, The Netherlands.

Division of Medical Oncology, The Netherlands Cancer Institute-Antoni van Leeuwenhoek Hospital, 

Amsterdam, The Netherlands.

Amsterdam Multidisciplinary Lyme Center, Academic Medical Center, Amsterdam, The Netherlands.
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absTraCT 

Borrelia afzelii is the predominant Borrelia species causing Lyme borreliosis in 
Europe. Currently there is no human vaccine against Lyme borreliosis, and most 
research focuses on recombinant protein vaccines against Borrelia burgdorferi sensu 
stricto. DNA tattooing is a novel vaccination method that can be applied in a rapid 
vaccination schedule. We vaccinated C3H/HeN mice with B. afzelii strain PKo OspC 
using a codon optimized DNA vaccine tattoo and compared this with recombinant 
protein vaccination in a 0-2-4 week vaccination schedule. We also assessed 
protection by DNA tattoo in a 0-3-6 day schedule. DNA tattoo and recombinant OspC 
vaccination induced comparable total IgG responses, with a lower IgG1/IgG2a ratio 
after DNA tattoo. Two weeks after syringe-challenge with 5x105 B. afzelii spirochetes 
most vaccinated mice had negative B. afzelii tissue DNA loads and all were culture 
negative. Furthermore, DNA tattoo vaccination in a 0-3-6 day regimen also resulted 
in negative Borrelia loads and cultures after challenge. To conclude, DNA vaccination 
by tattoo was fully protective against B. afzelii challenge in mice in a rapid vaccination 
protocol, and induces a favourable humoral immunity compared to recombinant 
protein vaccination. Rapid DNA tattoo is a promising vaccination strategy against 
spirochetes. 
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L yme borreliosis is caused by Borrelia burgdorferi sensu lato (s.l.) spirochetes, 
which are transmitted by Ixodes ticks. The disease usually manifests itself as 
a local skin lesion, designated erythema migrans, and can disseminate and 

cause multiple erythema migrans, Borrelial lymphocytoma, acrodermatitis chronica 
atrophicans, carditis, oligo-arthritis or a polyradiculitis / meningoencephalitis (Lyme 
neuroborreliosis). In North-America Lyme borreliosis is caused by Borrelia burgdorferi 
sensu stricto (s.s.), while in Europe most cases are caused by Borrelia afzelii followed 
by Borrelia garinii and B. burgdorferi sensu stricto.(2, 18) 

During transmission from the tick to the host B. burgdorferi s.l. spirochetes 
differentially express specific genes to adapt to the environment of the mammalian 
host. For example, they downregulate Outer surface protein A (OspA) - which 
facilitates egression from the tick midgut - and upregulate Outer surface protein C 
(OspC) - which is necessary for migration to the tick salivary glands and dissemination 
in the mammalian host.(4-6)  Moreover, OspC has been shown to bind to an Ixodes 
tick salivary protein (Salp15) providing B. burgdorferi s.l. spirochetes protection from 
antibody-mediated killing at the tick bite site.(58, 59)

Currently, there is no human vaccine against Lyme borreliosis. Human vaccine studies 
have been mostly based on recombinant OspA as antigen, and a human OspA vaccine 
was previously on the market for four years but was discontinued for multiple reasons.
(40) Other vaccine candidates have been studied, of which OspC vaccines have been 
most successful. In addition, other Borrelia outer membrane proteins and vector-
based vaccines have shown (partial) protection.(48) Compared to conventional 
protein vaccines DNA vaccines have the advantage of being cheap. Furthermore, they 
have a long shelf-life at ambient temperatures, do not yield vector specific immune 
responses in multi-boost regimens and induce potent cellular immune responses in 
animal models. DNA vaccination based on Borrelia OspA delivered intramuscularly 
and OspC delivered by gene-gun or intradermal needle application was previously 
shown to be effective against challenge with Borrelia burgdorferi s.s. spirochetes in a 
murine infection model.(67-70)

In an effort to improve immunogenicity and thus facilitate translation to humans, a 
dermal delivery technique using a tattoo device has been developed. This method 
injects the DNA into the skin via thousands of skin perforations and hence locally 
induces an inflammatory milieu that functions as an adjuvant. It allows for faster 
vaccination regimens and leads to robuster immune responses than intramuscular 
DNA vaccination. As this technique has not previously been investigated for bacterial 
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pathogens in general, and Borrelia in particular, in this paper we describe vaccination 
against B. afzelii spirochetes using a codon-optimized DNA vaccine based on B. afzelii 
strain PKo OspC, applied by tattoo in a normal and a rapid vaccination protocol. 

resulTs

Dose finding for B. afzelii strain PKo challenge
Prior to our vaccination studies, we performed a dose finding experiment to establish 
an adequate number of spirochetes for challenge by intradermal needle inoculation. 
We inoculated 38 mice with a range of spirochetes (5x102 to 5x106), and assessed 
infection by qPCR on DNA extracted from ear biopsies after 7 days. Mice were 
sacrificed after 2 weeks and Borrelia loads in heart and bladder were detected by 
qPCR. In addition, skin biopsies (taken from the inoculation site) and bladder were 
cultured and finally Borrelia antibody titers were assessed by ELISA, using an OspC 
deficient B. burgdorferi s.s. strain as a lysate. After 7 days, most mice inoculated with 
5x104 spirochetes or higher produced qPCR positive ear tissue (Figure 1A), while after 
14 days all mice inoculated with 5x104 spirochetes or higher had qPCR positive heart 
tissue (Figure 1B) and bladder tissue tested positive in 8 out of 9. (Figure 1C). Cultures 
of skin (inoculation site) demonstrated that an inoculum of 5x103  spirochetes yielded 
viable spirochetes in all mice at 2 weeks after infection, while in the bladder this was 
observed at an inoculum of 5x104 spirochetes or higher (Figure 1D and 1E). Anti-
Borrelia antibody titers correlated with the height of the inoculum (Figure 1F). Based 
on these findings, we determined that a challenge of 5x105 
spirochetes was optimal for our vaccination studies. 
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Generation of a B. afzelii PKo DNA vaccine and a regular 0, 2, 4 weeks 
DNA vaccination protocol

A DNA vaccine was constructed based on the cDNA of B. afzelii PKo OspC, with its 
signal sequence replaced by the hTPA signal sequence and preceded by a Kozak 
sequence. The resulting sequence was codon-adapted, leading to the recombinant 
plasmid pVAX-hTPA-OspC (Figure 2A and supplemental data S1).

In the first set of experiments we compared DNA vaccination by tattoo with a 
subcutaneously administered recombinant protein vaccine (rOspC). The protein 
vaccine was emulsified in complete Freund’s adjuvant for priming, while the boosters 

Figure 1. Dose-finding in C3H/HeN mice after needle-inoculation with B. afzelii PKo. 
Inoculum describes the amount of spirochetes injected. A-C, Borrelia DNA loads in mice organs were 
determined by performing a q-PCR (in triplicate) detecting OspA and compensating for mouse beta actin. 
Figure A depicts Borrelia loads in ear biopsies 7 days after needle-inoculation with different amounts of 
Borrelia spirochetes, B and C depict loads in heart and bladder 2 weeks after infection. Closed circles 
indicate positive qPCR loads, open diamonds indicate OspA negative qPCR results where the OspA 
detection limit was divided by the mouse beta actin signal in the corresponding sample. D and E, 2 weeks 
after infection, tissues were cultured in Modified Kelly Medium at 33°C and blinded samples were checked 
weekly for the presence of spirochetes. Time to culture positivity is portrayed in figure D and E for skin and 
bladder biopsies, respectively. F, ELISA measuring cross-reactivity between mice sera and B. burgdorferi 
OspC- mutant lysate. 
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after 2 and 4 weeks were emulsified in incomplete Freund’s adjuvant. Using this 
regimen the rOspC vaccine elicited a higher antibody titer (P = .04) than the DNA 
vaccine (Figure 2B) at 4 weeks, which was 2 weeks after the first booster. However, 
eventually at t = 6 weeks the titers of both vaccines plateaued at a comparable level. 
To determine differences in T-helper-cell polarization between the two vaccination 
strategies we measured IgG subclasses induced by the vaccination.  The DNA vaccine 
resulted in a higher IgG2a antibody level after the first vaccination than the rOspC 
vaccine (P = .005), indicating a rapid Th1 response (Supplemental data, S2). The OspC-
specific IgG1/IgG2a ratio was significantly lower after DNA tattoo compared to rOspC 
vaccination after 2 weeks (P = .04) and 6 weeks (P = .002) (Figure 2C). These lower 
IgG1/IgG2a ratios after DNA tattoo indicate a more Th1-skewed immune response 
compared to recombinant OspC vaccination.

Figure 2. Characterization of the humoral immune response after vaccination with a DNa vaccine 
by tattoo versus vaccination with recombinant OspC in a 0-14-28 day immunization protocol.  
A, pVAX-hTPA-OspC DNA vaccine insert. It contains a Kozak sequence, a codon-optimized human Tissue 
Plasminogen Activator (hTPA) signal sequence, a codon-optimized OspC gene from B. afzelii strain PKo 
and a double stop codon, and was cloned into a pVAX1 vector. 
B, Mice were vaccinated at 0,2 and 4 weeks with the DNA vaccine or negative control by tattoo, or with a 
recombinant OspC vaccine using complete and incomplete Freund’s adjuvant. Vaccination time points are 
indicated by arrow symbols. 
C, OspC- specific IgG1/IgG2a ratios in individual mice at t = 2, 4 and 6 weeks, after vaccination with rOspC 
or DNA tattoo at t = 0, 2 and 4 weeks.  Antibody titers and ratios were compared using a two-tailed 
student’s t-test. Error bars represent mean ± SEM. 
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After challenging the mice with 5x105 B. afzelii PKo spirochetes we determined B. 
afzelii PKo loads in the ear by qPCR at 7 days (ear biopsy) and in other tissues at 14 
days, when all mice were sacrificed. Borrelia  DNA loads were negative in all tissues 
both in the rOspC and in the pVAX-OspC vaccinated mice, except for one positive 
bladder sample after pVAX-hTPA-OspC vaccination and one positive heart sample in 
a rOspC vaccinated mouse (Figure 3A-D). Ear biopsies taken 14 days after challenge 
were also negative in all vaccinated mice (data not shown). In all calculations, 
negative OspA values were replaced by the value of the OspA detection limit, and the 
difference in Borrelia loads between vaccinated and control mice remained significant 
in all organs. Importantly, 6-week cultures of the skin and bladder of  the animals in 
both groups remained negative, further underscoring the observed protective effect 
(Table 1). Hence, using stringent detection methods a clear protective response 
against Borrelia infection in skin and deeper tissues was observed after both 
vaccination strategies. As another marker of protection we measured anti-Borrelia 
IgG antibodies in both groups after B. afzelii-challenge. For this purpose we coated 
ELISA plates with a mutated B. burgdorferi s.s. strain lacking OspC, thus measuring 
OspC-independent anti-Borrelia IgG antibody titers. Upon inoculation with B. afzelii 
we could demonstrate a clear rise in antibody levels in control mice (P < 0.0001), 
but no significant difference was found in either the rOspC or DNA tattoo vaccinated 
groups (P = 0.08 and P = 0.40; Figure 3E).
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Table  1.  Culture  positivity  for  B.	  afzelii  six  weeks  after  challenge.  Mice  were  vaccinated  three  times  at  2-‐week  
intervals  with  recombinant  OspC,  the  pVAX-‐hTPA-‐OspC  construct  (DNA  tattoo)  or  an  empty  pVAX  vector  
(Tattoo  control).    
   Skin   Bladder  

rOspC     0/6**   0/6**  

DNA  tattoo   0/6**   0/6**  

Tattoo  control   6/6   6/6  

**  P  =  0.0022,  Fisher’s  exact  test  

  

  
  Figure  3.  Protection  from  challenge  with  5x105  Borrelia	  afzelii	  spirochetes  after  vaccination  with  recombinant  
OspC  or  DNA  tattoo  vaccination  in  a  0-‐14-‐28  day  immunization  schedule.    
A-‐D,	   Borrelia   DNA   loads   were   determined   7   days   (ear   biopsy)   and   14   days   after   challenge   (skin   around   the  
inoculation   site,   bladder   and  heart).   Black   dots   depict   positive  Borrelia   loads,   open  diamonds   depict   negative  
loads  where  the  OspA  detection   limit  was  divided  by   the  sample’s  mouse  beta  actin   load.  Borrelia   loads  were  
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Figure 3. Protection from challenge with 5x105 Borrelia afzelii spirochetes after vaccination with 
recombinant OspC or DNa tattoo vaccination in a 0-14-28 day immunization schedule. 
A-D, Borrelia DNA loads were determined 7 days (ear biopsy) and 14 days after challenge (skin around 
the inoculation site, bladder and heart). Black dots depict positive Borrelia loads, open diamonds depict 
negative loads where the OspA detection limit was divided by the sample’s mouse beta actin load. 
Borrelia loads were compared using a 2-sided non-parametric test (Mann-Whitney). E, Borrelia serology 
independent of OspC antibodies was compared between mice before Borrelia challenge (open circles) 
and 2 weeks after challenge (closed circles). Serology results were compared using a two-tailed student’s 
t-test. Error bars represent mean ± SEM.
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Vaccination against B. afzelii PKo with two 3-day boosters - a rapid 
DNA vaccination protocol.
Since it was previously shown that DNA vaccine delivery by tattoo is able to induce 
protection against influenza and subcutaneous tumors using a fast vaccination 
protocol, we were interested to see whether this would also be the case for a bacterial 
pathogen.(71) Therefore, we vaccinated mice with pVAX-hTPA-OspC or a negative 
control at t = 0, 3 and 6 days and challenged the mice at t = 21 days with 5x105 B. 
afzelii PKo spirochetes. As could be expected, assessment of OspC-specific antibody 
titers before challenge showed that the rise in anti-OspC IgG did not occur any faster 
after rapid DNA vaccination than after the standard DNA vaccination protocol (Figure 
4A). At the time of challenge the anti-OspC antibody titer was lower than in the mice 
vaccinated in a regular protocol (P = .04). Next, we assessed the protection induced 
by the fast regimen by qPCR and culture. QPCR of ear DNA 7 days after Borrelia 
challenge as well as of ear DNA (data not shown), skin DNA (at the inoculation site) 
bladder DNA and heart DNA 14 days after challenge were all negative for Borrelia in 
the mice vaccinated with the pVAX-hTPA-OspC DNA vaccine administered by tattoo 
in a 0-3-6 day regimen (Figure 4B-E). Significant differences between mice receiving 
rapid DNA tattoo versus controls were foundin all organs except skin, even using the 
OspA detection limit in negative samples. Moreover, cultures of bladder and skin 
(inoculation site) remained negative, whereas cultures from mice tattooed with a 
negative control plasmid were all positive (Table 2). Finally, similar to our observation 
using the normal DNA vaccination schedule, mice vaccinated with pVAX-hTPA-OspC 
by the rapid protocol did not develop anti-Borrelia antibody responses after B. afzelii 
challenge (Figure 4F). No significant difference was found when comparing pre-and 
post- challenge serum (P = .50) while control mice showed a rise in anti-Borrelia 
antibodies after challenge (P < .0001). 
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Figure  4.   ffects  of  DNA  tattoo  vaccination  using  pVAX-‐hTPA-‐OspC  in  a  rapid  vaccination  protocol  (0,3,   days).    
A,   total   IgG   antibody   titers   after   DNA   vaccination   comparing   a   rapid   vaccination   protocol   (solid   lines)   with   a  
regular  vaccination  protocol  (broken  lines).   accination  timepoints  are  indicated  by  solid  arrows  (rapid  protocol)  
and  by  broken  arrows   (regular  protocol).  Antibody   titers  were  measured  prior   to  B.	  afzelii   challenge   (2  weeks  
after  the  second  booster  vaccination).  B-‐D,  Borrelia	  afzelii  DNA  loads  in  mice  organs.  Samples  were  analysed  by  

Ra
pi

d 
O

ut
er

 su
rfa

ce
 p

ro
te

in
 C

 D
N

A 
ta

tto
o-

va
cc

in
ati

on
 p

ro
te

ct
s a

ga
in

st
 B

or
re

lia
 a

fz
el

ii 
in

fe
cti

on



32

Figure 4. Effects of DNa tattoo vaccination using pVaX-htPa-OspC in a rapid vaccination protocol 
(0,3,6 days). 
A, total IgG antibody titers after DNA vaccination comparing a rapid vaccination protocol (solid lines) 
with a regular vaccination protocol (broken lines). Vaccination timepoints are indicated by solid arrows 
(rapid protocol) and by broken arrows (regular protocol). Antibody titers were measured prior to B. afzelii 
challenge (2 weeks after the second booster vaccination). B-D, Borrelia afzelii DNA loads in mice organs. 
Samples were analysed by q-PCR in triplicate. When OspA signal was not detected in all any of three 
reactions the detection limit for OspA was used (open diamonds). Borrelia loads were compared using 
a 2-sided non-parametric test (Mann-Whitney). E,  Anti-Borrelia IgG was measured in pre- and post-
challenge serum as indicated by open and solid circles, respectively. Serology results were compared using 
a two-tailed student’s t-test. Error bars represent mean ± SEM.
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disCussion

In this study we describe the successful application of a rapid DNA tattoo method as 
a vaccination technique against Borrelia and show that it induces a similar humoral 
immune response as recombinant protein vaccination, yet yields a more favourable 
IgG1/IgG2a ratio. Furthermore, we performed the first published dose-finding 
study for B. afzelii strain PKo and using the selected inoculum in our vaccination 
and challenge experiments none of the mice vaccinated with either recombinant 
OspC or with a DNA tattoo vaccine targeting OspC were infected as determined 
by qPCR, culture and serology. Finally, when the DNA tattoo was administered in 
a rapid vaccination protocol (0, 3 and 6 days), full protection was also obtained, to 
our knowledge for the first time in the setting of a DNA tattoo vaccination against a 
bacterial pathogen.

Humoral immunity to OspC is highly important for Borrelia clearance.(42, 72) 
Therefore, it was our goal to maximize the humoral immune response by adding 
an hTPA signal sequence as keratinocyte-derived OspC antigen will be secreted, 
probably skewing the immune response from a CD8+ T-cell response towards CD4+ 
T-cell and B-cell activation.(69) IgG1 in mice does not activate complement due 
to its relative inflexibility and is indicative of a Th2 polarized immune response.
(73, 74) In contrast, IgG2a is indicative of a Th1-skewed response, which has been 
shown to be important in clearance of Borrelia.(75-77) In our study, a DNA tattoo 
elicited an immune response with a lower IgG1/IgG2a ratio than a recombinant 
OspC vaccine, while maintaining high total IgG levels. This indicates a more Th1-
polarized immune response and is in line with the lower IgG1/IgG2a ratio’s observed 
after needle-based DNA vaccination, as opposed to gene-gun immunization.
(70, 74) Presumably, in our case the danger signals elicited by over 5x104 needle 
injections in the skin skew the immune response away from Th2-associated IgG1 
production. Importantly, total IgG levels after 6 weeks were similarly elevated after 
DNA tattoo vaccination compared to recombinant OspC vaccination, which shows 
that DNA tattoo is also able to induce prolonged presence of transmission-blocking 
antibodies. 

In the current study we show that DNA tattoo vaccination is able to induce a 
favourable humoral immune response that is capable of effectively preventing 
infection with an extracellular bacterial pathogen. However, vaccination against OspC 
is limited by the large sequence heterogeneity  between OspC serotypes.(47, 78, 
79)  The immunodominant OspC epitopes are believed to reside in variable regions, 
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making it unlikely for a monovalent OspC vaccine to be cross-protective against all 
naturally occurring Borrelia burgdorferi s.l. strains.(80) Indeed, upon challenge of 
PKo-OspC vaccinated mice (using the normal protocol) with 1x104 B. burgdorferi 
strain N40 spirochetes we did not observe full protection (data not shown). In this 
respect an advantage of using DNA vaccines could be that one can easily combine 
multiple OspC sequences to prevent this issue. This is subject of our current and 
future investigations.

We have challenged mice with in-vitro cultured spirochetes and not by Borrelia-
infected ticks. In-vitro cultured B. burgdorferi s.l. spirochetes lack the differential 
antigen expression and interaction with immunomodulating tick salivary proteins. 
It also has been shown that fewer spirochetes are required to infect mice, when 
these are derived from ticks or mice compared to in vitro-grown spirochetes.(27, 28, 
81) Our vaccine candidate OspC is up regulated during migration of the spirochetes 
from the tick midgut to the tick salivary glands and OspC expression is necessary 
for the first stage of mammalian infection.(5, 6) OspC vaccination can therefore be 
assumed to exert most of its protection in the mammalian host. OspC vaccination 
has previously been found to protect against both B. burgdorferi infection through 
tick challenge and syringe-inoculation.(42-44)  Apart from its detrimental effects on 
spirochetes that infect the mammalian host, OspC vaccination was also found to 
diminish OspC-expressing B. burgdorferi spirochetes in the midgut of biting ticks, 
reducing their presence in the tick salivary glands.(45) Since DNA vaccination by 
tattoo induces similar IgG levels compared to recombinant OspC vaccination, and 
even a more favourable subclass distribution, we postulate that our technique will 
similarly protect B. burgdorferi infection through tick challenge. However, more 
research and the establishment of a robust Borrelia afzelii PKo tick challenge model 
are required to confirm this hypothesis. 

DNA tattooing is a promising vaccination technique. Previous studies have shown 
that the DNA tattoo vaccination approach is far more effective in inducing cellular 
immune responses in mice and non-human primates compared to intramuscular DNA 
vaccination, despite the lower transfection efficiency and lower and shorter antigen 
expression.(14, 82) Superiority of the DNA tattoo has also been demonstrated in a 
0-14-28 day vaccination schedule in which DNA tattoo outperformed intramuscular 
delivery both in inducing humoral and cellular immunity.(83) Improving 
immunogenicity of DNA vaccines is of paramount importance for successful 
translation to humans. Importantly, by using the DNA tattoo it is also possible to 
apply a compact vaccination strategy where boosters are delivered after 3 and 6 
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days.  
DNA tattoo vaccination could provide the key to vaccination strategies targeting 
pathogens in settings where quick vaccination schedules can either boost adherence 
or when epidemics demand quick vaccination coverage and effectiveness. Moreover, 
DNA vaccines can be developed quickly and can be easily deployed in developing 
countries due to the low cost and the long shelf-life. Since we have shown that rapid 
DNA tattoo vaccination can elicit protection against an extracellular spirochetal 
pathogen, one could speculate that DNA vaccination by tattoo could also protect 
against other spirochetal diseases such as syphilis, relapsing fever and leptospirosis. 
Moreover, the adequate humoral immune responses we show here, added to 
the previously described rapid induction of CD8+ T-cells, makes DNA tattoo a very 
interesting technique to prevent other extra- and intracellular bacterial pathogens. 

MaTerials and MeTHods 

Generation of the recombinant and DNA OspC vaccines and 
vaccination protocols
Groups of 6 mice were vaccinated at t = 0 weeks, t = 2 weeks and t = 4 weeks, with either 
recombinant OspC (rOspC), a DNA vaccine coding for the human Tissue Plasminogen 
Activator signal sequence fused to OspC in a pVAX vector (pVAX-hTPA-OspC) or with a 
negative control plasmid. B. afzelii PKo rOspC was produced as described elsewhere 
and used as a positive control.(58) Ten µg of rOspC was emulsified 1:1 in 50 µl 
Complete Freund’s Adjuvant at t = 0 weeks and in Incomplete Freund’s Adjuvant at 
t = 2 and 4 weeks, and injected subcutaneously in two 50 µl dosages at the back of 
the mice. The pVAX-hTPA-OspC DNA vaccine was designed based on the OspC gene 
sequence in Borrelia afzelii PKo plasmid cp27 (CP000402.1) in which we replaced 
the 23aa signal sequence (predicted by SignalP 4.0 software) with the human Tissue 
Plasminogen Activator signal sequence (genbank AAA61213.1).(84) Both the OspC 
sequence and as the hTPA signal sequence were codon-optimized to mouse tRNA 
usage with Java Codon Adaptation tool. (85) At the 5’ end a BamH1 and a Kozak 
sequence were added and at the 3’end a sequence encoding a double stop codon 
and an Xho1 was added. The insert was synthesized (Biobasic Inc, Ontario, Canada) 
and ligated into a BamH1/Xho1 restricted empty pVAX vector (Invitrogen, Carlsbad, 
CA, USA). As a negative control, empty circular pVAX was used. Both plasmids were 
amplified using a Nucleobond Xtra EF kit (Macherey-Nagel, Düren, Germany) and 
resuspended in DNase-free water. Both in the pVAX-hTPA-OspC and in the negative 
control groups hair was removed from the mice abdomens using hair removal cream. 
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Next, 20 µg of DNA vaccine was applied on the hairless abdominal skin. Subsequently 
a Cheyenne Hawk tattoo machine carrying a Cheyenne 13-magnum tattoo needle 
(both MT.DERM, Berlin, Germany) was placed on the abdominal skin and the DNA 
vaccines were tattooed 0.5-1 mm into the skin for 45 seconds at 100Hz under 
isofluorane anaesthesia. In a separate experiment, groups of 6 mice were vaccinated 
with pVAX-hTPA-OspC or negative control at t = 0, 3 and 6 days. 

OspC-specific total IgG, IgG1 and IgG2a:
High-binding ELISA plates (Greiner Bio-one, Kremsmünster, Austria) were coated 
overnight at 4°C with 1 µg/ml rOspC PKo, washed with PBS-Tween and blocked with 1% 
BSA in PBS (blocking buffer) for 2 hours. Mouse sera derived from either mandibular 
puncture or tail bleed (pre-immune,  before each booster and before sacrifice) were 
diluted in blocking buffer and incubated for 1 hour. Plates were washed and incubated 
for one hour with either HRP-linked anti-mouse IgG (Cell signaling) diluted 1:1000 in 
blocking buffer, or HRP-linked goat anti-mouse IgG2a /rat anti-mouse IgG1 (Southern 
biotech) diluted 1:3000 in blocking buffer. Plates were washed and developed in a 
Biotek ELISA plate reader at 450 nm-655nm. IgG titers were defined as the last dilution 
where OD450-655 nm was > 3 S.D. above baseline signal. 

B. afzelii challenge
Low-passage Borrelia afzelii strain PKo spirochetes were cultured and counted 
as described before and 5x105 spirochetes in 100µl PBS were needle-inoculated 
subcutaneously in the midline of the back of mice 2 weeks after the third vaccination 
(t = 48 days in the regular- and t = 21 days in the rapid vaccination protocol).(86) 
The inoculation dose was established based on a dose-finding experiment in which 
38 mice received a range of doses, i.e. 5x102 spirochetes (n=10), 5x103 spirochetes 
(n=10), 5x104 spirochetes (n=9), 5x105 spirochetes (n=5), 5x106 spirochetes (n=4) 
and 2 mice received only PBS as a negative control. More mice were used in low-
inoculum groups due to anticipated variability of the infection read-outs in individual 
animals. Mice were sacrificed 2 weeks after challenge. In a separate experiment mice 
were infected with 1x104 Borrelia burgdorferi sensu stricto strain N40 spirochetes in 
100µl PBS. 

Borrelia serology
We developed an ELISA to quantitatively measure OspC-independent antibodies 
directed against Borrelia afzelii PKo after infection, by measuring cross-reactivity to 
an OspC-deficient Borrelia burgdorferi sensu stricto strain. OspC deficient Borrelia 
burgdorferi 297 (courtesy of Erol Fikrig, Yale University, New Haven, CT, USA) was 
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cultured from at 33°C until mid-log phase and lysed using a sonicator. High-binding 
ELISA plates (Microlon) were coated overnight at 4°C with 1 µg/ml of lysate, washed 
three times in PBS-T and blocked for 2 hours with blocking buffer. Mouse sera derived 
from mice 2 weeks after inoculation with B. afzelii were diluted to 1:100 in PBS and 50 
µl was added and incubated for one hour at room temperature. Pooled pre-challenge 
sera from triple vaccinated mice were used as a negative control. Plates were washed 
and incubated for one hour with HRP-linked anti-mouse IgG (Cell signaling) diluted 
1:1000 in blocking buffer, developed and read at OD 450-655 nm.

Borrelia DNA loads
A quantitative (q-)PCR was used to quantify Borrelia DNA in mouse tissues after 
inoculation with B. afzelii PKo. Seven days after inoculation an ear biopsy was taken, 
and 14 days after inoculation an ear biopsy, skin biopsy (around the inoculation site), 
half of the bladder and the apex of the heart were taken. Tissues were lysed overnight 
and DNA was extracted using the Blood and Tissue kit (Qiagen). A q-PCR was performed 
with the Borrelia-specific OspA primers Forward AAAAATATTTATTGGGAATAGGTCT 
and Reverse
 CACCAGGCAAATCTACTGAA, and with mouse beta actin primers Forward 
AGCGGGAAATCGTGCGTG and Reverse CAGGGTACATGGTGGTGCC to correct for 
amount of mouse tissue in the DNA sample. Q-PCR’s were performed using the 
Lightcycler480 (Roche) and SYBR green dye (Roche), and reactions were performed 
in triplicate. PCR protocol was 95°C 6 min, and 60 cycles of 95°C 10 seconds, 60°C 20 
seconds and 72°C 20 seconds. Results were analyzed using LinregPCR software.(87) 
Negative and positive controls were included in each qPCR run. In case of 3x negative 
values for OspA in a sample, the OspA value was replaced by the value of the OspA 
detection limit in the assay. 

Borrelia cultures
Blinded samples (half of the bladder and a skin biopsy from the inoculation site) 
were cultured in Modified Kelly-Pettenkofer Medium with rifampicin (50 µg/ml) 
and phosphomycin (100 µg/ml) at 33°C and 5µl was checked weekly by dark-field 
microscopy for the presence of spirochetes for 6 weeks, as described before (58).

 Statistics
Borrelia loads were given their detection limit when negative to exclude the possibility 
of low qPCR sensitivity and were compared to control mice by 2-sided nonparametric 
tests (GraphPad Prism Software version 5.0, San Diego, CA, USA). Antibody titers 
and optical densometry data were analysed by a two-tailed student’s t-test. Culture 
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positivity was analyzed using a Fisher’s exact test as compared to control. Statistical 
significance is depicted by the following: P < 0.05 (*), P < 0.01 (**) and P <0.001 (***). 
Error bars in all figures illustrate mean ± SEM. 
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absTraCT 

Human tick-borne diseases that are transmitted by Ixodes ricinus, such as Lyme 
borreliosis and tick borne encephalitis, are on the rise in Europe. Diminishing I. ricinus 
populations in nature can reduce tick exposure to humans, and one way to do so is by 
developing an anti-vector vaccine against tick antigens. Currently, there is only one 
anti-vector vaccine available against ticks, which is a veterinary vaccine based on the 
tick antigen Bm86 in the gut of Rhipicephalus microplus. Bm86 vaccine formulations 
cause a reduction in the number of Rhipicephalus microplus ticks that successfully 
feed, i.e. lower engorgement weights and a decrease in the number of oviposited eggs. 
Furthermore, Bm86 vaccines reduce transmission of bovine Babesia spp. Previously 
two conserved Bm86 homologues in I. ricinus ticks, designated as Ir86-1 and Ir86-2, 
were described. Here we investigated the effect of a vaccine against recombinant 
Ir86-1, Ir86-2 or a combination of both on Ixodes ricinus feeding. Recombinant Ixodes 
ricinus Bm86 homologues were expressed in a Drosophila expression system and 
rabbits were immunized with rIr86-1, rIr86-2, a combination of both or ovalbumin 
as a control. Each animal was infested with 50 female adults and 50 male adults 
Ixodes ricinus and tick mortality, engorgement weights and egg mass were analyzed. 
Although serum IgG titers against rIr86 proteins were elicited, no effect was found 
on tick feeding between the rIr86 vaccinated animals and ovalbumin vaccinated 
animals. We conclude that vaccination against Bm86 homologues in Ixodes ricinus 
is not an effective approach to control Ixodes ricinus populations, despite the clear 
effects of Bm86 vaccination against Rhipicephalus microplus.
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D uring a blood meal, Ixodes ricinus ticks can transmit several pathogens, 
including B.burgdorferi spp. and tick-borne encephalitis virus (TBEV), that 
cause Lyme borreliosis and tick-borne encephalitis, respectively. Currently 

there is no vaccine available against Lyme borreliosis but there are human vaccines 
available against TBEV. Other tick-borne pathogens, which are less prevalent in 
humans, include Borrelia miyamotoi, Anaplasma phagocytophilum, Rickettsia 
spp. and Babesia spp. The European Center for Disease Prevention and Control 
has predicted an increase in the incidence of tick-borne diseases, caused by 
environmental, socio-economic and demographic factors1,2. In the Netherlands, 
with 17 million inhabitants, it is estimated that there are more than one million tick 
bites each year3.

To reduce the risk of human tick-borne diseases, preventive approaches to control 
tick Ixodes ticks. The disease usually manifests itself as a local skin lesion, designated 
erythema migrans, and can disseminate and cause multiple erythema migrans, 
Borrelial lymphocytoma, acrodermatitis chronica atrophicans, carditis, oligo-arthritis 
or a polyradiculitis / meningoencephalitis (Lyme neuroborreliosis). In North-America 
Lyme borreliosis is caused by Borrelia burgdorferi sensu stricto (s.s.), while in Europe 
most cases are caused by Borrelia afzelii followed by Borrelia garinii and densities 
can be achieved by the use of acaricides4. However, resistance to acaricides in ticks 
can occur, and acaricides are harmful for humans, animals and the environment. 
An alternative approach is an anti-tick vaccine which could lower tick densities as 
well as pathogen transmission or acquisition5. The rationale for the development 
of a tick-antigen-based vaccine is based on the observation that repeated exposure 
of certain animal species to tick bites results in the inability of ticks to successfully 
take a blood meal on these animals, a phenomenon referred to as tick immunity6. 
These animals develop hypersensitivity to ticks after repeated tick bites, and 
are (partially) protected against tick-borne pathogens7. There are currently no 
vaccines available against I.ricinus or other Ixodes tick species. So far, only one anti-
tick vaccine has proven successful in practice, namely a vaccine based on Bm86, 
which is a glycoprotein located predominantly on the surface of tick midgut cells 
in Rhipicephalus microplus (formerly Boophilus microplus)8,9. Bm86 is a concealed 
antigen to which the host naturally does not develop an immune response, since 
blood in the gut does not return to the host. A vaccine against Bm86 is available 
as Gavac and used to be available as TickGARD Plus, but this has recently been 
withdrawn from the market. Gavac is used in cattle in Latin America and is used 
to control tick populations by reducing the number of engorging R. microplus ticks, 
lowering engorgement weights, and decreasing the number of oviposited eggs10. 
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Bm86-based vaccines also protect partially against infection of the parasite Babesia 
bovis. The function of Bm86 is not fully understood, but the vaccine disrupts the tick 
gut during tick feeding8. Others have shown the effect of Bm86-based vaccines on 
tick feeding in different tick species such as Rhicephalus annulatus, Rhipicephalus 
decoloratus, Hyalomma anatolicum and Hyalomma dromedarii. In contrast, Bm86-
based vaccines were not effective against Amblyomma cajennense,Ambylomma 
variegatum and Rhipicephalus appendiculatus11-14. Several studies showed that a 
vaccine based on Bm86 homologues, such as Haa86 from H. anatolicumand Hd86 
from Hyalomma scupense, resulted in lower numbers of engorging ticks after feeding 
on immunized cattle15,16. To the best of our knowledge, the efficacy of a Bm86-based 
vaccine against I. ricinus has never been tested, although such a vaccine could 
theoretically impair I. ricinus feeding and transmission of tick-borne pathogens 
relevant to the human situation, among which B. burgdorferi. We have recently 
discovered two conserved Bm86 homologues in Ixodes ticks, designated as Ir86-1 
and Ir86-2. Quantitative RT-PCR confirmed transcription of both genes specifically 
in the gut during adult I. ricinus feeding, suggesting that these proteins are—similar 
to Bm86—concealed antigens17. Ir86-1 (Genbank: GU144602) consists of 619 amino 
acids, with a predicted molecular weight of 68.0 kDa and is 30% identical and 49% 
similar to Bm86, whereas Ir86-2 (Genbank: GU979808) consists of 610 amino acids 
with a predicted molecular weight of 68.4 and is 28% identical and 45% similar to 
Bm86. Both Ir86-1 and Ir86-2 have a GPI anchor, seven full EGF domains and one 
partial EGF domain17. In addition, a Bm86 homologue was also identified in Ixodes 
scapularis (Genbank: EEC05149), which is an important vector of tick-borne diseases 
in Northeastern parts of the United States of America18. In this study we investigated 
whether immunizing against recombinant Ir86-1, Ir86-2 or a combination of both in 
rabbits prevents successful feeding and reproduction of adult I. ricinus. These three 
vaccine strategies were tested in two subsequent experiments; in a pilot experiment 
all three were tested in single rabbits followed by a second experiment in which the 
most effective vaccine strategy was retested using three rabbits.
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MaTerials and MeTHods 

Ethics statement
The Animal Care and Use Committee of the University of Amsterdam approved all 
animal experiments (Permit number: DIX102900). Experiments have been conducted 
according to national guidelines.

Animals and ticks
For the immunization six weeks old inbred New Zealand white rabbits (Charles River 
Laboratories) were used. I. ricinus adults (Singraven strain, the Netherlands) free 
from Borrelia species, Anaplasma, Ehrlichia, Babesia and Theileria were purchased 
from the Utrecht Centre for Tick-borne Diseases, Utrecht University, the Netherlands. 
Ticks were maintained at 23°C and 85% relative humidity under a 14 h light, 10 h dark 
photoperiod.

Purification of recombinant Ir86-1 and Ir86-2
Ir86-1 (Genbank GU144605.1) and Ir86-2 (GU979808.1) sequences were amplified 
from I. ricinus cDNAs using primers Ir86_1_clone_FW CCATGGTCCCCTGTCCTTGGATTG, 
Ir86_1_clone_RV 5’-CTCGAGCTTTTCCTCGCACAGGTTTC-3’ and 5’Ir86_2_
clone_FW CCATGGGTCATCGTCACGTGTTTG-3’ and Ir86_2_clone_RV 
CTCGAGTCTCTCACAACGTTCTC excluding the signal peptide and GPI anchors regions 
in both proteins. PCR products were ligated into the pGEM-T easy sequencing vector 
according to the manufacturer’s instructions (Promega, Madison, WI), transformed 
in DH5-alpha (Invitrogen, CA, USA) and plated on LB-ampicillin plates. Single colonies 
were cultured into LB-ampicillin (50 μg/mL) and recombinant DNA was isolated using 
the Mini-prep KIT (Qiagen, Valencia, CA, USA). Inserts were sequenced using Big 
Dye Terminator mix, M13 forward or reverse primers, and an automated sequencer 
(3730 DNA analyzer; all from AB Applied Biosystems, Foster City, CA). From 20 clones, 
one clone for each protein was selected with the highest similarities to the previous 
identified sequences (100% for Ir86-1 and 98.8% for Ir86-2). Both sequences were 
cloned in-frame into the pmt-bip-v5-his tag vector (Invitrogen, CA, USA). Stable 
transformants were selected with blasticidin, expanded into a 1 L spinner flask and 
protein expression was induced with copper sulfate and proteins were purified from 
the supernatant as described by the manufacturer (Invitrogen, CA, USA) using Ni-NTA 
chromatography cartridges (Qiagen, CA, USA)19. The eluted fractions were desalted 
and concentrated in PBS with a 30 kDa cut-off spin concentrator (Millipore, Billerica, 
MA). Protein purity was assessed by Coomassie blue on a 7.5% SDS-PAGE gel.
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Detection of native Ir86-1 and Ir86-2 in I. ricinus gut lysate
Twenty I. ricinus female ticks were dissected to collect gut tissue and guts were 
homogenized in 200 uL PBS using a syringe. Tick gut lysate (5 μg) was separated 
by 10% SDS-PAGE and blotted onto an PVDF-membrane. To detect the presence of 
native Ir86-1 or Ir86-2, we incubated the PVDF-membrane with antiserum (1:200) 
from rabbits vaccinated against Ir86-1 or Ir86-2 (see below) and bound antibodies 
were detected using goat anti-rabbit IgG HRP (1:4000, Cell Signaling, MA). As a 
control, antiserum from a rabbit vaccinated against ovalbumin was used.

Study design
Two experiments were performed in both of which four rabbits were immunized 
and infested with I. ricinus adult ticks. In a pilot experiment (Experiment A) rabbits 
were vaccinated with either rIr86-1, rIr86-2, a combination of rIr86-1 and rIr86-2 
(from here on referred to as rIr86-combination), or ovalbumin as a control. To 
validate the findings from experiment A, three animals were vaccinated against 
rIr86-combination in a second experiment and one rabbit was vaccinated against 
ovalbumin (Experiment B).

Vaccine formulations and rabbit immunization
Four different vaccines were used, namely rIr86-1 (100 μg rIr86-1 per immunization) 
rIr86-2, (100 μg rIr86-2 per immunization) or rIr86-combination (50 μg rIr86-1 and 
50 μg rIr86-2). As a control we used ovalbumin (100 μg per immunization, Invitrogen, 
CA). Recombinant protein in PBS solution was mixed 1:1 with complete Freund’s 
adjuvant at initial immunization and with incomplete Freund’s adjuvant for boosters. 
All vaccines were injected subcutaneously, followed by two boosts at 3 and 6 weeks 
and blood was collected via the ear vein before each vaccine was given. Two weeks 
after the last booster tick infestation was started (see below). Cut-off for titer was 
calculated as OD pre-immune serum + 3 SD. Animals were monitored once a day and 
had continuous access to food and water during the vaccination period. There was 
no indication for anesthesia or analgesia during the vaccination period.

ELISA assessment of antibodies in rabbit serum against rIr86-1  
and rIr86-2
V5-antibody (Invitrogen, CA, USA) was coated (1 μg/ml in PBS) on high binding 
microtiter plates (Microlon, Greiner, Germany) overnight at RT. Wells were blocked 
with PBS/1% BSA at RT for 1 h and incubated with rIr86-1 or rIr86-2 (1 μg/ml) diluted 
in PBS/ 0.05% Tween20/ 1% BSA for 1 h. Wells were washed and incubated with 
diluted rabbit serum in PBS/1% BSA and bound antibodies were detected using HRP-
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conjugated anti-rabbit IgG (Sigma, MO, USA) and TMB as substrate (Sigma-Aldrich, 
MO, USA). Absorbance at 450 nm–650 nm was detected using the iMark Microplate 
Reader (Biorad, CA, USA).

Tick infestation
Two weeks after the final boosters, 25 adult I. ricinus pairs were placed on each 
ear (50 I. ricinus pairs in total per rabbit) in experiment A. To protect the ticks from 
manipulation by the rabbit, ticks placed on the ears were protected by cotton socks 
taped to the ears and a neck collar (soft eCollar, MDC exports, UK). In experiment 
B ticks were placed in an improved feeding chamber, by placing them into a glued 
capsule on both shaved back flanks, protected by a collar and a medical pet shirt (MPS, 
the Netherlands). Animals were monitored twice a day during the tick infestation and 
had continuous access to food and water. There was no indication for anesthesia or 
analgesia during the tick infestation. After all ticks were collected from the rabbits, 
serum was collected. Animals were anesthetized with Dexdomitor 0,25 mL / kg and 
Ketamine (35 mg / kg) after which blood was collected from the cervical artery. After 
blood collection, Euthasol (pentobarbital 100 mg / kg) injected via the ear vein was 
used to euthanize the rabbits.

Tick collection and assessment of tick weight and egg mass
Fully engorged and detached female adult ticks were collected daily from the socks 
or feeding chamber. Subsequently, ticks were weighted and stored individually in 
2,0 mL Eppendorf tubes, which were modified to allow air ventilation. Ticks were 
assessed for egg mass 6 weeks post feeding.

Statistical analysis
The significance of the difference between the mean values of the groups was 
analyzed using Prism 5.0 software (GraphPad Software, San Diego, CA). A one-way 
analysis of variance (ANOVA) with the Tukey-Kramer multiple-comparison test for 
multi-group comparisons was used, and p < 0.05 was considered significant.
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resulTs

Expression of recombinant Ir86-1 and Ir86-2 and detection of native 
Ir86-1 and Ir86-2 in I. ricinus gut lysate
The Ir86-1 and Ir86-2 coding sequences—without the GPI anchor and signal peptide—
were cloned and expressed in a Drosophila expression system (DES) using the pmt/
bip/v5-his vector. The rIr86-1 and rIr86-2 sequence were respectively 100% and 99% 
identical with the previously identified sequences17. After purification, a Coomassie 
gel showed a molecular size of approximately 90–100 kDa for both proteins (Fig 1A). 
The presence of native Ir86-1 and Ir86-2 protein in the tick gut was confirmed by 
an immunoblot in which I. ricinus tick gut lysate was probed with antiserum from 
rabbits immunized against rIr86-1 and rIr86-2 (Fig 1B). IgG response against rIr86-1 
and rIr86-2 in rabbits

Figure 1. Expression of recombinant Ir86-1 and Ir86-2 and detection of Ir86-1 and Ir86-2 in I. ricinus 
gut lysate.
A. Purified Drosophila-expressed recombinant Ir86-1 (Lane 1) and Ir86-2 (Lane 2) electrophoresed on SDS 
7.5% polyacrylamide gel and stained with Coomassie blue. B. Gut lysate from 20 adult female I. ricinus tick 
guts electrophoresed on SDS 10% polyacrylamide gel stained with Coomassie blue (Lane 1) or transferred 
to a PVDF membrane which was probed with antiserum (1:200) from rabbits vaccinated against rIr86-1 
(Lane 2), rIr86-2 (Lane 3) or with antiserum from the control rabbit vaccinated against ovalbumin (Lane 4). 

IgG response against rIr86-1 and rIr86-2 in rabbits
Rabbits were vaccinated in two subsequent experiments, designated as Experiment 
A (pilot experiment) and B (confirmatory experiment). A sandwich ELISA detecting 
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antibodies against rIr86-1 or rIr86-2 was performed to confirm serum reactivity 
against both proteins in rabbits. In experiment A, in serum of the rabbit vaccinated 
against rIr86-1 we detected antibodies against rIr86-1 and antibodies recognizing 
rIr86-2 were hardly present (Fig 2A and 2B). Similarly, serum from the rIr86-2 
vaccinated rabbit reacted with rIr86-2 and only to some extent with rIr86-1 (Fig 2A 
and 2B). The serum from the rabbit vaccinated against rIr86-combination responded 
similarly to rIr86-2, but lower to rIr86-1 compared to the single protein vaccinated 
animals (Fig 2A and 2B). In experiment B, three rabbits were vaccinated against rIr86-
combination (Fig 2C). Using an ELISA with a rIr86-1 or rIr86-2 coating, we estimated 
that at the start of tick feeding (t = 56) the IgG titer in the sera of these three rabbits 
against rIr86-1 and Ir86-2 was 1:105 and 1:106, respectively (Fig 2D). 

Figure 2. Specificity and IgG response against rIr86-1 and rIr86-2 in experiment a (pilot experiment) and 
B (confirmatory experiment).
IgG in serum (1:10,000) was assessed with ELISA using 1 μg/mL of rIr86-1 and rIr86-2 on anti-V5 coated 
plates. A and B. IgG response in serum from animals in experiment A vaccinated with rIr86-1 (circle), rIr86-
2 (triangle), rIr86-combination (diamond) or ovalbumin (square) (n = 1 for each vaccine) reacting to rIr86-1 
(A) or rIr86-2 (B). C. Mean IgG response in serum (1:10,000) from three animals vaccinated against rIr86-
combination in experiment B measuring IgG response to rIr86-1 (circle) or rIr86-2 (triangle). D. Mean IgG 
titer in serum from three animals vaccinated against rIr86-combination in experiment B, diluted 1:102 to 
1:107 on ELISA coated with rIr86-1 (circle) or rIr86-2 (triangle). Error bars represent mean ± SEM.
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Infestation of I. ricinus adults on rIr86-immunized or ovalbumin-
immunized rabbits
Two weeks after the second IFA boost (t = 56 days), the immunized rabbits were infested 
with 50 female I. ricinus adults and 50 male I. ricinus adults. In both experiments, tick 
repletion and detaching took 7 to 9 days and no differences in numbers of engorged 
female ticks were seen between the rIr86 vaccinated animals and control animals 
(ranging from 64–86%). In experiment A, no differences were found between the 
animals that received rIr86-1 or rIr86-2 vaccination compared to the ovalbumin 
vaccinated animal (Fig 3A and 3B). However, I. ricinus female engorgement weights 
were significantly lower in ticks that had fed on the rIr86 combination-vaccinated 
rabbit compared to ovalbumin (Fig 3A). No visual abnormalities (i.e. redness in the 
body) were observed in ticks that had fed on the rIr86-combination rabbit. In line with 
the reduced engorgement weights, egg weights were also significantly lower from 
ticks that fed on the rIr86 combination-vaccinated rabbit compared to ovalbumin 
(Fig 3B). However, these findings were not observed in experiment B, in which 
three rabbits were immunized against the rIr86 combination and no differences in 
engorgement weights or egg mass were found (Fig 3C and 3D). Together, the two 
experiments show that there were no significant effects on tick feeding with any of 
the three tested vaccines.
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Figure 3. I. ricinus infestations on rIr86-1, rIr86-2 or rIr86-combination vaccinated rabbits.
Rabbits were infested with 50 I. ricinus adult females and 50 I. ricinus adult males two weeks after the 
second boost (t = 56) in a pilot experiment (experiment A) and a confirmatory experiment (experiment 
B). Each column on the x-axis represents one animal in experiment A (A and B) or experiment B (C and 
D). A. Post feeding female tick weight in experiment A, each dot represents one tick. B. Egg mass from 
experiment A. Fed adult female ticks were stored individually. After 6 weeks, egg mass was weighted. 
Each dot represent egg mass from one female tick. C. Post feeding female tick weight in experiment B. 
D. Egg mass from experiment B. Error bars represent mean ± SEM. Mean values significantly different in 
a one-way analysis of variance (ANOVA) with the Tukey-Kramer multiple-comparison test for multi-group 
comparisons are indicated by two asterisk (p < 0.01) or three asterisks (p < 0.001).
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disCussion

Although a vaccine targeting Bm86 or its homologue in the tick gut has proven to 
be effective against a number of tick species, our study shows that a vaccine based 
on the Bm86 homologues in I. ricinus Ir86-1 and Ir86-2 does not prevent successful 
feeding of adult I. ricinus. We were able to successfully immunize rabbits against 
rIr86-1 and rIr86-2 with low cross reactivity of the antibodies and both proteins could 
be detected in the lysate of the guts from adult I. ricinus ticks. We chose CFA and IFA 
as vaccine adjuvants to ensure high IgG antibody development. Using vaccines with 
both rIr86-1 and rIr86-2 resulted in a higher IgG response in serum against rIr86-
2 compared to rIr86-1, but the titer for both antigens was similar or even higher 
compared to other vaccination studies20,21. To study the effect of the vaccine on 
tick feeding, our study was performed in a two-step approach. First, three different 
vaccine designs were tested in a single rabbit after which the most effective vaccine 
was validated using three rabbits to confirm our initial findings. Although vaccination 
with a combination of rIr86-1 and rIr86-2 resulted in lower tick engorgement weights 
and egg mass in the pilot experiment, no differences were found in the second 
confirmatory experiment. The initial findings in the pilot experiment could be due 
to variance in animals or ticks. The same batch of purified recombinant proteins and 
ticks from the same tick colony were used in both experiments. In addition, the IgG 
levels in serum against rIr86-1 and rIr86-2 were similar in both experiments. We 
observed a higher average tick weight in the second experiment compared to the 
first, e.g. 307 mg (σ = 89.9) versus 227 mg (σ = 80.9) when comparing ticks that fed on 
the control vaccine rabbits. The only difference in experimental procedures between 
both experiments is that in experiment A ticks were placed on the ears of the rabbits 
with a sock and collar as protection, while in experiment B ticks were placed in 
plastic feeding chambers on the flanks to improve protection from manipulation by 
the rabbits. In experiment A the rabbit receiving the rIr86-combination might have 
experienced more severe itching at the tick bite site (the ear), and more opportunity 
than the rabbits in experiment B to remove the ticks from the skin by itself. Although 
this might have been a reason for the observed increased overall tick weights, it does 
not explain the difference in phenotype between the two experiments.
We only studied the effect of this vaccine in rabbits and can therefore not predict 
whether such a vaccine would be effective in other mammalian animal species. A 
possible explanation as to why the rIr86 vaccine was not effective against I. ricinus 
in our model could be that the lifecycle of I. ricinus is different from R. microplus. R. 
microplus is a one-host tick, which means that ticks feed on one host during their 
life and ticks are exposed to serum antibodies from the same individual at the larval, 
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nymphal and adult life stage before laying eggs. I. ricinus is a three host tick and in 
our study, ticks were only exposed to rIr86 antibodies at the adult feeding stage. 
A repeated or prolonged exposure could be crucial for the efficacy of a vaccine 
against Bm86 or Bm86-homologues. In addition, although CFA/IFA is a robust way 
of vaccinating and we did observe high antibody titers, other vaccine formulations 
might also be worth investigating.

Bm86 based vaccines are the only available commercial anti-tick vaccine and have 
showed protection against several tick species. Although we did not see any effect, 
other studies have reported other I. ricinus antigens as possible vaccine candidates 
to impact I. ricinus tick feeding or pathogen transmission. Hajdusek et al. recently 
showed that the tick protein ferritin 2 in rabbit vaccination experiments lowered I. 
ricinus engorgements weights and reduced egg mass, making it a potential candidate 
for an anti-I. ricinus vaccine [20]. Furthermore, a truncated form of 64P has also been 
identified as a candidate for an anti-tick vaccine to prevent TBEV transmission21. 
Finally, vaccination experiments in mice using I. scapularis salivary gland proteins 
TSLPI, Salp15 and tHRF were effective in lowering B. burgdorferi transmission22-24. 
However, none of the known candidates have made it to the market as an anti-tick 
vaccine targeting Ixodes ticks. Future research should focus on the discovery of new 
vaccination candidates, vaccine combinations and vaccination strategies against I. 
ricinus. Recently, a grant was awarded to ANTIDotE, a consortium of seven European 
partners, which aims to deliver vaccine candidates against I. ricinus and will explore 
how such vaccines could be implemented in European health systems2.

In conclusion, we successfully established antibody production against recombinant 
I. ricinus Bm86 homologues Ir86-1 and Ir86-2 in rabbits. However, using CFA and IFA, 
vaccinating rabbits against rIr86-1, rIr86-2 or both did not interfere with adult tick 
feeding or egg production.
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Chapter 4
An Ixodes ricinus Tick Salivary Lectin Pathway 

Inhibitor protects Borrelia burgdorferi s.l.  

from human complement
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absTraCT 

Introduction: We previously identified tick salivary lectin pathway inhibitor (TSLPI) 
in Ixodes scapularis, a vector for Borrelia burgdorferi sensu stricto (s.s.) in North 
America. TSLPI is a salivary protein facilitating B. burgdorferi s.s. transmission and 
acquisition by inhibiting the host lectin complement pathway through interference 
with mannose binding lectin (MBL) activity. Since Ixodes ricinus is the predominant 
vector for Lyme borreliosis in Europe and transmits several complement sensitive B. 
burgdorferi sensu lato (s.l.) strains, we aimed to identify, describe, and characterize 
the I. ricinus ortholog of TSLPI.

Methods: We performed (q)PCRs on I. ricinus salivary gland cDNA to identify a 
TSLPI ortholog. Next, we generated recombinant (r)TSLPI in a Drosophila expression 
system and examined inhibition of the MBL complement pathway and complement-
mediated killing of B. burgdorferi s.l. in vitro. 

results: We identified a TSLPI ortholog in I. ricinus salivary glands with 93% homology 
at the RNA and 89% at the protein level compared to I. scapularis TSLPI, which was 
upregulated during tick feeding. In silico analysis revealed that TSLPI appears to be 
part of a larger family of Ixodes salivary proteins among which I. persulcatus basic 
tail salivary proteins and I. scapularis TSLPI and Salp14. I. ricinus rTSLPI inhibited the 
MBL complement pathway and protected B. burgdorferi s.s. and Borrelia garinii from 
complement-mediated killing.

Conclusion: We have identified a TSLPI ortholog, which protects B. burgdorferi 
s.l. from complement-mediated killing in I. ricinus, the major vector for tick-borne 
diseases in Europe.
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L yme borreliosis is a tick-borne disease caused by spirochetes of the Borrelia 
burgdorferi sensu lato (s.l.) complex that are transmitted by Ixodes ticks. In the 
USA, B. burgdorferi sensu stricto (s.s.) is the main Lyme borreliosis agent and 

is transmitted by Ixodes scapularis ticks in the Northeast and upper Midwest, and 
by Ixodes pacificus in the West Coast. In Western Europe, Borrelia afzelii, Borrelia 
garinii, and B. burgdorferi s.s. are the most common genospecies causing Lyme 
borreliosis and are transmitted by Ixodes ricinus ticks (Fingerle et al. 2008, Stanek et 
al. 2012). To enable tick feeding, ticks penetrate the skin with their hypostome and 
create a pool of uncoagulated blood. Ticks remain attached for multiple days and 
introduce saliva containing cement proteins, anticoagulants (Narasimhan et al. 2004, 
Hovius et al. 2008, Schuijt et al. 2013), immunosuppressive (Valenzuela et al. 2000, 
Ramamoorthi et al. 2005, Tyson et al. 2008) and other proteins that facilitate feeding. 
Moreover, various pathogens can be introduced through the saliva into the host skin 
where they can enjoy the benefits of these tick protein-induced effects (Kazimirova 
and Stibraniova 2013, Wikel 2013).

The classical, the lectin, and the alternative complement pathway are all involved 
in the host defence against B. burgdorferi s.l. (de Taeye et al. 2013). The lectin 
pathway is activated when mannose-binding lectin (MBL) or ficolins bind to 
carbohydrates on pathogen surfaces and activate MBL-Associated Serine Proteases 
(MASPs), leading to cleavage of C2 and C4 resulting in deposition of C3 convertase 
(C4bC2a). This will initiate the complement cascade, which triggers influx of immune 
effector cells, opsonophagocytosis, and direct lysis by membrane attack complexes 
(MAC) (Matsushita et al. 2013). Differences in complement sensitivity between B. 
burgdorferi s.l. genospecies are related to differential expression of complement 
regulating outer membrane proteins (Kraiczy et al. 2001, Kurtenbach et al. 2002, 
Bhide et al. 2005). In addition, Ixodes ticks introduce several salivary proteins, such 
as Salp15, Salp20, ISAC, and tick salivary lectin pathway inhibitor (TSLPI), which could 
give complement-sensitive B. burgdorferi s.l. strains a survival advantage during early 
skin invasion (Valenzuela et al.2000, Daix et al. 2007, Schuijt et al. 2008, 2011a, Tyson 
et al. 2008, de Taeye et al. 2013).
We previously identified an I. scapularis protein, which was designated as TSLPI 
(GenBank acc. no. AEE89466.1), by screening an I. scapularis salivary gland protein 
library with tick-immune rabbit sera using yeast surface display technology (Schuijt 
et al. 2011b). TSLPI binds MBL and inhibits the host lectin complement pathway, 
mainly by inhibiting MBL-ligand binding. TSLPI plays a role in the transmission of B. 
burgdorferi s.s. from I. scapularis ticks to the murine host, as well as in acquisition 
from the host to larval I. scapularis ticks (Schuijt et al. 2011a). Moreover, silencing of 
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TSLPI and passive immunization with anti-TSLPI antibodies reduced B. burgdorferi s.s. 
loads in mice after infection by I. scapularis ticks, revealing its potential as an anti-tick 
vaccine candidate.

Because I. ricinus is the most important vector for B. burgdorferi s.l. in Europe, 
we examined the presence of an ortholog of I. scapularis TSLPI in I. ricinus and 
investigated its effect on the MBL complement pathway and complement-mediated 
killing of B. burgdorferi s.l.

MaTerials and MeTHods 

Identification of TSLPI in I. ricinus salivary glands
Fed I. ricinus salivary glands were collected from three adult female ticks laboratory-
bred at Utrecht University, and RNA was isolated (Hovius et al. 2007) followed by a 
reverse transcriptase reaction, as described (Narasimhan et al. 2014). We designed 
primers A and B (Supplementary Table S1; Supplementary Data are available online 
atwww.liebertpub.com/vbz), of which primer A falls within the signal peptide 
of I. scapularis TSLPI (GenBank acc. no. HQ605983.1) and B falls within the 3′ end 
untranslated region. Using these primers, we performed a PCR using 2.5 μL I. 
ricinus SGE cDNA, 1 μL 10 mM primermix, 12.5 μL 2× ReddyMix (Thermo Scientific), 
and 8 μL of H2O. PCR conditions were 95°C for 2 min, 25 cycles of 95°C 30 s, 58°C 30 s, 
72°C 30 s, followed by 72°C for 10 min. DNA was extracted using a Wizard gel and 
PCR clean-up kit (Promega). The PCR product was ligated into a pGEM-T easy vector 
(Promega) and transformed into DH5-α cells (Invitrogen). Colonies were cultured in 
LB-ampicillin medium followed by plasmid isolation using a miniprep kit (Qiagen). 
Clones were sequenced using an automated sequencer (3730 DNA analyzer; AB 
Applied Biosystems). The sequence was submitted to GenBank under acc. no. 
KF451926.

Quantitative PCR analysis of TSLPI expression during tick feeding
I. ricinus nymphs were fed on a rabbit, and salivary glands of 50 nymphs were 
collected and pooled at 24 and 72 h of tick feeding. Salivary glands of unfed nymphs 
were also collected and pooled. RNA was isolated as described (Hovius et al. 2007) 
and purified using an RNeasy mini kit (Qiagen), and cDNA was produced as described 
above. A quantitative PCR (qPCR) for TSLPI mRNA expression was performed using 
primers C and D (Supplementary Table S1). Ixodes ricinus actin primers as described 
(Hovius et al. 2007) were used as a reference gene target for normalization. qPCRs 
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were performed using the LightCycler 480 (Roche) and SYBR green dye (Roche), and 
four replicates were performed for each. The PCR protocol was 95°C 6 min, and 50 
cycles of 95°C 10 s, 60°C 20 s, and 72°C 20 s. Results were analyzed with LinRegPCR 
software (Amsterdam, The Netherlands) (Ruijter et al. 2009).

In silico sequence analysis of I. ricinus TSLPI
To assess the homology of the I. ricinus TSLPI mRNA sequence with I. scapularis TSLPI 
(salivary protein P8, AEE89466.1) and other known genes, we performed a Position-
Specific Iterated Search (PSI-BLAST) through the NCBI website.

Recombinant protein expression
To produce glycosylated I. ricinus rTSLPI, the signal sequence was identified with 
Signalp 3.0 (Bendtsen et al.2004) and PCR cloning with BGL-II and Xho1 restriction 
sites was performed, using Primers E and F (Supplementary Table S1) and High-
Fidelity SuperMix (Invitrogen) under the following conditions: 30 s 94°C; 25 cycles 
of 30 s 94°C; 50 s 60°C; 25 s 72°C, followed by 5 min at 72°C. I. ricinus TSLPI was 
cloned into the pMT-Bip-V5-His tag vector (Invitrogen), which was transformed 
into Drosophila S2 cells together with pCO-Blast. Recombinant protein was expressed 
and purified using the Drosophila Expression System (Invitrogen) as described earlier 
(Schuijt et al. 2011b, 2013). After 8 weeks of blasticidin selection, the Drosophila cell 
culture was induced using copper sulfate for 3 days. The supernatant was filtered 
(0.45 μm) and run over a Ni-NTA column (Pierce) according to manufacturer’s 
protocols using 250 mM imidazole for elution. The elution was filtered (0.22 μm), 
concentrated with a 9 kDa protein concentrator (Pierce), and washed with sterile PBS 
three times to eliminate residual imidazole. The protein concentration was assessed 
by a DC-Protein-Assay (Bio-Rad). Purity was checked on 18% sodium dodecyl sulfate 
(SDS) gel using Coomassie blue staining.
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MBL-dependent C4 deposition assay
High-binding microtiter plates (Microlon; Greiner) were coated with 10 μg/mL 
mannan (Sigma) in a coating buffer (15 mM Na2CO3, 35 mM NaHCO3, 15 mM NaN3; 
PH 9.6) overnight at 4°C. Wells were blocked using a blocking buffer (10 mM Tris-
HCl, 145 mM NaCl, 15 mM NaN3, 1 mg/mL bovine serum albumin [BSA]) at room 
temperature (RT) for 2 h. After washing with TBS/0.05% Tween 20/5 mM CaCl2, 
normal human serum (NHS) diluted 512× was supplemented with I. ricinus TSLPI, I. 
scapularis TSLPI, or BSA diluted in C4 activation buffer (4 mM Na-diethyl-barbiturate, 
145 mM NaCl, 2 mM CaCl2, 1 mM MgCl2, 0.02% Tween 20, 1 mg/mL BSA), and 
samples were incubated for 45 min at 37°C. MBL-deficient serum (<0.02 μg MBL/mL 
serum) with BSA was used as a negative control. Wells were washed and incubated 
with biotinylated monoclonal mouse anti-human C4 IgG (0.25 μg/mL) for 1 h at 
RT. After washing, streptavidin-conjugated horseradish peroxidase (HRP) diluted 
1:10,000 in a washing buffer was incubated for 30 min at RT. After washing, 50 μL 
TMB substrate and 10 μL 3% H2O2 in NaAc buffer were added and absorbance was 
measured at 450 nm (optical density at 655 nm subtracted) using an iMark Microplate 
Reader (Bio-Rad).

Complement-mediated killing assay
We performed direct complement-mediated killing assays as described previously 
(Schuijt et al. 2011a, Wagemakers et al. 2014). Briefly, we added 0.1 to 1.0 μg/μL 
of I. ricinus rTSLPI or 1.0 μg/μL BSA to 25% NHS, incubated at 37°C for 30 min, and 
added this to 2.5 × 105 intermediate complement-sensitive (Kraiczy et al. 2000)B. 
burgdorferi N40 spirochetes grown to log-phase in a sterile V-shaped enzyme-linked 
immunosorbent assay (ELISA) plate (Greiner). Heat-inactivated human serum (HIS) 
(by incubation at 56°C for 30 min) was used as a control. The plate was incubated 
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tag   vector   (Invitrogen),   which   was   transformed   into  Dro o ila  S2   cells   together   with  

pCO-‐Blast.   ecombinant   protein   was   expressed   and   purified   using   the   Drosophila  

Expression   System   (Invitrogen)   as   described   earlier   (Schui t   et   al.  2011b,  2013).   After   8  

weeks  of  blasticidin  selection,  the  Dro o ila  cell  culture  was  induced  using  copper  sulfate  

for  3  days.  The  supernatant  was  filtered  (0.4 � m)  and  run  over  a  Ni-‐NTA  column  (Pierce)  

according   to  manufacturer s   protocols   using   2 0�m    imida ole   for   elution.   The   elution  

was   filtered   (0.22� m),   concentrated   with   a   �kDa   protein   concentrator   (Pierce),   and  

washed   with   sterile   PBS   three   times   to   eliminate   residual   imida ole.   The   protein  

concentration  was  assessed  by  a  DC-‐Protein-‐Assay  (Bio-‐ ad).  Purity  was  checked  on  18   

sodium  dodecyl  sulfate  (SDS)  gel  using  Coomassie  blue  staining.  

  

upplementary  table   1.  Primers  used  in  this  article  

A   ATGGGGTTGACTGAGACCAC  

B   CTCCATTTTTTGCTTCGGC  

C   TGAGACCAAATCATGGGACA  

D   ATGGCATTCTCCGTTTTGAC  

E   CTAATCAGATCTCACAATTGCCAAAAC  

F   GATATACTCGAGGAACTCAGTGTCATTG  

  

  

  

B -‐de e de 	   	  de o i io 	  a a 	  

igh-‐binding  microtiter   plates   ( icrolon;   Greiner)  were   coated  with   10� g/mL  mannan  

(Sigma)   in   a   coating   buffer   (1 �m   Na2CO3,   3 �m   Na CO3,   1 �m   NaN3;   P    .6)  

overnight  at  4 C.   ells  were  blocked  using  a  blocking  buffer   (10�m   Tris-‐ Cl,  14 �m   

NaCl,  1 �m   NaN3,  1�mg/mL  bovine  serum  albumin   BSA )  at  room  temperature  ( T)  for  

2�h.  After  washing  with  TBS/0.0   Tween  20/ �m   CaCl2,  normal  human  serum  (N S)  

diluted   12   was  supplemented  with   .	   ri i u   TSLPI,   .	   a ulari   TSLPI,  or  BSA  diluted   in  

C4   activation  buffer   (4�m   Na-‐diethyl-‐barbiturate,   14 �m   NaCl,   2�m   CaCl2,   1�m   

gCl2,  0.02   Tween  20,  1�mg/mL  BSA),  and  samples  were  incubated  for  4 �min  at  37 C.  

BL-‐deficient  serum  (<0.02� g   BL/mL  serum)  with  BSA  was  used  as  a  negative  control.  
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for 90 min, wells were resuspended, and 5 μL samples were examined by dark-field 
microscopy by a researcher blinded to the experimental design, and 100 spirochetes 
in each sample were scored as either motile or immotile. Complement-sensitive B. 
garinii strain A87S was incubated with 12.5% NHS or HIS, and samples were examined 
after 60 min of serum incubation.

Statistics
Data are represented as mean ± SEM. Comparisons were made using a Student’s t-test 
in GraphPad Prism 5.0, with Statistical significance: p ≤ 0.05 (*), p ≤ 0.01 (**), 
and p ≤ 0.001 (***).

resulTs

A TSLPI ortholog is expressed in I. ricinus ticks and is upregulated 
during tick feeding
To identify a TSLPI ortholog, a PCR on I. ricinus salivary gland cDNA with primers 
based on the I. scapularis TSLPI signal sequence and 3′UTR resulted in a 315 bp 
product, which was ligated into a pGEMT-easy vector and eight clones were 
sequenced. The TSLPI sequence in I. ricinus was based on five identical clones and 
submitted to GenBank (acc. no. KF451926). Mature I. ricinus TSLPI is encoded by a 
210 nucleotide coding region, which is 93% and 89% identical to I. scapularis TSLPI at 
the mRNA level and amino acid level, respectively. Next, we measured TSLPI mRNA 
expression in I. ricinus salivary glands during tick feeding to explore its significance 
in the feeding process. Similar to its ortholog in I. scapularis ticks (Schuijt et 
al. 2011a), I. ricinus TSLPI mRNA expression was not present in unfed nymphs and was 
upregulated during the course of feeding (Fig. 1A). In silico analysis using a PSI-BLAST 
revealed various homologous salivary proteins in I. scapularis and I. pacificus (Fig. 
1B), including Salp9 putative anticoagulant (93% homology), anticoagulant Salp11 
(90% homology), Salp14 (81% homology), and basic tail salivary proteins (BTSPs, e.g., 
80% homology to BTSP-4). Notably, factor Xa inhibitor Salp14 also appears largely 
homologous to TSLPI, but has an additional C-terminal basic tail. It therefore appears 
that I. ricinus TSLPI is part of a larger family of proteins across multiple Ixodesspecies.
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Figure 1. Ixodes ricinus expresses a TSLPI ortholog during tick feeding. (A) Quantitative PCR on TSLPI in 
salivary gland cDNA of I. ricinus nymphs collected at several time points during a bloodmeal. Nymphs 
were fed on a rabbit, and cDNA was pooled from 50 nymphs per time point. At t = 0 (unfed ticks), no 
TSLPI expression was observed. Data represent mean ± SEM of four replicate samples. (B) Mature protein 
alignment of the I. ricinus TSLPI ortholog. SEM, standard error of the mean; TSLPI, tick salivary lectin 
pathway inhibitor. 

Functional characterization of I. ricinus TSLPI
To investigate the function of I. ricinus TSLPI, we produced I. ricinus rTSLPI in 
a Drosophila expression system, resulting in a ∼16 kDa protein (Fig. 2A). I. ricinus TSLPI 
showed a dose-dependent ability to inhibit MBL-dependent C4 activation, similar to 
its counterpart in I. scapularis, further confirming their functional homology (Fig. 
2B). To investigate whether I. ricinus TSLPI inhibits complement-mediated killing of B. 
burgdorferi s.l., we performed in vitro killing assays in the presence of I. ricinus rTSLPI, 
in essence as previously described (Schuijt et al. 2011a). As expected, I. ricinus rTSLPI 
dose-dependently protected B. burgdorferi strain N40 from complement-mediated 
killing by NHS (25%) (Fig. 2C). Complement-mediated killing of the complement-
sensitive strain B. garinii A87S by NHS (12.5%) was also diminished in the presence 
of I. ricinus TSLPI (Fig. 2D).
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Figure 2. I. ricinus rTSLPI protects Borrelia burgdorferi s.l. from complement-mediated 
killing. (A) Coomassie blue stained 18% sodium dodecyl sulfate (SDS) gel, loaded with 2 μg of I. 
ricinus rTSLPI. (B) I. ricinus and Ixodes scapularis rTSLPI dose-dependently reduce MBL-dependent C4 
deposition. An enzyme-linked immunosorbent assay (ELISA) plate was coated with mannan and incubated 
with NHS diluted 512× + rTSLPI at various concentrations. Serum MBL bound to mannan induced C4 
deposition on the plates, which was detected using biotinylated mouse anti-human C4 antibody and 
developed with streptavidin-horseradish peroxidase (HRP). BSA incubated with NHS and BSA incubated 
with MBL-deficient human serum were used as a control. Data represent mean ± SEM. (C) Human serum 
complement-mediated killing of B. burgdorferi sensu stricto (s.s.) N40 in the presence of various I. 
ricinus TSLPI concentrations. NHS in a final concentration of 25% was incubated for 30 min at 37°C with I. 
ricinus TSLPI at a concentration of 0.1, 0.5, or 1.0 μg/μL. In addition, 25% NHS +1 μg/μL BSA or 25% heat-
inactivated human serum (HIS) +1 μg/μL BSA was used as controls. Spirochetes (2.5 × 105) were added 
and incubated at 37°C. After 90 min, 100 spirochetes per well were scored (blinded) using dark-field 
microscopy as either motile or immotile. Results are representative of three independent experiments, 
and four biological replicates were used for each condition. Bars represent mean ± SEM. (D) Human serum 
complement-mediated killing of Borrelia garinii strain A87S in the presence of I. ricinus TSLPI. Spirochetes 
were incubated with 12.5% NHS for 60 min in the presence of I. ricinus rTSLPI or BSA (control) as described 
above. Representative of two independent experiments. BSA, bovine serum albumin; MBL, mannose-
binding lectin; NHS, normal human serum. p ≤ 0.05 (*); p ≤ 0.01 (**), p ≤ 0.001 (***)

An
 Ix

od
es

 ri
ci

nu
s T

ic
k 

Sa
liv

ar
y 

Le
cti

n 
Pa

th
w

ay
 In

hi
bi

to
r 

pr
ot

ec
ts

 B
or

re
lia

 b
ur

gd
or

fe
ri 

s.
l. 

fr
om

 h
um

an
 c

om
pl

em
en

t



68

disCussion

We have identified an ortholog of TSLPI in I. ricinus ticks and demonstrated that it 
is part of a larger family of Ixodes salivary proteins, comprising Salp9pac, Salp14, 
and BTSPs, among others. In addition, we showed that I. ricinus TSLPI is upregulated 
during I. ricinus tick feeding and that it inhibits the lectin pathway and thus protects 
both B. garinii and B. burgdorferi s.s. spirochetes from killing by the human 
complement system.

We showed for the first time that I. ricinus TSLPI aids B. burgdorferi s.l. to evade the 
host lectin complement system. Previously, other mechanisms have been described 
by which I. ricinus is able to inhibit the host complement system, namely by ISAC and 
IRAC, which inhibit the alternative pathway, and by Salp15, which by binding to its 
outer surface protects B. burgdorferi s.l. from MAC formation (Schroeder et al. 2007, 
Couvreur et al.2008, Schuijt et al. 2008). In I. scapularis saliva, Salp15, Salp20, Isac, 
and TSLPI have been previously identified as anticomplement proteins (Valenzuela et 
al. 2000, Schuijt et al. 2008, 2011, Tyson et al. 2008). These proteins, in combination 
with its intrinsic complement evasion techniques, enable B. burgdorferi s.l. to 
evade killing by the host complement system (Pausa et al. 2003, Kraiczy et al. 2004, 
Pietikainen et al. 2010, de Taeye et al. 2013, Koenigs et al. 2013). Only two of the 
TSLPI/Salp14 family have been previously described in more detail; TSLPI (a lectin 
complement pathway inhibitor) (Schuijt et al. 2011a) and Salp14 (a factor Xa inhibitor) 
(Narasimhan et al.2002, 2004). It is currently unknown whether TSLPI paralogs exert 
anticomplement activity. TSLPI, however, does not influence the coagulation cascade 
in contrast to Salp14, suggesting that the basic C-terminus of Salp14 is involved in 
factor Xa inhibition (data not shown). Moreover, the striking homology between 
TSLPI and several other Ixodes saliva proteins suggests that antibodies against TSLPI, 
which have previously been demonstrated to inhibit B. burgdorferi transmission by 
ticks, might also be directed against several of its paralogs. This mechanism might 
add to the effectiveness of TSLPI as the basis for an anti-tick vaccine candidate, and 
we are currently exploring different approaches to use TSLPI as an anti-tick vaccine.

ConClusions

I. ricinus ticks express TSLPI upon feeding, which is able to protect B. burgdorferi s.l. 
spirochetes from complement-mediated killing. TSLPI appears to be part of a larger 
protein family conserved among differentIxodes species.
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Chapter 5
Borrelia miyamotoi: a widespread 

relapsing fever spirochete
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absTraCT 

Borrelia miyamotoi is a relapsing fever spirochete that has only recently been 
identified as a human pathogen. Borrelia miyamotoi is genetically and ecologically 
distinct from Borrelia burgdorferi sensu lato, while both are present in Ixodes ticks. 
Over 50 patients with an acute febrile illness have been described with a B. 
miyamotoi infection, and two infected immunocompromised patients developed 
a meningoencephalitis. Seroprevalence studies indicate exposure in the general 
population and in specific risk groups, such as patients initially suspected of having 
human granulocytic anaplasmosis. Here, we review the available literature on B. 
miyamotoi, describing its presence in ticks, reservoir hosts, and humans, and 
discussing its potential impact on public health.

Highlights:

• Borrelia miyamotoi is a relapsing fever spirochete in Ixodes ticks and several 
   reservoir hosts.
• Borrelia miyamotoi disease presents as an acute nonspecific febrile illness after 
   a tick bite.
• Central nervous system involvement has been described in two immunocompromised 
   patients.
• More information on the public health burden and validated diagnostic tools 
   are required.
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I xodes species are hard-bodied ticks that transmit various pathogens, such 
as Borrelia burgdorferi sensu lato (s.l.; see Glossary), tick-borne encephalitis virus 
(TBEV), Anaplasma phagocytophilum, Ehrlichia chaffeensis, and Babesia spp., and 

that carry numerous other microorganisms with unknown pathogenic potential. A 
history of a tick bite is not always present because they can go unnoticed, emphasizing 
the importance of physicians’ knowledge of geographical areas endemic for specific 
tick-borne diseases, and awareness of their presenting clinical symptoms1,2.

Soft ticks belonging to the genus Ornithodoros have a different life cycle, habitat, 
pathogen range, and transmission dynamics compared with hard ticks, and are 
vectors for relapsing fever spirochetes3. These spirochetes can cause TBRF and occur 
in various parts of the world: in the western USA, 450 cases of TBRF (mostly Borrelia 
hermsii) were described between 1987 and 2000; in northwestern Morocco, Borrelia 
hispanica infection accounted for more than 20% of unexplained fever; and a study in 
Senegal showed that Borrelia crocidurae infection had an incidence at the community 
level of 14 per 100 person years, the highest of any bacterial infection reported in 
Africa4-6. Borrelia miyamotoi is currently the only known relapsing fever spirochete 
present in Ixodes ticks and, although it was identified almost 20 years ago, it has only 
recently gained attention because it was identified as a human pathogen7. Given the 
lack of awareness of the pathogenic potential of B. miyamotoi until 2011, the disease 
incidence is currently unknown. Greater awareness of the clinical manifestations of B. 
miyamotoi and the development of novel diagnostic tools could help distinguish B. 
miyamotoi infection from other tick-borne infections in patients with a nonspecific 
febrile illness following a tick bite. Here, we discuss the available literature on B. 
miyamotoi to assess the importance of this novel spirochete to the field of tick-borne 
pathogens.
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taXONOMIC POSItION OF B. MIYAMOTOI

The genus Borrelia is a group of helical-shaped, motile bacteria that form a 
monophyletic lineage within the phylum Spirochetes, and comprises two major 
clades8-11. The B. burgdorferi s.l. complex includes the causative agents of Lyme 
borreliosis and related species, and are found only in Ixodes ticks. The relapsing fever 
complex includes species that are mostly found in soft (argasid) ticks, several hard 
(ixodid) ticks, and in lice (Borrelia recurrentis) (Figure 1A). There is some discussion 
on the exact phylogeny within the relapsing fever complex and, while some have 
suggested phylogenetic clustering based on geographic differences (Old World 
versus New World), others have found relapsing fever spirochetes in hard ticks 
(including B. miyamotoi, Borrelia theileri, and Borrelia lonestari) to cluster together 
phylogenetically and have suggested this to be a separate group within the relapsing 
fever complex9,12-14. Several Borrelia species found in hard ticks and reptiles have 
recently been suggested to form a third major clade, although it shares ancestry with 
the relapsing fever complex15. More whole-genome based phylogenetic analyses 
and studies on the biology of relapsing fever spirochetes will elucidate whether 
classification based on geographic region or vector is appropriate. The relapsing 
fever spirochete B. miyamotoi was first discovered in Ixodes persulatus ticks in 
Hokkaido, and was named after Kenji Miyamoto, the entomologist who first isolated 
spirochetes fromIxodes ticks in Japan16. Since then, B. miyamotoi has been found 
in various Ixodes species across the Northern Hemisphere (see also Table S1 in 
the supplementary material online) and shares several vector tick species with B. 
burgdorferi s.l., namely Ixodes ricinus, Ixodes scapularis, Ixodes pacificus, and Ixodes 
persulcatus, all of which can bite humans and transmit B. burgdorferi s.l.17-19. Recent 
phylogenetic analysis revealed genetic differences between the Asian, American, and 
European B. miyamotoi isolates9,20. Whether these genetic differences correlate with 
differences in vector competence ( Figure 1B), host range, and pathogenicity, or only 
reflect geographic distances remains to be investigated ( Box 1).



79

Ch
ap

te
r 5

Figure 1. 
Molecular epidemiological relationships between Borrelia species. (a) Neighbor-joining tree based on 558 
base pair (bp) flagellin gene fragments from different Borrelia species. The representative of the Borrelia 
burgdorferi sensu lato (s.l.) complex is shown in red, whereas all others are relapsing fever borreliae 
(black). Relapsing fever spirochetes are present in several families of soft and hard (in bold) ticks, whereasB. 
burgdorferi s.l. circulates in one family of hard ticks (Ixodes) only. The exception is Borrelia recurrentis, 
which is transmitted by lice. (B) Unweighted pair group method with arithmetic mean-based dendrogram 
produced using fragments of the glpQ gene (366 bp) from different Borrelia miyamotoi isolates. The 
genetic differences correspond to both tick species and geographic origin. All three variants are able to 
cause disease in humans. All sequences are derived from Genbank, and are available upon request.
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B. MIYAMOTOI IN tICKS aND rESErVOIr HOStS

Prevalence in ticks
We have assessed the available literature examining the presence of B. 
miyamotoi inIxodes ticks by polymerase chain reaction (PCR) (see also Table S1 
in the supplementary material online)7,12,14,21-46. In total, 1.8% of the described 
individual questing Ixodes ticks were infected, with the highest prevalence in I. 
persulcatus (3.6%), followed by I. scapularis (2.0%) and I. ricinus ticks (1.3%). Of all 
questing Ixodes ticks, 0.5% of larvae, 1.8% of nymphs, and 1.2% of adults were found 
to be positive for B. miyamotoi.

Transovarial transmission and the infectious cycle of Borrelia 
miyamotoi
In nature, B. miyamotoi is found in all three tick life stages, and its presence in unfed 
larvae points towards transovarial transmission from the adult female tick to its 
offspring. Indeed, in an experimental setting, 6–73% of larvae originating from B. 
miyamotoi-infected female ticks were shown to be infected12. Other PCR-based 
studies identified B. miyamotoi as the sole spirochete in unfed larvae, and showed 
that 1.6–3.0% of wild female ticks hatchedB. miyamotoi-infected larval pools, with 
an infection rate of individual larvae within infected pools of more than 90%30,47. Both 
studies suggest that earlier reports of transovarial transmission of B. burgdorferi s.l. 
have in fact identified B. miyamotoi infections. These spirochetes resemble 
each other in dark-field microscopy and immunofluorescence assays, while PCR 
sequencing can reliably distinguish between the two. Various studies have described 
the presence of spirochetes in Ixodes larvae upon direct fluorescence assays in up to 
21% of questing ticks, and one study demonstrated that spirochete-infected larvae 
feeding on mice gave rise to a relapsing spirochetemia48-53. The fact that larvae can 
be infected with B. miyamotoi raises the question of whether larvae are able to 
transmit the pathogen to humans. Under optimal trial conditions, only 30–50% of 
larvae were found to feed on human test subjects54, and only a small proportion 
of identified ticks feeding on humans were larvae24, 27, 55. Moreover, when humans 
do get bitten by B. miyamotoi infected larvae, it is currently unknown whether 
transmission can occur. Studies in wild rodents have shown that spirochetemia in 
these animals was related to concurrent larval infestation, indirectly suggesting an 
important role for larval ticks in transmission of B. miyamotoi to reservoir hosts14,56. 
However, direct proof that Ixodeslarvae are able to transmit B. miyamotoi has not 
yet been described. Although the exact infectious cycle of B. miyamotoi is currently 
unknown, based on the transovarial transmission described above, it is different 
from that of B. burgdorferi s.l. species. Given the apparently effective transovarial 
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transmission, it is surprising that the prevalence of B. miyamotoi in ticks is not higher, 
and that B. miyamotoi can sustain its widespread presence with only small numbers 
of ticks being infected. A possible explanation for the relatively low infection rate 
could be a detrimental effect of B. miyamotoi infection on tick survival; however, this 
requires further investigation. Another explanation could be inefficient acquisition 
of B. miyamotoi from infected reservoir hosts by ticks, which might be caused by the 
difference in tissue tropism and infection dynamics between B. miyamotoi and B. 
burgdorferi s.l.: a study performed in wild mice identified B. miyamotoi in only 2% 
of skin biopsies, while 76% of skin biopsies were positive for B. burgdorferi, and a 
PCR on blood showed B. miyamotoi in 6% and B. burgdorferi in 12% of mice. Loads 
of B. miyamotoi were lower in infected skin biopsies and higher in infected blood 
samples compared with B. burgdorferi s.l.14. Another study suggested there to be 
relatively low acquisition of B. miyamotoi by ticks because B. miyamotoi, in contrast 
to B. burgdorferi s.l., does not seem to cause persistent infections in rodents56. By 
contrast, several studies show higher infection rates in adult ticks compared with 
nymphs within the same area, which suggests that nymphs are still (to a certain 
extent) able to acquire B. miyamotoi in nature30, 37, 44.

Correlation between the prevalence of Borrelia miyamotoi and 
other Borrelia species in tick populations
Lyme borreliosis is caused by at least eight B. burgdorferi s.l. genospecies, which 
are transmitted by various Ixodes ticks57. The geographical distribution of Ixodes ticks 
is largely dependent on climatologic as well as habitat and host factors. However, 
the determinants for the prevalence of various B. burgdorferi s.l. species in 
different Ixodes tick populations and their interrelatedness are still under debate57,58. 
Various studies have described the prevalence of B. miyamotoi and B. burgdorferi s.l. 
in the same Ixodestick populations. One study reported that B. miyamotoi and B. 
burgdorferi sensu stricto did not co-infect individual ticks at a higher or lower 
frequency than would be expected based on their prevalence in the tick population, 
indicating the different spirochetes do not enhance or impair the survival of the other 
within individual ticks14. Interestingly, however, there appears to be a correlation 
between the infection rate of B. miyamotoi and the infection rate of B. burgdorferi s.l. 
at a tick population level (Figure 2). Future studies should elucidate their ecological 
relation and to what extent B. miyamotoi and B. burgdorferi s.l. have the same range 
of reservoir hosts.
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Figure 2. Prevalence of Borrelia miyamotoi in ticks versus the prevalence of Borrelia burgdorferi sensu 
lato (s.l.) complex. 
Studies were included in which a polymerase chain reaction (PCR) for B. burgdorferi s.l. as well as a B. 
miyamotoi-specific analysis was performed on questing ticks. Prevalences are given for each geographic 
region within a study, defined as a country or a US state, where >200 nymphal or adult Ixodes ticks were 
individually tested. Sites and studies were excluded if a PCR was performed only in culture and/or direct 
fluorescence assay-positive ticks, and if accurate establishment of prevalence was impossible due to a bias 
(i.e., only some of the B. burgdorferi s.l.- positive ticks were tested for B. miyamotoi) or lack of clarification 
(i.e., the total sampled tick population was unknown or no distinction was made between host-derived and 
questing ticks). Data were collected from [12,14,21–25,27,29–35,37,38,40,42–45]. One study [38] tested 
ticks from multiple states but did not clarify prevalences per state. All other samples were subdivided 
per country or state within the study. Squares signify adult ticks, circles signify nymphs, and one study 
[31] in which the prevalence in nymphs and adults could not be separated is represented by a diamond. 
Host-derived and questing ticks are represented by black symbols and white symbols with black outline, 
respectively. Linear regression of all tick populations is indicated by a black line: r2 = 0.34, slope deviation 
from zero P = 0.0002. Spearman r = 0.67 [95% confidence interval (CI) 0.42– 0.82, P <0.0001].

Borrelia miyamotoi in reservoir hosts
The ability of ticks to feed on various hosts as well as the capacity of these hosts to 
serve as reservoirs for specific Borrelia species shows large variation59. However, as 
for manyBorrelia species, mice and other small rodents appear to be reservoir hosts 
for B. miyamotoi, and B. miyamotoi has been found in the blood of mice (Peromyscus 
leukopus,Apodemus argenteus, and Apodemus speciosus) and voles (Myodes 
rutilus, Myodes rufocanus, and Myodes glareolus)14,16,56,60. Surprisingly, when wild 
turkeys (Maleagris gallopavo) in Tennessee were investigated for B. miyamotoi, as 
many as 35 out of 60 turkeys (58%) were infected with the relapsing fever spirochete36. 
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Rodents and specific birds are not alone in being capable of harboring B. miyamotoi. A 
recent study identified the hosts of different Borrelia species by linking the presence 
of pathogens in engorged I. ricinus ticks to the presence of host species DNA. In this 
study, B. miyamotoi-infected ticks contained DNA of wild boar (Sus scrofa), roe deer 
(Capreolus capreolus), and common blackbird (Turdus merula)21. However, it was not 
possible to ascertain whether these ticks had picked up B. miyamotoi from these 
animals or whether they were already infected with B. miyamotoi and subsequently 
fed on these animals. To conclude, B. miyamotoi has been identified in small rodents, 
while there are sporadic reports of infected birds and larger mammals; more studies 
are needed to establish the full range of reservoir hosts.

B. MIYAMOTOI-relaTed HuMan disease

Human exposure to Borrelia miyamotoi
Although the infection rate of B. miyamotoi in ticks is relatively low, a large and 
increasing number of humans are being bitten by ticks and, therefore, are at risk 
for exposure to B. miyamotoi61,62. In the case of Lyme borreliosis, between 0.3% and 
5.2% of tick bites in endemic areas in Europe lead to an erythema migrans (EM), with 
seroconversion occurring in 3.5–8.2% after tick bites that do not lead to EM61,63-66. 
Assuming similar transmission dynamics, B. miyamotoi would lead to a lower risk 
of infection and seroconversion due to its lower prevalence in ticks. Indeed, in the 
Netherlands alone, each year an estimated 36 000 humans are bitten by ticks that 
were infected with Borrelia miyamotoi, compared with 183 000 estimated to be bitten 
by ticks infected with B. burgdorferi s.l.27. Although there is considerable exposure 
of humans to B. miyamotoi-infected ticks, it is unknown how often this exposure 
leads to infection, in part due to the lack of knowledge on B. miyamotoi transmission 
dynamics. Lyme borreliosis spirochetes are rarely transmitted <24 h after Ixodes tick 
attachment. They reside in the midgut of questing ticks and, after the tick bites, the 
spirochetes migrate from the midgut to the salivary glands and are transmitted with 
tick saliva into the host skin67,68. By contrast, some relapsing fever spirochetes are 
transmitted within seconds because they are already present in the salivary glands 
of questing (soft) ticks69. It is currently unknown whether B. miyamotoiresides in the 
midgut of questing Ixodes ticks or is already present in their salivary glands, and how 
rapidly it can be transmitted during a tick bite.
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Seroprevalence of anti-Borrelia miyamotoi antibodies in humans
Determining the seroprevalence of antibodies elicited against B. miyamotoi in the 
general population and high-risk populations provides information about the extent 
of past infections with this emerging pathogen. For Lyme borreliosis, it is known 
that antibodies can persist for many years after acute infection, leading to a variable 
seroprevalence of antibodies againstB. burgdorferi s.l. in the general population in 
endemic areas (0.6–19.7%)70-76. Some studies have shown that standard serologic 
tests for Lyme borreliosis can fail to diagnose B. miyamotoi infections, and serology 
for B. miyamotoi is currently based on antibodies against the glycerophosphodiester 
phosphodiesterase (glpQ) gene, which is present in B. miyamotoi, but not in Lyme 
borreliosis spirochetes46, 77, 78. However, it is not specific for B. miyamotoi because 
homologs are present in other relapsing fever spirochetes78,79. Two studies in the USA 
analyzed the seroprevalence of B. miyamotoi using an enzyme-linked immunosorbent 
assay (ELISA) with confirmatory western blot to detect anti-GlpQ antibodies. In the 
healthy population, seroprevalence to B. miyamotoi was 0% in a nonendemic region 
and 1–3.9% in endemic regions ( Table 1)80,81.

In these studies, 3.2% of patients suspected of Lyme borreliosis and up to almost 
10% of patients with confirmed Lyme borreliosis had positive B. miyamotoi serology. 
Of note, 11% of B. miyamotoi seropositive sera were also positive for B. 
burgdorferi80,81. These findings were confirmed by a GlpQ-Luminex based study in 
the Netherlands, where a high seroprevalence to B. miyamotoi was found in forestry 
workers (10%) and patients with Lyme neuroborreliosis (7.4%) compared with 2% 
in blood donors82. Prospective studies should be performed to assess how often B. 
miyamotoi seropositivity in patients with Lyme borreliosis derives from co-infections, 
cross-reactivity, or previously experienced infections. In the Dutch study, 130 serum 
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samples that had been initially analyzed for human granulocytic anaplasmosis (HGA) 
serology, but turned out to be negative, were analyzed forB. miyamotoi antibodies. 
Interestingly, 19 of these patients (14.6%) were found to be seropositive for B. 
miyamotoi, suggesting that B. miyamotoi is a common cause of HGA-like disease82

Disease in immunocompetent patients
Until 2011, Borrelia miyamotoi was believed to be a spirochete without clinical 
significance. This changed when 46 out of 302 Russian patients admitted 
with a suspected tick-borne infection were found to have PCR-confirmed B. 
miyamotoi infection7. Most of the patients with B. miyamotoi infection had a 
nonspecific febrile illness approximately 2 weeks after a tick bite, presenting with a 
high-grade fever (98%), fatigue (98%), headache (89%), myalgia (59%), chills (35%), 
and nausea (30%). Similar symptoms, designated by the author as a ‘viral-like illness’, 
have been described in several patients that seroconverted to the GlpQ antigen in a 
study in the USA and in a patient in Japan80,83. Only five out of 46 patients in Russia 
(11%) experienced a true ‘relapsing fever’ with a mean time of 9 days between 
relapses. Relapses were probably prevented in most cases by antibiotic treatment7. 
These relapses suggest that a mechanism of antigenic variation similar to that of 
other TBRF spirochetes exists and that the presence of B. miyamotoi in human blood 
is facilitated by its resistance to human complement (Box 2).

Although EM is the most common disease manifestation of Lyme borreliosis, 
presenting in approximately 80–90% of patients, it was reported in only 9% of patients 
with B. miyamotoiin Russia1,7,17. Although no B. burgdorferi s.l. or B. miyamotoi PCR 
was performed on these EM lesions, the authors hypothesized that the EM was 
caused by B. burgdorferi s.l. co-infection. Indeed, a recent USA-based study identified 
five patients with B. miyamotoi infection, four of whom developed EM and were co-
infected with B. burgdorferi81. Two patients with B. miyamotoi infection in Japan also 
presented with EM and were positive on western blot for multiple B. burgdorferi s.l. 
antigens83. In Europe, acute Lyme borreliosis is infrequently accompanied by 
nonspecific febrile illness: of patients that presented with EM, few patients reported 
a fever (7%), headache (20%), fatigue (19%), or myalgia (10%). This is different in 
the USA, where as much as 33% of patients with acute Lyme borreliosis reported 
fever and where more patients described headache (36%), fatigue (47%), and 
myalgia (35%), possibly related to the difference between infecting B. burgdorferi s.l. 
genospecies1,84. Therefore, the presentation of B. miyamotoi infection, especially in 
Europe, has more in common with several other tick-borne diseases, such as TBEV 
and HGA, and with other Babesia spp. and several Rickettsiae (Table 2).
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Table  2.  Tick-‐borne  diseases  that  can  be  accompanied  by  fevera,b  

Disease   Pathogen   Tick  vector   lobal  spread  
Common  presentation  and  

laboratory  findings  
Preferred  
treatment  

Ba erial	                 
Borrelia	  
i a o oi  
disease  

Borrelia	  
i a o oi	   ode   spp.  

North  America,  
Europe,  Asia  

( elapsing)  nonspecific  febrile  
illness,  leukopenia,  

thrombocytopenia,  AST/ALT   
Doxycycline/  
ceftriaxone  

TB F  

Borrelia	  
ro idurae,	  

Borrelia	  du o ii,	  
Borrelia	   er ii,	  
Borrelia	   er i a,	  
Borrelia	   ar eri,	  

Borrelia	   uri a ae	   r i odoro   spp.  

North  America,  
Africa,  Asia,  

Europe  

( elapsing)  nonspecific  febrile  
illness,    confusion,    photophobia,  
eye  pain,  rash,  abdominal  pain,    
hepatosplenomegaly,   aundice,    
thrombocytopenia,  anemia  

Doxycycline/  
ceftriaxone  

GA  
A.	  

ago o ilu 	   ode   spp.  
North  America,  
Europe,  Asia  

Nonspecific  febrile  illness,  
leukopenia,  thrombocytopenia,  

AST/ALT    Doxycycline  

E   E.	   affee i 	  
A bl o a	  
a eri a u 	   North  America  

Nonspecific  febrile  illness,  rash,  
meningoencephalitis,leukopenia,  
thrombocytopenia,  hyponatremia,  

AST/ALT    Doxycycline  

Lyme  
borreliosis   B.	  burgdorferi	   .l.	   ode   spp.  

North  America,  
Europe,  Asia  

E ,  nonspecific  symptoms  with  or  
without  (low-‐grade)  fever.  

Disseminated  disease   multiple  E ,  
arthritis,  meningoradiculitis,  
myocarditis,  ACA,  Borrelia  

lymphocytoma.  The  presentation  
differs  between  Eurasia  and  the  USA  

Doxycycline/  
ceftriaxone  

ickettsioses  

i e ia	   o orii,	  
i e ia	  

ri e ii,	  
i e ia	  afri ae,	  
i e ia	   lo a a,	  

e .	  
Depends  on   i e ia  

species   orldwide  

Depends  on  species.   ostly  eschar,  
maculopapular  rash,  

lymphadenopathy,  nonspecific  
febrile  illness   Doxycycline  

Tularemia  
ra i ella	  
ulare i 	  

A.	  a eri a u ,	  
Der a e or	   ariabili ,	  

Der a e or	  
a der o ii, ode 	  ri i u 	  

North  
America,Europ

e,  Asia  

Ulcer,lymphadenopathy,  
pharyngitis,    con unctivitis,    atypical  

pneumonia,  nonspecific  febrile  
illness  

Streptomycin/  
gentamycin  

ara i i 	   	              

Babesiosis  
Babe ia	   i ro i,	  

Babe ia	  di erge 	  
ode 	   a ulari ,	  	   .	  

ri i u 	  

North  
America,Europ

e  

Nonspecific  febrile  illness,    hepato-‐
/splenomegaly,     aundice,    

petechiae,  ecchymosis,    hemolytic  
anemia,    leukopenia,  

thrombocytopenia,  AST/ALT   
Atova uone     
a ithromycinC  

iral	   	              
Tick-‐borne  
encephalitis   BE 	   fla i iru 	  

I.	  ri i u ,	   ode 	  
er ul a u    Europe,  Asia  

Nonspecific  febrile  illness  followed  
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a  The  most  relevant  pathogens,  ticks,  geographic  locations,  clinical  findings,  and  therapies  are  described.  Other  
tick-‐borne  diseases  responsible  for  fever  include  Southern  tick  associated  rash  illness,  Omsk  hemorrhagic  fever,  
yasanur  Forest  disease,  Colorado  tick  fever,  and  severe  fever  with  thrombocytopenia  syndrome.    

b  Abbreviations   ACA   acrodermatitis  chronica  atrophicans;  (A)PTT   (activated)  partial  thromboplastin  time;  AST   
aspartate  transaminase;  ALT   alanine  transaminase;  DIC   diffuse  intravascular  coagulation;  CC F( )   Crimean  
Congo  haemorrhagic  fever  (virus);   E   human  monocytic  ehrlichiosis;   OF,  multiorgan  failure.    
c  Alternatives  (in  more  severe  cases)   clindamycin  and   uinine.  Exchange  transfusions  should  be  considered.  
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Table  3.  Clinical  presentation  of  patients  infected  with  Borrelia	   i a o oia  

Patient  characteristics   ymptoms  
Detection  
methods   ab  findings   Therapy   efs  

Five  symptomatic  patients  with  
seroconversion,    USA  

Fever  ( /   
patients);  E   
(4/ );  headache,    
neck  stiffness,    
fatigue,    malaise,    
arthralgia,    
abdominal  pain,    
cough,    sore  
throat,    inguinal  
lymphadenopathy  
(1/ )  

Glp   ELISA;  
Glp   western  
blot  

No  information  
available  

Doxycycline  7 14  
days  (four  patients),    
amoxicillin/clavulanic  
acid  (one  patient)   80,  81   

61-‐year-‐old  man,    USA  

Fever,    chills,    
headache,    
photophobia,    
myalgia,    
arthralgia,    
anorexia   PC   

Thrombocytopenia,    
leukopenia,    
elevated  AST/ALT  
and  CP   

Doxycycline  2  x  100  
mg  I   4  days,    2  x  
100  mg  oral  2  weeks   8   

87-‐year-‐old  man,    USA  

Fever,    chills,    
malaise,    fatigue,    
dyspnea,    anorexia,    
stiffness   PC   

Thrombocytopenia,    
leukopenia,    
anemia,    elevated  
AST/ALT  

Doxycycline  2  x  200  
mg  I   2  days,    2  x  
100  mg  oral  2  weeks   8   

46  patients  suspected  to  have  tick-‐borne  
disease  (admitted  to  a  hospital),     ussia  

Fever  (4 /46);  
fatigue  (4 /46);  
headache  (41/46);  
myalgia  (27/46);  
chills  (16/46);  
nausea  (14/46);   PC   

Proteinuria,    
elevated  AST/ALT  

Ceftriaxone  2  g  I   2  
weeks  (43/46),    
doxycycline  2  x  100  
mg  oral  2  weeks  
(3/46)   7   

a The most relevant pathogens, ticks, geographic locations, clinical findings, and therapies are described.  
  Other tick-borne diseases responsible for fever include Southern tick associated rash illness, Omsk  
    hemorrhagic fever, Kyasanur Forest disease, Colorado tick fever, and severe fever with thrombocytopenia  
   syndrome. 
b Abbreviations: ACA: acrodermatitis chronica atrophicans; (A)PTT: (activated) partial thromboplastin time;  
   AST: aspartate transaminase; ALT: alanine transaminase; DIC: diffuse intravascular coagulation; CCHF(V):  
   Crimean Congo haemorrhagic fever (virus); HME: human monocytic ehrlichiosis; MOF, multiorgan failure. 
c Alternatives (in more severe cases): clindamycin and quinine. Exchange transfusions should be  
    considered.
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Two patients in the USA were presumptively diagnosed with HGA but later tested 
positive for B. miyamotoi. Both patients presented with high-grade fever and 
various nonspecific symptoms in combination with elevated transaminases, 
thrombocytopenia, and leukopenia85. This clinical presentation seems common in 
the patients currently described to be infected with B. miyamotoi (Table 3).
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mg  I   4  days,    2  x  
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anemia,    elevated  
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Doxycycline  2  x  200  
mg  I   2  days,    2  x  
100  mg  oral  2  weeks   8   

46  patients  suspected  to  have  tick-‐borne  
disease  (admitted  to  a  hospital),     ussia  

Fever  (4 /46);  
fatigue  (4 /46);  
headache  (41/46);  
myalgia  (27/46);  
chills  (16/46);  
nausea  (14/46);   PC   

Proteinuria,    
elevated  AST/ALT  

Ceftriaxone  2  g  I   2  
weeks  (43/46),    
doxycycline  2  x  100  
mg  oral  2  weeks  
(3/46)   7   

Ixodes ricinus TSLPI 
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arthralgia  (13/46);  
E   (4/46);  
vomiting  (3/46);  
neck  stiffness  
(1/46)  

72-‐year-‐old  woman,     apan  
Fever,    myalgia,    
anorexia,    E   

PC ;  Glp   
western  blot  

Elevated  AST/ALT  
and  CP ,    
leukopenia  

inocycline  100  mg  
  days   83   

37-‐year-‐old  man,     apan   Fever,    E    PC   
No  information  
available  

Ceftriaxone  1  g  I   7  
days,    followed  by  
unknown  antibiotic   83   

70-‐year-‐old  immunocompromised  man,    
The  Netherlands  

Slow  cognitive  
processing,    
memory  deficits,    
disturbed  gait  

PC   (CSF  and  
blood);  dark-‐
field  microscopy  
(CSF)  

CSF   pleocytosis,    
elevated  protein  

Ceftriaxone,    2  g  I   2  
weeks   46   

81-‐year-‐old  immunocompromised  
woman,    USA  

Progressive  decline  
in  mental  state,    
confusion,    social  
withdrawal,    
disturbed  gait,    
hearing  difficulty,    
weight  loss  

PC   (CSF);  (dark-‐
field)  microscopy  
(CSF)  

CSF   pleocytosis,    
elevated  protein  

Ceftriaxone,    2  g  I ,    
switch  to  penicillin  I   
1  month   86   

Abbreviations   AST,  aspartate  transaminase;  ALT,  alanine  transaminase;  C P,  C-‐reactive  protein;  I ,  intravenous.  
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Two   case   reports,   one   from   the   USA   and   one   from   the   Netherlands,   reported  B.	  

i a o oiinfection  in  patients  who  were  immunocompromised  because  of  treatment  for  

non-‐ odgkin s   lymphoma.   Both   patients   underwent   chemotherapy   (cyclophosphamide,  

doxorubicin,   and   vincristine)   and   immunomodulatory   therapy   comprising   prednisolone  

and   the   B   cell   depletory   rituximab   before   showing   signs   of   infection.   The   clinical  

symptoms  differed  from  immunocompetent  patients,  with  no  evident  signs  of  fever,  but  a  

chronic  meningoencephalitis  with   declined  mental   status   and   disturbed   gait   developing  

over  several  months46,86.  Both  cases  reported  a  marked  pleocytosis  in  cerebrospinal  fluid  

(CSF)   and   visible   spirochetes   by   dark-‐field   microscopy,   but   recovered   after   antibiotic  

therapy.  

  

Diag o i 	   ool 	  

There  is  currently  no  clinically  validated  test  available  for  B.	   i a o oi.  Until  recently,  for  

research  purposes,  B.	   i a o oi  was  propagated  by  inoculation  in  SCID  mice87.   owever,  

more   recently,   culture  media  based  on  modified   elly-‐Pettenkofer  medium  were   shown  

to   successfully   propagate   the   spirochete   and  might   accelerate   research   into   diagnostic  

modalities88,8 .  
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Disease in immunocompromised patients
Two case reports, one from the USA and one from the Netherlands, reported B. 
miyamotoiinfection in patients who were immunocompromised because of 
treatment for non-Hodgkin’s lymphoma. Both patients underwent chemotherapy 
(cyclophosphamide, doxorubicin, and vincristine) and immunomodulatory therapy 
comprising prednisolone and the B cell depletory rituximab before showing signs 
of infection. The clinical symptoms differed from immunocompetent patients, with 
no evident signs of fever, but a chronic meningoencephalitis with declined mental 
status and disturbed gait developing over several months46,86. Both cases reported a 
marked pleocytosis in cerebrospinal fluid (CSF) and visible spirochetes by dark-field 
microscopy, but recovered after antibiotic therapy.

Diagnostic tools
There is currently no clinically validated test available for B. miyamotoi. Until recently, 
for research purposes, B. miyamotoi was propagated by inoculation in SCID mice87. 
However, more recently, culture media based on modified Kelly-Pettenkofer medium 
were shown to successfully propagate the spirochete and might accelerate research 
into diagnostic modalities88,89.

Relapsing fever can be diagnosed by PCR on blood during acute infection7,85. A PCR on 
CSF was also positive in both cases of B. miyamotoi-induced meningoencephalitis46,86. 
Most PCRs performed on human or tick samples amplify and sequence the glpQgene, 
flagellin gene, the 16S rRNA gene, or the 5S-16/23S intergenic spacer sequence. 
Another method to identify relapsing fever spirochetemia is the use of microscopy, for 
instance a thin smear with a Giemsa or Wright stain, which can directly demonstrate 
spirochetemia (Figure 3). However, this method seems to be less sensitive than PCR to 
diagnose relapsing fever90. When patients present after the initial fever has subsided 
and the sensitivity of PCR might further decrease, serology could be used to diagnose B. 
miyamotoi infection, although its diagnostic value in early infection is currently unknown.

Antibiotic therapy
All patients that have currently been described in the literature recovered upon 
antibiotic treatment, which was mostly based on standard regimens used for Lyme 
borreliosis (Table 3). No B. miyamotoi-infected patients were described to have a 
relapse of fever after antimicrobial treatment. A Jarisch-Herxheimer-like reaction 
was found in 15% of the cases in Russia7. It is unclear whether chronic sequelae 
or atypical symptoms may develop or persist when B. miyamotoi infections remain 
undiagnosed, and whether infection can be cleared without therapeutic intervention.



89

Ch
ap

te
r 5

Figure 3. Giemsa-stained peripheral blood smear of a SCID mouse infected with Borrelia miyamotoi LB-2001.
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ConCludinG reMarKs and fuTure direCTions

Borrelia miyamotoi is a relapsing fever Borrelia species that has recently been 
discovered to infect humans and is present in Ixodes ticks in Europe, Asia, and North 
America. Borrelia miyamotoi has been described to cause an acute nonspecific 
febrile illness in over 50 immunocompetent patients and more severe neurological 
disease in two immunocompromised patients. Antibodies against the spirochete are 
prevalent in individuals living in endemic areas. However, we are only just beginning 
to unravel its pathogenic potential, and it is only recently that B. miyamotoi was 
cultivated successfully in vitro, which is likely to accelerate research into diagnostic 
modalities. Further epidemiological studies should elucidate the incidence of B. 
miyamotoi-induced disease. We should be aware that B. miyamotoi is present in 
the same tick populations as B. burgdorferi s.l., and that B. miyamotoi infection 
can resemble other tick-borne diseases, including HGA. Therefore, Borrelia 
miyamotoi infection should be considered when patients in Lyme disease-endemic 
regions present with a nonspecific febrile illness after a tick bite, or with a tick 
bite-associated meningoencephalitis during immunosuppressive therapy. Borrelia 
miyamotoi infection appeared to present differently from Lyme borreliosis in the 
patients that have been described in literature and responded to the same antibiotic 
regimens. More studies are needed to improve the diagnosis and to increase 
knowledge of this potentially important relapsing fever spirochete.
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table S1. Prevalence of PCr-confirmed Borrelia miyamotoi infection in individually tested Ixodes ticks.
All studies on PubMed and Web of Science describing the prevalence of Borrelia miyamotoi (by PCR) in
Ixodes ticks published until June 2014 were included; however, studies or tick populations within studies
were excluded in case of: 1. Bias in the prevalence of B. miyamotoi (only part of spirochete positive ticks
were analyzed for B. miyamotoi) 2. insufficient description of tick populations and infection rates to include
data for example, total number of tested ticks were not described) 3. Pooled ticks were tested 4. If only ticks
positive by another method (DFA, culture) were subsequently tested by PCR. For each tested Ixodes
species, the prevalence per tick developmental stage is presented. A distinction has been made between
questing ticks and host-derived ticks. These data are available upon request. [S1-S28]

suPPleMenTal daTa

a er	   	  

 86 

Tick  species   Larvae   Nymphs     Adults   Unknown     Total  
uesting  ticks                 

.	  ri i u 	   1/18   (0. 4 )   4 /423   (1.17 )   2/33 7  (1. 3 )   23/2202    (1.04 )   12 /10023  (1.2 )  

.	   a ulari       21 /10782  (1. )   2 /144   (2.00 )      244/12231  (1. )  

.	   i i al i 	      0/3  (0 )         0/3  (0 )  

.	   a ifi u       4/261  (1. 3 )   2/2674  (0.07 )      6/2 3   (0.20 )  

.	   er ul a u       4/104  (3.8 )   11/4 6  (2.41 )   114/3017  (3.78 )   12 /3 77  (3.60 )  
All   ode 	   1/18   (0. 4 )   272/1 38   (1.77 )   4/7 76  (1.18 )   137/ 21   (2.63 )   04/2876   (1.7 )  
                 
ost-‐derived  ticks                 

.	  ri i u 	   3/741  (0.40 )   37/4134  (0. 0 )   24/1 23  (1. 8 )      64/63 8  (1.00 )  

.	   a ulari    0/4    (0 )   1/14   (0.6 )   23/ 661  (0.41 )      24/ 810  (0.41 )  

.	   a ifi u       0/118  (0 )         0/118  (0 )  

.	   i i al i 	            0/17  (0 )   0/17  (0 )  

.	  de a u 	      1/26   (0.38 )   0/121  (0 )     0/7  (0 )   1/3 3  (0.2 )  

.	  bru ue 	         0/1  (0 )      0/1  (0 )  
All   ode 	   3/74   (0.40 )   3 /4662  (0.84 )   47/7306  (0.64 )   0/24  (0 )   8 /12737  (0.70 )  
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O n April 1 2012, a 70-year-old patient came to our clinic reporting slow 
cognitive processing, memory deficits, and a disturbed gait, all of which 
had gradually developed over several months and progressed during the 

last few weeks before the patient’s initial visit. He did not report fever, and he had not 
been outside the country for several years. He had recently been treated with CHOP 
(cyclophosphamide, doxorubicin, vincristine, and prednisolone), polychemotherapy, 
and rituximab (last dose on Aug 2, 2011) for a stage 4 diffuse large B cell lymphoma. 
His medical history also included Pneumocystis jiroveciipneumonia, unexplained 
chronic diarrhoea, a splenectomy, extensive tick exposure, and two tick bites in the 
summer and fall before onset of symptoms. On neurological examination there was a 
distinct bradyphrenia, and on cognitive assessment, the patient scored 26 of 30 points 
on the mini mental state examination. Vital signs were normal and body temperature 
was 36·4°C. Cranial MRI showed no abnormalities, but two lumbar punctures 
showed cerebrospinal fluid pleocytosis with raised protein values. The cause of this 
chronic meningitis was not identified by wide-ranging microbiological, pathological, 
and haematological diagnostic testing (appendix). A C6-immunofluorescence 
assay forBorrelia burgdorferi in serum, but not in cerebrospinal fluid, was weakly 
positive (index 1·8). However, a B burgdorferi IgG and IgM immunoblot were non-
conclusive and negative, respectively. A B burgdorferi sl qPCR in cerebrospinal fluid 
was negative. Nonetheless, because of the absence of an alternative diagnosis 
and the progression of symptoms, on April 17, 2012, the patient was treated for a 
possible Lyme neuroborreliosis with once daily 2000 mg ceftriaxone intravenously 
for 2 weeks. During several weeks the patient fully recovered. At his last visit to the 
outpatient clinic in May, 2013, the patient did not have residual symptoms.
Supported by the recent evidence of the presence of B miyamotoi in Ixodes 
ricinus ticks across Europe1,2, and the relation in time of the patient’s symptoms with 
the tick bites, and his immunocompromised status, we retrospectively considered B 
miyamotoi as the causative agent. We identified motile spirochaetes in stored pre-
treatment cerebrospinal fluid by dark-field microscopy (appendix). Additionally, a 
16S rDNA pan-relapsing fever Borrelia quantitative (q)PCR and a qPCR targeting the B 
miyamotoi flagellin gene was positive in two separate pre-treatment cerebrospinal 
fluid samples and one pre-treatment blood sample (appendix). Notably, 2·2% of 
352 I ricinus nymphal ticks from the vicinity of the patient’s recreational house in the 
dunes of Zandvoort, the Netherlands, proved to be positive for B miyamotoi by qPCR 
(appendix). Amplification and sequencing of the glpQ and p66 genes confirmed B 
miyamotoi as the causative agent and showed 100% identical sequences in ticks and 
the patient’s clinical samples (appendix). We were unable to culture the spiro-chaetes 
in modified Barbour-Stoenner-Kelly medium from stored blood and cerebrospinal 
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fluid samples. Finally, ELISA and Western blot did not show anti-GlpQ antibodies in 
blood and CSF.
Relapsing fever is caused by various Borrelia species, which are predominantly 
transmitted by soft ticks. However, relapsing fever Borrelia species have also been 
identified in hard ticks, including B miyamotoi in Ixodes ticks3. B miyamotoi infection 
has been associated with systemic complaints, including malaise and fever, in 
case series4,5. Recently, in the USA, B. miyamotoi was shown to be able to cause 
meningoencephalitis in an immunocompromised patient6. Physicians worldwide 
managing immunocompromised patients from Ixodes tick-endemic areas with a 
meningoencephalitis should consider B miyamotoi as a potential causative agent and 
should be aware that regular diagnostic tests for B burgdorferi will most probably 
overlook this diagnosis. Whether B miyamotoi is also able to cause neurological 
symptoms in non-immunocompromised patients requires further investigation.
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SUPPLEMENtarY aPPENDIX

Figure 1. Amplified and sequenced fragments of the B. miyamotoi glpQ (AB824730 and AB824855) 
and P66 (AB824731 and AB824856) genes from cerebrospinal fluid of our patient and five ticks from 
the Netherlands, including ticks from the vicinity of the patient’s recreational house in the Dunes, were 
compared to each other, and to known B. miyamotoi sequences in Genbank obtained from both ticks, 
animals and humans, by pairwise alignment using the Unweighted Pair-Group Method using Arithmetic 
Averages. The degree of homology is depicted in a dendogram.
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Figure 2. B. miyamotoi in the patient’s cerebrospinal fluid. Dark field microscopic images (magnification
x400) of Borrelia miyamotoi in the patient’s CSF (after being stored for one year in -80°C).
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MeTHods

B. miyamotoi-specific qPCR
A B. miyamotoi.-specific qPCR was performed using the iQ Multiplex Powermix 
PCR reagent kit, which contains iTaq DNA polymerase (Bio-Rad Laboratories, 
Hercules, USA), in a LightCycler 480 Real-Time PCR System (F. Hoffmann-La Roche, 
Basel, Switzerland). Optimal reaction conditions in a final volume of 20ul were iQ 
multiplex Powermix, 200 nM forward (5’-AGA AGG TGC TCA AGC AG-3’) and reverse 
(5’-TCGATCTTTGAAAGTGACATAT-3’) primers each, 200 nM probe (5’-Atto647N-AGC 
ACA ACA GGA GGG AGT TCA AGC-BHQ2-3’), and 3 to 8 µl of template DNA. Cycling 

conditions included an initial activation of the iTaq DNA polymerase at 95°C for 5 
min, followed by 60 cycles of a 5 s denaturation at 95°C followed by a 35 s annealing-
extension step at 60°C (Ramp rate 2.2 °C/s and a single point measurement at 60 
°C) and a cooling-cycle of 37 °C for 20 s. Analysis was performed using the second 
derivative calculations for crossing point values. Curves were assessed visually. 
Samples with a positive score were assumed being positive for Borrelia miyamotoi. 
The specificity of primers and probes was tested with samples containing DNA from 
the following microorganisms: Borrelia burgdorferi senso lato, Rickettsia helvetica, 
Anaplasma phagocytophilum, Neoehrlichia mikurensis, and Babesia spp. Correct 
sizes of DNA fragments of qPCR-amplicons were confirmed on a bioanalyzer (Agilent 
Technologies, Palo Alto, CA). For each run positive and negative controls and blank 
samples were included. In order to prevent contamination, the PCR proceedings were 
performed in three separate rooms, of which the reagent setup and sample addition 
rooms were kept at positive pressure, whereas the DNA extraction room was kept at 
negative pressure. All rooms had airlocks. Of the 352 Ixodes ricinus nymphs tested 
for B. miyamotoi eight lysates were positive by qPCR. The three DNA extracts of the 
patient’s material, two CSF and one EDTA-blood sample, were also positive by qPCR. 
The Cp-values (Ct 35, 36 and 39) were lower than the highest serial dilution of the 
positive control (Ct 41).

Molecular identification/typing of B. miyamotoi
From five qPCR-positive tick samples and one representative clinical sample the 
presence of B. miyamotoi was confirmed by PCR amplification and sequencing of 
a 920bp fragment of the glycerophosphodiester phosphodiesterase (glpQ) gene. 
The PCR was performed with the HotStarTaq master mix (Qiagen, Venlo, The 
Netherlands) using forward (5’-atgggttcaaacaaaaagtcacc-3’) and reverse primers 
(5’-cattactgtgtcagtaaaatctgtaaa-tataccatctac-3’) under the following conditions: 
15 min 94°C, then cycles of 20 s 94°C, 30 s 70°C, 30 s 72°C lowering the annealing 
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temperature 1°C each cycle till reaching 60°C, then 40 cycles at this annealing 
temperature and a final extension step of 7 min at 72°C. The P66 gene was amplified 
under identical conditions with different forward (5’-gatactaaattattaaatccaaaatcg-3’) 
and reverse (5’-ggaaatgagtacctacatatgg-3’) primers. PCR amplicons were sequenced 
using BigDye Terminator Cycle sequencing Ready Reaction kit (Perkin Elmer, Applied 
Biosystems). All sequences were confirmed by sequencing both strands. The collected 
sequences were assembled, edited, and analysed with BioNumerics version 6.5 
(Applied Maths NV, Sint-Martens-Latem, Belgium). Sequences were compared to 
B. miyamotoi glpQ sequences deposited in Genbank, by pairwise alignment using 
Unweighted Pair Group Method with Arithmetic Mean. The DNA sequence of the 
glpQ-fragment amplified from the patient was identical to the ones derived from 
the (Dutch) Ixodes ricinus lysates, but different from the B. miyamotoi-sequences 
derived from Ixodes persulcatus, and I. scapularis, and from the human isolate (De1) 
derived from Russia (West Siberia). The DNA-sequence of the P66 fragment of the 
patient was identical to the ones derived from five Dutch and one Swedish Ixodes 
ricinus lysate, but different from the B. miyamotoi-sequences derived from Ixodes 
persulcatus, and I. scapularis, and from the human isolate (De1) derived from Russia 
(West Siberia).
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Background
Ixodes ticks transmit Borrelia burgdorferi sensu lato (s.l.), the causative agent of 
Lyme borreliosis (LB). These tick species also transmit Borrelia miyamotoi, which 
was recently found to cause hard tick-borne relapsing fever (HTBRF) in humans. We 
were interested in the prevalence of B. miyamotoi infection in ticks and natural hosts 
in the Netherlands, and to what extent ticks are co-infected with B. burgdorferi. 
In addition, erythema migrans has been sporadically described in HTBRF patients, 
but these skin lesions might as well represent co-infections with B. burgdorferi s.l. 
We therefore investigated whether B. miyamotoi was present in LB-suspected skin 
lesions of patients referred to our tertiary Lyme disease clinic. 

Methods
3360 questing Ixodes ricinus nymphs as well as spleen tissue of 74 rodents, 26 birds 
and 10 deer were tested by PCR for the presence of B. miyamotoi. Tick lysates were 
also tested for the presence of B. burgdorferi s.l.. Next, we performed a PCR for 
B. miyamotoi in 31 biopsies from LB-suspected skin lesions in patients visiting our 
tertiary Lyme center. These biopsies had been initially tested for B. burgdorferi sensu 
lato by PCR, and the skin lesions had been investigated by specialized dermatologists.

Results 
Out of 3360 nymphs, 313 (9.3%) were infected with B. burgdorferi s.l., 70 (2.1%) 
were infected with B. miyamotoi, and 14 (0.4%) were co-infected with B. burgdorferi 
s.l. and B. miyamotoi. Co-infection of B. burgdorferi s.l. with B. miyamotoi occurred 
more often than expected from single infection prevalences (p=0.03). Both rodents 
(9%) and birds (8%) were found positive for B. miyamotoi by PCR, whereas the roe 
deer samples were negative. Out of 31 LB-suspected skin biopsies, 10 (32%) were 
positive for B. burgdorferi s.l. while none were positive for B. miyamotoi. 

Conclusion
The significant association of B. burgdorferi with B. miyamotoi in nymphs implies 
the existence of mutual reservoir hosts. Indeed, the presence of B. miyamotoi DNA 
indicates systemic infections in birds as well as rodents. However, their relative 
contributions to the enzootic cycle of B. miyamotoi requires further investigation 
We could not retrospectively diagnose HTBRF using biopsies of LB-suspected skin 
lesions, supporting the hypothesis that B. miyamotoi is not associated with LB-
associated skin manifestations. However, this warrants further studies in larger sets 
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of skin biopsies. A prospective study focused on acute febrile illness after a tick bite 
could provide insight into the incidence and clinical manifestations of HTBRF in the 
Netherlands. 
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B orrelia miyamotoi is a tick-borne relapsing fever (TBRF) spirochete in Ixodes 
ticks, the same vector that transmits Borrelia burgdorferi s.l. and other tick-
borne pathogens. The prevalence of B. miyamotoi in reservoir hosts, as well as 

the reservoir host range in nature, is yet scarcely described, but points towards small 
rodents and certain bird species being infected (88-93). Interestingly, B. miyamotoi 
can cause short-term systemic infection in rodents, and it is experimentally shown that 
ticks can acquire this pathogen from rodents (Burri et al., 2014).  While B. burgdorferi 
s.l. causes Lyme borreliosis, B. miyamotoi was recently found to induce hard tick-
borne relapsing fever (HTBRF) in humans (21). The incidence of HTBRF in humans is 
yet unknown. Two studies have described the prevalence of HTBRF in febrile patients 
suspected of a tick-borne infection, which found 97/11515 (0.84%) of patients in 
north-eastern United States and 51/302 (16.9%) of hospital-admitted Russian 
patients to be PCR positive on blood (21, 94). HTBRF presents around two weeks 
after a tick bite with a high fever and viral-like symptoms such as headache, myalgia, 
arthralgia and malaise (21, 94, 95). In two patients with severe immunodeficiency, 
including one case in our tertiary Lyme clinic, B. miyamotoi infection was found to 
cause a chronic meningoencephalitis (7, 96). Several studies have described HTBRF 
patients presenting with erythema migrans (EM), a classical symptom of early 
Lyme borreliosis; 9% of Russian HTBRF patients presented with EM, and it was 
hypothesized that EM was a sign of co-infection with B. burgdorferi s.l. rather than a 
true manifestation of HTBRF (21). A study in North America revealed several HTBRF 
patients to be co-infected with B. burgdorferi s.l., one of which presenting with an 
EM (94). Furthermore, a study in Japan described two febrile HTBRF patients that 
presented with EM and were shown to have antibodies against B. burgdorferi s.l. 
antigens, suggesting co-infections with both B. burgdorferi s.l. and B. miyamotoi (97). 

In the Netherlands, exposure levels to B. miyamotoi as measured by serology 
showed that risk groups such as forestry workers (10%) had higher seroprevalence 
levels than the control group. In the same study, B. miyamotoi antibodies were also 
found in patients suspected of human granulocytic anaplasmosis (HGA) (14.6%), 
suggesting that B. miyamotoi infections occur in Dutch high-risk populations and 
that they could be misdiagnosed (98). However, thus far only one PCR-confirmed 
patient has been described in the Netherlands, suggesting under-diagnosis due to a 
lack of awareness, lack of severe symptoms, lack of widely available diagnostic tools 
and/or misdiagnosis. A Russian study recently revealed a relatively high transmission 
efficiency of B. miyamotoi by adult Ixodes persulcatus ticks to humans (~8%), and 
because B. miyamotoi was recently demonstrated to be transmitted by Ixodes ricinus 
larvae  patients with HTBRF might not present with a history of known tick bites due 
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to the small size of larvae (27, 99). Indeed, a Russian study described B. miyamotoi 
to be under-diagnosed, leading to relapses in the absence of adequate antibiotic 
treatment (100).  Because no routine diagnostics are currently performed for B. 
miyamotoi in our (tertiary) multidisciplinary Lyme disease center, we were interested 
whether we had missed (co-) infections with B. miyamotoi over the past years. Thus, 
in the current study, we performed B. miyamotoi-specific real-time PCR on ticks and 
potential reservoir hosts in nature and in LB-suspected human skin biopsies, which 
were previously tested for B. burgdorferi by PCR.  

MeTHods

Collection of ticks and vertebrate hosts
Questing ticks were collected by blanket dragging at 11 different forested areas 
throughout the Netherlands in 2014-2015. Spleen tissues were collected from 
different species of rodents, roe deer and birds (tables 1 and 2) at several sites 
in the Netherlands. The obtained spleen samples of roe deer, birds as well as the 
capturing of wild rodents have been described elsewhere (101, 102). Spleen samples 
were kept frozen (-80 °C) until testing. DNA from tissue samples was extracted using 
the Qiagen DNeasy Blood & Tissue Kit according to manufacturer’s protocol. Based 
on morphological criteria, tick species and stages were identified, and DNA from I. 
ricinus nymphs was extracted by alkaline lysis (103).

Polymerase chain reactions and sequencing of ticks and vertebrate hosts
All samples were screened for the presence of B. miyamotoi DNA with a real-time 
polymerase chain reaction (qPCR) targeting portion of the flagellin gene. The primers 
used were 200 nM forward (5’-AGA AGG TGC TCA AGC AG-3’) and reverse (5’-TCG 
ATC TTT GAA AGT GAC ATA T-3’) primers each, 200 nM probe (5’-Atto647N-AGC 
ACA ACA GGA GGG AGT TCA AGC-BHQ2-3’), and 3 to 8 µl of template DNA (Hovius 
et al., 2014). qPCR-positive samples were analysed further with primers targeting 
a fragment of a 700bp fragment of the glycerophosphodiester phosphodiesterase 
(glpQ) gene. The PCR was performed with the HotStarTaq master mix (Qiagen, Venlo, 
the Netherlands) using forward 5’-ATG GGT TCA AAC AAA AAG TCA CC-3’ and reverse 
primers 5’-CCA GGG TCC AAT TCC ATC AGA ATA TTG TGC AAC-3’ under the following 
conditions: 15 min 94°C, then 40 cycles of 30 sec 94°C, 30 sec 53°C, 90 sec 72°C 
and finishing with 10 minutes at 72°C.The sequences were stored and analysed in 
Bionumerics (Version 7.1, Applied Math, Belgium), after subtraction of the primer 
sequences.
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Lyme borreliosis-suspected skin lesions 
In our tertiary Lyme center, we offer more extensive diagnostic service than primary 
care centers will perform based on guidelines. Occasionally, biopsies of skin lesions 
are taken to confirm or rule out LB, which enabled us to retrospectively investigate 
the presence of B. miyamotoi in these lesions. Our dermatology department 
gathered 4 mm skin biopsies under local lidocaine anesthesia from 34 patients 
between 2009 and 2013, which were taken from the edge of suspected (atypical) EM 
lesions or central in suspected acrodermatitis chronica atrophicans (ACA) lesions. 
Biopsies were used for PCR and sent for pathologic examination when clinically 
indicated according to the treating dermatologist. A B. burgdorferi-specific PCR was 
initially performed, and 31/34 extracted DNA samples were included, while three 
DNA samples and corresponding patient cases were excluded from analysis due to 
qPCR inhibition. Patient records and PCR results were retrospectively reviewed to 
obtain a final diagnosis and to categorize the skin lesions into: 1. EM; 2. Multiple 
EM; 3. ACA; 4. LB-suspected skin lesion after previous treatment for LB, but active LB 
excluded 5. LB-suspected skin lesion without previous treatment for LB, but active 
LB excluded. As part of the current study a qPCR - see above - was performed to 
detect B. miyamotoi. C6 EIAs and qPCRs for B. burgdorferi s.l. and B. miyamotoi were 
performed as previously described (7, 104).  

Statistical analysis
Confidence intervals (95%) were calculated using a Fisher’s exact test. The Chi-square 
test was used to assess the correlation between B. miyamotoi infections and B. 
burgdorferi s.l. infection in ticks based on a 2x2 contingency table with B. miyamotoi 
infection and B. burgdorferi infection as determining binary conditions.  
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resulTs

Ticks
Questing I. ricinus nymphs (n=3360) were collected from 11 different areas in the 
Netherlands between 2014 and 2015. Of these nymphs 313 (9.3%) were positive 
for B. burgdorferi s.l. only and 70 (2.1%) were positive for B. miyamotoi only, while 
14 nymphs (0.4%) were co-infected with both pathogens (Table 1). Thus, 14/327 
(4.3%) B. burgdorferi s.l. positive nymphs were also positive for B. miyamotoi, and 
co-infection of B. burgdorferi with B. miyamotoi occurred significantly (p=0.03) more 
often than expected, suggesting the existence of mutual reservoir hosts. 

a er	   	  
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Table  1.   uesting   o e   ri i   nymphs  (n 33 0)  tested  for  Borrelia	   r orferi  s.l.  and  Borrelia	   i a o oi  
by  multiplex   PC .  
o e 	  ri i 	   Positive  (n)   Percentage  (C )  

B.	   r orferi  s.l.   327   10   ( -‐11 )  

B.	   i a o oi	   84   2.   (2-‐3 )  

B.	   r orferi  and  B.	   i a o oi	  co-‐infection     14   0.4   (0.2-‐0.7 )  
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Seven   out   of   74   ( )   examined   rodent   spleens   were   PC    positive   for   B.	   i a o oi.  

Three   out   of   21   (14 )   wood  mice   (A ode u 	   l a i u ),   one   out   of   8   (13 )   common  

voles  ( ode 	  ar ali )  and  3  out  of  34  ( )  bank  voles  ( .	  glareolu )  (Table  2)  were  found  

to   be   infected  with  B.	   i a o oi.   All   10   roe   deer   spleen   samples  were   negative   for  B.	  

i a o oi  DNA  (Table  2).  Two  out  of  26  studied  birds  (8 )  were  found   PC   positive  for  

B.	   i a o oi,   namely   a   great   tit   (Paru 	   a or)   and   a   European   greenfinch   ( ardueli 	  

lori )  (Table  3).    
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Table  2.   pleen  tissue  of  different  rodent  species  and  roe  deer  tested  for  Borrelia	   i a o oi  by   PC   
odent  species     Total  (n)   Positive  (n)  

o e 	  fla i olli 	   2   0  

o e 	   l a i 	   21   3  

o i ra	  r la	   4   0  

o e 	  ar ali 	   8   1  

o e 	   lareol 	   34   3  

ore 	  ara e 	      0  

a reol 	   a reol    10   0  

  
  
  
Table  3.   pleen  tissue  of  different  bird  species  tested  for  Borrelia	   i a o oi  by   PC   
ird  species     Total  (n)   Positive  (n)  

ar eli 	   lori 	   4   1  

o o ra e 	   o o ra e 	   2   0  

ri illa	   oele 	   3   0  

ar 	   a or	   2   1  

llo o 	   ro il 	   1   0  

rr la	   rr la	   1   0  

r 	  ilia 	      0  

r 	   er la	   2   0  

r 	   ilo elo    6   0  

  
  

	  

	  

B-‐ u e ed	   i 	  bio ie 	  

Out  of  31  patients  with  LB-‐suspected  skin  lesions  who  were  referred  to  our  tertiary  Lyme  

borreliosis   center,   nine   (2 )   were   PC    positive   for   B.	   burgdorferi	   in   a   skin   biopsy    3  

patients   were   diagnosed   as   having   ACA,   1   as   multiple   E    and      were   diagnosed   with  

definite   E    (table   4).   One   patient   was   PC -‐negative   (possibly   because   the   biopsy   was  

taken  after   initiation  of  doxycycline   treatment),   but   clinically  diagnosed  with  E   by   the  

Vertebrate hosts
Seven out of 74 (9%) examined rodent spleens were qPCR positive for B. miyamotoi. 
Three out of 21 (14%) wood mice (Apodemus sylvaticus), one out of 8 (13%) common 
voles (Myodes arvalis) and 3 out of 34 (9%) bank voles (M. glareolus) (Table 2) were 
found to be infected with B. miyamotoi. All 10 roe deer spleen samples were negative 
for B. miyamotoi DNA (Table 2). Two out of 26 studied birds (8%) were found qPCR 
positive for B. miyamotoi, namely a great tit (Parus major) and a European greenfinch 
(Carduelis chloris) (Table 3). 
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B-‐ u e ed	   i 	  bio ie 	  

Out  of  31  patients  with  LB-‐suspected  skin  lesions  who  were  referred  to  our  tertiary  Lyme  

borreliosis   center,   nine   (2 )   were   PC    positive   for   B.	   burgdorferi	   in   a   skin   biopsy    3  

patients   were   diagnosed   as   having   ACA,   1   as   multiple   E    and      were   diagnosed   with  

definite   E    (table   4).   One   patient   was   PC -‐negative   (possibly   because   the   biopsy   was  

taken  after   initiation  of  doxycycline   treatment),   but   clinically  diagnosed  with  E   by   the  

LB-suspected skin biopsies
Out of 31 patients with LB-suspected skin lesions who were referred to our tertiary 
Lyme borreliosis center, nine (29%) were PCR positive for B. burgdorferi in a skin 
biopsy: 3 patients were diagnosed as having ACA, 1 as multiple EM and 5 were 
diagnosed with definite EM (table 4). One patient was PCR-negative (possibly 
because the biopsy was taken after initiation of doxycycline treatment), but clinically 
diagnosed with EM by the dermatologist. None of these biopsies were taken from 
febrile patients, and none were concurrently positive for B. miyamotoi. In seven 
patients that had previously been diagnosed with LB, who were now presenting with 
persisting skin conditions, active LB was excluded by PCR and pathology. In three of 
these patients, another dermatological diagnosis could be made (progressive purpura 
pigmentosa, nummular eczema and morphea cutis). In none of these patients, B. 
miyamotoi could be identified as the cause of the symptoms. Finally, the remaining 
14 patients with LB-suspected skin lesions tested negative for B. burgdorferi, but 
combined with pathology results, other dermatological diagnoses were made in 
11 patients (angioma serpiginosum, contact dermatitis, toxicodermia, granuloma 
annulare, pityriasis lichenoides chronica, dermatomycosis corporis, eczematous 
dermatitis, chilblain lupus, erythema annulare centrifugum and hypersensitivity to 
a tick bite and a spider bite). These, including, the five patients without a definite 
diagnosis all retrospectively tested negative for B. miyamotoi (Table 4). 
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Table  4.   etrospective   PC   analysis  for  B.	   i a o oi    in  biopsies    from   yme  borreliosis  suspected  skin  
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*  1/   dubious.  2/   were  re-‐tested  at  a  later  stage,  both  of  which  seroconverted 

  

D C ON  

In   this   study  we   have   evaluated   the   prevalence   of  B.	   i a o oi	   in   .	   ri i u    ticks,   wild  

animals   and   LB-‐suspected   skin   lesions   in   the   Netherlands.   Previous   studies   in   the  

Netherlands   revealed   that   around   2-‐4    (Coche    et   al.,   201 ,   ovius   et   al.,   2013)   of  

uesting   .	   ri i u    ticks  were   infected  with  B.	   i a o oi,  and  around  4    (Fonville  et  al.,  

Patient  category     PC   B.	  
r orferi  
s.l.  

C    A  
  

Fever  
  
  

Presenting  
May  to  
eptember  

PC   B.	  
i a o oi  

  
M  (n )	   /6   0/ *   0/6   /6   0/6  

Multiple   M  (n 1)	   1/1   1/1   0/1   0/1   0/1  

ACA  (n 3)	   3/3   3/3   0/3   2/3   0/3  

-‐  suspected  skin  lesion  after  
previous  treatment  for     
Active     excluded  (n )	  

0/7   4/7   0/7   1/7   0/7  

-‐  suspected  skin  lesion  
without  previous  treatment  for  

  Active     excluded  (n 14)	  

0/14   1/12   1/14   8/14   0/14  

Total   /31   /28   1/31   16/31   0/28  

disCussion

In this study we have evaluated the prevalence of B. miyamotoi in I. ricinus ticks, 
wild animals and LB-suspected skin lesions in the Netherlands. Previous studies in 
the Netherlands revealed that around 2-4% (Cochez et al., 2015, Hovius et al., 2013) 
of questing I. ricinus ticks were infected with B. miyamotoi, and around 4% (Fonville 
et al., 2014) of ticks that were collected from humans, which corresponds well with 
the incidence in other endemic areas (88). We found that B. miyamotoi infection in I. 
ricinus nymphs was present more often when ticks were infected with B. burgdorferi 
s.l. than in B. burgdorferi s.l. uninfected ticks (4.3% versus 2.3%), suggesting similar 
reservoir hosts. Indeed, we identified B. miyamotoi in rodents (9%) and birds 
(8%). The role of these animals in the transmission cycle is not clear; they could 
be amplifying hosts, a transitory or dead-end host for this spirochete, warranting 
further investigation. 

Previously, several studies have shown wild rodents and small mammals to be 
infected with B. miyamotoi in up to 3.7% of animals (91-93). Although the enzootic 
cycle of B. miyamotoi is currently unknown, larvae are thought to play an important 
role in transmission (89). Indeed, we have recently described field-collected I. 
ricinus larvae to be able to transmit B. miyamotoi to laboratory-bred Naval Medical 
Research Institute (NMRI) mice (27). Since B. miyamotoi can be vertically transmitted, 
the relative contribution of mammalian reservoir hosts to the transmission cycle 
is yet unclear. Mice seem to clear B. miyamotoi from their blood by VMP-specific 
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antibodies, and only SCID mice have so far been demonstrated to experience 
persistent spirochetemia (105, 106). Therefore, further research should investigate 
B. miyamotoi infection dynamics in wild mammals and ticks in order to investigate 
the potential role of reservoir hosts to the B. miyamotoi life cycle. Interestingly, 
we identified two B. miyamotoi infected birds, namely a great tit and a European 
greenfinch. Previous studies revealed a very high prevalence of B. miyamotoi in 58% 
of wild Tennessee turkeys (Meleagris gallopavo), while experimental infection with 
field-collected I. ricinus nymphs did not succeed in common European songbirds 
(Parus major) (90, 107). Further studies should reveal which bird species are 
susceptible to B. miyamotoi infection, the relationship between species-specific 
complement sensitivity and the ecological implications of bird infections.  

After establishing the presence of B. miyamotoi in ticks and wild animals from the 
Netherlands, we were interested whether we had missed B. miyamotoi in patients 
previously examined in our tertiary Lyme borreliosis clinic. B. miyamotoi was not 
found as a co-infection or primary explanation for 31 LB-suspected skin lesions 
examined in our clinic. These patients were mostly afebrile, while HTBRF is currently 
characterized by fever and generalized symptoms several weeks after a tick bite 
(21, 94, 97, 108, 109) or by chronic meningoencephalitis in immunocompromised 
patients (7, 96). Unfortunately, due to the retrospective nature of our study, no blood 
samples were available to establish serologic evidence or absence of infection with 
B. miyamotoi, and HTBRF in these patients, although unlikely, can therefore not be 
definitely excluded. Nonetheless, this is the first study investigating the presence 
of B. miyamotoi DNA in LB- suspected skin biopsies, and our findings support the 
hypothesis that B. miyamotoi is not associated with LB-related skin manifestations. 
However, more studies, with larger patient populations and with multiple body fluids 
and tissues, should be performed to corroborate our findings. 

Considering the 2.5% B. miyamotoi prevalence in ticks that we found, combined 
with over a million tick bites per year in the Netherlands (110), an estimated 8% 
transmission efficiency to humans, elevated seroprevalences in Dutch high-risk 
populations and the incidence of  HTBRF described in prospective studies in Russia 
and the U.S.A., we postulate that the diagnosis HTBRF is currently being missed in 
Dutch patients (21, 94, 98, 99). Therefore, we suggest that a prospective clinical 
study in Dutch patients presenting with fever after a tick bite is needed in order to 
assess the incidence of HTBRF and the occurrence of B. miyamotoi in blood and 
other tissues or body fluids of these patients. 
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Chapter 8
The relapsing fever spirochete Borrelia miyamotoi  

is cultivable in a modified Kelly-Pettenkofer medium, 

and is resistant to human complement

A. Wagemakers1, G.A. Oei2, M.M. Fikrig1,  
W.R. Miellet1 and J.W.R. Hovius1

Parasites & Vectors, 2014

Center for Experimental and Molecular Medicine, Academic Medical Center, Amsterdam, The Netherlands.

Department of Medical Microbiology, Academic Medical Centre, Amsterdam, The Netherlands
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Background
Borrelia miyamotoi is a relapsing fever spirochete found in Ixodes ticks in North 
America, Europe, and Asia, and has recently been found to be invasive in humans. 
Cultivation of this spirochete has not yet been described, but is important for patient 
diagnostics and scientific purposes. Host specificity of Borrelia species is dependent 
on resistance to host complement (serum resistance), and since B. miyamotoi has 
been identified as a human pathogen we were interested whether B. miyamotoi is 
resistant to human complement.

Methods
We inoculated B. miyamotoi strains LB-2001 and HT31 in modified-Kelly-Pettenkofer 
medium with 10% fetal calf serum (MKP-F), and used standard non-laborious Borrelia 
culture methods to culture the spirochetes. Next, we assessed serum sensitivity by a 
direct killing assay and a growth inhibition assay.

Results
We were able to passage B. miyamotoi over 10 times using a standard culture method 
in MKP-F medium, and found B. miyamotoi to be resistant to human complement. In 
contrast to B. miyamotoi, Borrelia anserina - a relapsing fever spirochete unrelated 
to human infection- was serum sensitive.

Conclusions
Using a variation on MKP medium we were able to culture B. miyamotoi, opening 
the door to in vitro research into this spirochete. In addition, we describe that B. 
miyamotoi is resistant to human complement, which might play an important role in 
pathogenesis. We have also found B. anserina to be sensitive to human complement, 
which might explain why it is not related to human infection. Summarizing, we 
describe a novel culture method for B. miyamotoi and show it is resistant to human 
complement.
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B orrelia miyamotoi is a relapsing fever spirochete first discovered in Ixodes 
persulcatus ticks in Hokkaido, Japan1, which over the years has been found 
across North- America in Ixodes pacificus and Ixodes scapularis ticks2,3 and 

Europe4, where it has been identified in Ixodes ricinus ticks. The first human cases of B. 
miyamotoi infection have only recently been identified in Russia5, and together with 
studies performed in the U.S.A.6,7, demonstrated a clinical picture of a febrile viral-like 
illness several weeks after a tick-bite. In two patients with severe immunodeficiency, B. 
miyamotoi infection was found to cause a meningoencephalitis8,9. Detection of B. 
miyamotoi infection in patients and ticks is mostly performed by PCR for the 16S 
rRNA gene, flagellin or the GLPQ gene. Serology is currently based on detection of 
anti-GLPQ antibodies. While Asian B. miyamotoi strains have been isolated using 
BSK-II medium1, there are no reports describing its consistent in vitro propagation. 
In addition, established methods for propagating the North-American strain LB-
2001 rely on intraperitoneal inoculation in SCID mice and this strain in particular is 
considered to be uncultivable10. For both diagnostic and scientific purposes a practical 
and non-laborious culture method for this relatively unknown spirochete should be 
established. This method should ideally not differ much from the culture methods 
employed for other relapsing fever and B. burgdorferi sensu lato spirochetes. We 
have tested multiple culture media modifications and here we describe one in 
particular that allowed us to culture B. miyamotoi in a medium and method that 
also readily propagates various other Borreliaspirochetes. Serum sensitivity differs 
greatly amongst relapsing fever as well as B. burgdorferisensu lato species, and is 
thought to be important in its ecology, capacity to invade different hosts and human 
pathogenesis11. Since we were now able to culture B. miyamotoi, we explored the 
susceptibility of B. miyamotoi to human complement (serum sensitivity).
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Borrelia strains
B. miyamotoi strain LB-2001 was derived from I. scapularis ticks in the U.S.A.2 and had 
been propagated through intraperitoneal inoculation of SCID mice approximately 
ten times since its isolation from a tick. B. miyamotoi-infected plasma from a SCID 
mouse was kindly provided by Durland Fish and Linda Bockenstedt, Yale University. B. 
miyamotoi strain HT31 was isolated in BSK-II medium from an I. persulcatus tick in 
Japan1 and a low-passage (less than 5) isolate was provided by Barbara Johnson, 
CDC through Volker Fingerle, German National Reference Centre for Borrelia. Low-
passage (less than 5 passages since their isolation) B. hermsii HS112,B. anserina Ni-
NL13,14 and B. garinii strain A87S15 were cultured from −80°C glycerolpeptone stocks. 
High-passage (more than 20) reference strain B. afzelii PKo16,17 was inoculated in a C3H 
mouse through intradermal syringe injection and a low-passage (less than 5) bladder 
isolate was cultured from −80°C glycerolpeptone stocks for in vitro experiments.

Description of culture medium and culture conditions
The culture medium we used for culturing B. miyamotoi is a variation on modified 
Kelly-Pettenkofer Medium, designated MKP-F. One liter of medium is prepared as 
follows: First, 162.8 ml Milli-Q water, 65.1 ml 10× CMRL 1066 without glutamine (Life 
technologies, Carlsbad, CA, U.S.A.), 44.8 ml heat-inactivated rabbit serum (Biotrading, 
Mijdrecht, The Netherlands), 3.9 g of HEPES (Sigma-Aldrich, St. Louis, MO, U.S.A.), 
3.3 g of glucose (Sigma-Aldrich), 2.0 g of Neopeptone (BD biosciences, Franklin lakes, 
NJ, U.S.A.), 1.4 g of sodium bicarbonate (Sigma-Aldrich), 523 mg of Sodium pyruvate 
(Merck Millipore, Billerica, MA, U.S.A.), 458 mg of sodium citrate (Sigma-Aldrich), 
and 261 mg of N-acetyl-glucosamine (Sigma-Aldrich) were prepared, set to pH 7.6 by 
adding 10 N NaOH (Merck Millipore), and filtered using a 0.2 μm filter. Next, 500 ml 
of 65.57 g/L bovine serum albumin (Sigma-Aldrich) in Milli-Q water (filtered and pH 
set to 7.6) was added. Finally, 127.3 ml of autoclaved 7% gelatin (Oxoid, Thermo 
Scientific, Waltham, MA, U.S.A.) set to pH 7.7 and 100 ml heat-inactivated fetal 
calf serum (BioWhittaker- Lonza, Basel, Switzerland) were added. Seven milliliter 
aliquots in nine milliliter sterile glass tubes (VSM, Andeville, France) were stored at 
−20°C until use. A total of 500 μl of plasma from an LB-2001 infected SCID mouse 
or from medium containing B. miyamotoi HT31 was added to room-temperature 
MKP-F medium and capped tubes were incubated in a 33°C incubator (Memmert, 
Schwabach, Germany), creating a microaerophilic environment. After 6–8 days 
cultures had reached approximately 1–2 × 107/ml) and were subsequently passaged 
at 1:5 or 1:10 dilution for P2, 1:25 for P3 and 1:100 for all subsequent passages, or 
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aliquotted and stored at −80°C in 4% glycerolpeptone. Spirochetes were enumerated 
directly as described previously17, using dark-field microscopy on 5 μl samples by 
counting at least 5 fields at a 250x magnification. A total of 350 μl of cerebrospinal 
fluid (CSF) - that had been stored at −80°C for two years - from a previously described 
patient9 was cultured in MKP-F and checked for the presence of viable spirochetes for 
6 weeks, using dark-field microscopy.

Serum sensitivity
All strains were cultured at 33°C using the above mentioned culture medium until 
they reached a concentration of 1-2×107/ml, counted as described before18. For 
normal human serum (NHS) we pooled serum samples from 4 healthy individuals 
(stored in −80°C) in equal ratios, and heat-inactivated serum (HIS) was generated 
by incubating NHS at 56°C for 45 minutes. Serum samples were checked for the 
absence of Borrelia burgdorferi s.l. antibodies using a C6 EIA (Immunetics, Boston, 
MA, U.S.A.) and all were negative. In a 96-well V-shaped cell culture plate (Greiner 
bio-one, Kremsmünster, Austria) 25 μl of the spirochete culture and 25 μl of NHS 
or HIS were mixed and the plate was sealed and incubated at 37°C. After one and 
three hours, wells were resuspended and 5 μl of the samples were analyzed under 
dark-field microscopy. Samples were blinded and 100 spirochetes per sample were 
designated as either motile or immotile, as described previously19. Another method 
to assess serum sensitivity was performed using a pH indicator, based on previous 
studies in other Borrelia species19-21. In short, 5x106 mid-log phase (1-2×107/ml) B. 
miyamotoi LB-2001, B. miyamotoi HT31, B. garinii A87S and B. anserina spirochetes 
were washed in PBS, resuspended in 50 μl MKP-F medium containing a final phenol 
red concentration of 240 μg/ml, rifampicine (50 μg/ml) and phosphomycin (100 μg/
ml). Samples were mixed with 50 μl pooled NHS or 50 μl HIS and cultured in sealed 
microtiter plates at 33°C for multiple days during which absorbance was measured 
daily at 562/630 nm using an ELISA plate reader (BioTek instruments inc., Winooski, 
VT, U.S.A.).

Statistical analysis
A Kruskal-Wallis test was performed to identify a difference in motility between 
different Borreliastrains and conditions. The significance of the difference 
between two conditions (normal human serum versus heat-inactivated serum) for 
each Borrelia genospecies was analyzed using a two-tailed Mann–Whitney test. 
Optical densometry curves were compared using a repeated measures ANOVA. All 
analyses were performed using Prism 5.0 software (GraphPad Software, San Diego, 
CA) and p < 0.05 was considered significant.
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Culturing B. miyamotoi
Using a variation on Modified Kelly-Pettenkofer Medium, containing 10% FCS and 
designated MKP-F (Table 1), we managed to culture B. miyamotoi LB-2001 and B. 
miyamotoi strain HT31 in a similar fashion as we culture B. burgdorferi sensu lato 
in our laboratory. Using 7 ml of medium in 9 ml glass tubes in a 33°C incubator, we 
were able to consistently grow B. miyamotoi to a concentration of 1–2 × 107/ml for 
10 passages (Table 2), as well as culture B. miyamotoi from glycerolpeptone stocks 
stored at −80°C. In addition, there was morphologically no difference in spirochete 
viability and motility throughout passages as assessed by dark-field microscopy. 
However, a frozen CSF sample from a patient with B. miyamotoi meningoencephalitis 
remained negative after 6 weeks of cultivation.

Ixodes ricinus TSLPI 
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Table  1.  Comparison  of  medium  ingredients  between  M P-‐F  and  the  M P  medium  it  is  based  upon.      
  

  
  
Table  2.  Peak  densities  and  motility  in  serial  passages  of  B.	   i a o oi  in  M P-‐F  medium  
Passage   Peak  density         otility  *  

	  
   LB-‐2001   T31      LB-‐2001   T31  

  
1   12.   1   1.   1      0  1   100  1  

  
2   1 .2  (2.3)  2   14.2  (4.2)  3      100  (0)  2   6.7  (3.3)  3  

  
3   21.6  (0. )  2   14.8  (4.7)  3      100  (0)  2   100  (0)  3  

  
4   14.4  (0.6)  2   22.3  ( . )  3      100  (0)  2   100  (0)  3  

  
   18.1  (4.4)  2   1 .8  (4. )  3      100  (0)  2   100  (0)  3  

  
6   11.6  (0.3)  2   20.2  (4.2)  3      100  (0)  2   6.7  (3.3)  3  

  
7   1 .0  (1.3)  2   21.   (4. )  3      100  (0)  2   100  (0)  3  

  

P-‐F   Per  liter      P   Per  liter  
  

illi   
  
662.8  ml     

  
illi   

  
670  ml  

  
7   gelatine    

  
127.3  ml     

  
7   gelatine    

  
14   ml  

  
FCS   100ml      -‐     
  
10x  C L  

  
6 .1  ml     

  
10x  C L  

  
74.   ml  

  
abbit  serum  

  
44.8  ml     

  
abbit  serum  

  
3.6  ml  

  
BSA  

  
32.8  g     

  
BSA  

  
2.2  ml  

  
EPES  

  
3.   g     

  
EPES   4.   g  

  
Glucose  

  
3.3  g     

  
Glucose   2.2  g  

  
Neopeptone  

  
2.0  g     

  
Neopeptone   3.7  g  

  
Sodium  bicarbonate     1.4  g  

  
  
Sodium  bicarbonate     1.   g  

  
Sodium  citrate  

  
0.   g     

  
Sodium  citrate   0.   g  

  
Sodium  pyruvate  

  
0.   g  

  
  
Sodium  pyruvate   0.6  g  

  
N-‐acetyl  glucosamine  

  
0.3  g  

  
  
N-‐acetyl  glucosamine   0.3  g  
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   18.1  (4.4)  2   1 .8  (4. )  3      100  (0)  2   100  (0)  3  

  
6   11.6  (0.3)  2   20.2  (4.2)  3      100  (0)  2   6.7  (3.3)  3  
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P-‐F   Per  liter      P   Per  liter  
  

illi   
  
662.8  ml     

  
illi   

  
670  ml  

  
7   gelatine    

  
127.3  ml     

  
7   gelatine    

  
14   ml  

  
FCS   100ml      -‐     
  
10x  C L  
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10x  C L  

  
74.   ml  

  
abbit  serum  

  
44.8  ml     

  
abbit  serum  

  
3.6  ml  

  
BSA  

  
32.8  g     

  
BSA  

  
2.2  ml  

  
EPES  

  
3.   g     

  
EPES   4.   g  

  
Glucose  

  
3.3  g     
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2.0  g     

  
Neopeptone   3.7  g  

  
Sodium  bicarbonate     1.4  g  

  
  
Sodium  bicarbonate     1.   g  

  
Sodium  citrate  

  
0.   g     

  
Sodium  citrate   0.   g  

  
Sodium  pyruvate  

  
0.   g  

  
  
Sodium  pyruvate   0.6  g  

  
N-‐acetyl  glucosamine  

  
0.3  g  

  
  
N-‐acetyl  glucosamine   0.3  g  

a er	   	  
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8   20.0  (2. )  2   1 .6  (6.0)  3      100  (0)  2   100  (0)  3  

  
   1 .1  ( .1)  2   24.0  (7.8)  3      100  (0)  2   100  (0)  3  

  
10   16.   ( .6)  2   17.7  (4. )  3      100  (0)  2   100  (0)  3  

  
B.	   i a o oi	  strains  LB-‐2001  and   T31  were  successfully  passaged  to  P10  multiple  times.      ean  ( SE )  x106  
spirochetes/ml  as  determined  by  dark-‐field  microscopy.  *   otility  is  depicted  as  the  mean  percentage  of  motile  
spirochetes  ( SE ).  The  number  of  individual  cultures  is  depicted  in  superscript.  

  

eru 	   e i i i 	  

As   humans   have   been   infected   by  B.	   i a o oi,   we   hypothesi ed   the   spirochete   to   be  

resistant   to   human   complement.   In   order   to   evaluate   serum   sensitivity   we   grew  B.	  

i a o oi  LB-‐2001  and   T31  spirochetes  to  a  concentration  of  1-‐2x107/ml  and  assessed  

spirochete   motility   one   and   three   hours   after   addition   of   0    pooled   normal   human  

serum   (N S).   As   a   control,   we   added   eat   Inactivated   Serum   ( IS),   in   which   the  

complement  was  inactivated  at   6 C.  Indeed,  at  both  time  points  there  was  no  significant  

decrease  in  B.	   i a o oi  motility  after  addition  of  N S  as  compared  to   IS,   indicating  B.	  

i a o oi  is  resistant  to  human  serum.  As  expected,  B.	  afzelii  P o  and  B.	   er ii,  a  Lyme  

borreliosis   spirochete  and   relapsing   fever   spirochete   respectively,  were  also   resistant   to  

killing   by   human   complement   (Figure  1A).   In   contrast,  B.	   gari ii  A87S,   a   serum   sensitive  

Lyme  borreliosis  spirochete,  and  B.	  a eri a,  a  spirochete  from  the  relapsing  fever  clade  

causing   avian  borreliosis,   both   showed  a   trend   towards   loss  of  motility   after   incubation  

with   N S   compared   to   IS   (p�=�0.08).   e   confirmed   our   findings   using   a   p -‐based  

growth  inhibition  assay  (Figure  1B).  In  this  p -‐based  assay  growth  of  B.	   i a o oi  strains  

LB-‐2001  and   T31,represented  by  a  p -‐dependent  decrease  in  OD,  was  similar  when   0   

normal  human  serum  or   0   heat-‐inactivated  human  serum  were  added  (p�=�0.3   and  p  

=�0. ,   respectively).   In   contrast,B.	   gari ii  A87S   and  B.	   a eri a  did   not   grow   in   the  

presence  of  normal  human  serum  while  growth  in  heat-‐inactivated  serum  was  unaffected  

(both   p� �0.0001,  B.	   gari ii  data   not   shown).   This   clearly   indicates   that   both  B.	  

i a o oi  strains   are   serum   resistant,   whereas  B.	   a eri a  is   serum   sensitive.   Negative  

controls   (culture  medium  without   spirochetes   added)   did   not   show   a   reduced  OD   over  

time  (data  not  shown).  

  

Serum sensitivity
As humans have been infected by B. miyamotoi, we hypothesized the spirochete to 
be resistant to human complement. In order to evaluate serum sensitivity we grew B. 
miyamotoi LB-2001 and HT31 spirochetes to a concentration of 1-2x107/ml and 
assessed spirochete motility one and three hours after addition of 50% pooled normal 
human serum (NHS). As a control, we added Heat Inactivated Serum (HIS), in which 
the complement was inactivated at 56°C. Indeed, at both time points there was no 
significant decrease in B. miyamotoi motility after addition of NHS as compared to HIS, 
indicating B. miyamotoi is resistant to human serum. As expected, B. afzelii PKo and B. 
hermsii, a Lyme borreliosis spirochete and relapsing fever spirochete respectively, 
were also resistant to killing by human complement (Figure 1A). In contrast, B. 
garinii A87S, a serum sensitive Lyme borreliosis spirochete, and B. anserina, a 
spirochete from the relapsing fever clade causing avian borreliosis, both showed a 
trend towards loss of motility after incubation with NHS compared to HIS (p = 0.08). 
We confirmed our findings using a pH-based growth inhibition assay (Figure 1B). In 
this pH-based assay growth of B. miyamotoi strains LB-2001 and HT31,represented by 
a pH-dependent decrease in OD, was similar when 50% normal human serum or 50% 
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Figure 1. Serum sensitivity: comparing motility and growth in normal human serum (NHS) versus 
heat-inactivated serum (HIS). a. Direct killing assay. Six different Borrelia species were subjected to 50% 
pooled NHS or 50% pooled HIS: B. afzelii strain PKo, B. garinii strain A87S,B. anserina Ni-NL, B. hermsii HS1 
and B. miyamotoi (LB-2001 and HT31). Blinded samples were examined by dark-field microscopy and 100 
spirochetes per well were scored as either motile or immotile. Loss of motility in the NHS wells compared 
to HIS is indicative of complement mediated killing and inactivation of spirochetes. The figure depicts the 
mean, and error bars represent the standard error of the mean of triplicates from one representative 
experiment. A Kruskal-Wallis test was performed at t = 1 hour and t = 3 hours (p = 0.02 and 0.003, 
respectively) and for each strain motility between NHS and HIS incubation was compared using a two-
tailed Mann–Whitney test (no significant differences). This experiment is representative of three different 
experiments. b. Growth inhibition assay. A total of 5x106spirochetes per well of B. miyamotoi LB-2001, B. 
miyamotoi HT31 or B. anserina Ni-NL were subjected to 50% NHS or HIS in the presence of a pH indicator 
(phenol red), cultivated at 33°C and absorbance at 562/630 nm was measured daily. A decrease in 
OD562/630 indicates decreasing pH due to spirochete growth. Error bars represent mean ± standard error 
of the mean (triplicates). This experiment is representative of two different experiments. The OD562/630 
of spirochetes subjected to NHS versus HIS was compared using a repeated measures analysis of variance 
(ANOVA), and the p-value for interaction is depicted for each strain.

heat-inactivated human serum were added (p = 0.39 and p = 0.99, respectively). In 
contrast,B. garinii A87S and B. anserina did not grow in the presence of normal human 
serum while growth in heat-inactivated serum was unaffected (both p ≤ 0.0001, B. 
garinii data not shown). This clearly indicates that both B. miyamotoi strains are 
serum resistant, whereas B. anserina is serum sensitive. Negative controls (culture 
medium without spirochetes added) did not show a reduced OD over time (data not 
shown).
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disCussion

In this study we describe a culture medium and method that can be easily used 
to culture B. miyamotoi. We were able to passage B. miyamotoi for more than 10 
times under regular Borrelia burgdorferi culturing conditions, as well as in culture 
plates, in a modified Kelly-Pettenkofer medium with 10% added fetal calf serum 
(MKP-F). Independently of our efforts, other groups are developing alternative 
culture methods for B. miyamotoi (personal communication Volker Fingerle). 
Using our culture method, we discovered that B. miyamotoi is resistant to human 
serum. This means that B. miyamotoi can evade the human complement system, 
probably by using complement regulating surface proteins similar to other serum 
resistant Borrelia species. This evasion might partly explain the fact that humans can 
be infected with this spirochete, which seems to have adapted to humans as a host.
B. hermsii, another invasive relapsing fever spirochete, was first isolated by Kelly in 
197122 and his medium formed the basis for later Lyme borreliosis culture media. In 
1982 Stoenner enriched this formulation, by adding CMRL (without glutamine) and 
yeastolate23. Barbour further adjusted the “fortified Kelly’s medium” to form BSK-I 
medium, using neopeptone as the peptone source and HEPES for buffering, while 
using CMRL 1066 with glutamine and omitting yeastolate24. In 1984 the medium 
was further improved to BSK-II medium by adding yeastolate and again omitting 
glutamine25. In 1986 researchers from the Max von Pettenkofer Institute altered 
the BSK media to culture B. burgdorferi sensu lato in what they called “modified 
Kelly medium”, and later referred to as “modified Kelly-Pettenkofer medium”, MKP 
medium26. Besides more subtle differences, MKP medium differs from BSK-I and BSK-
II medium by the absence of glutamine and yeastolate, respectively. The similarity 
to these media is reflected by comparable isolation rates ofB. burgdorferi sensu lato 
in MKP compared to BSK-II medium27-29. Because of previous observations that B. 
miyamotoi could not be serially passaged in vitro using BSK-II medium, in this study 
we cultured B. miyamotoi in MKP medium with the addition of 10% fetal calf serum, 
in an attempt to enhance growth of the pathogen. However, other formulations might 
also be suitable for culturing B. miyamotoi. Indeed, one might hypothesize that the 
addition of other serum types also results in successful cultivation, and we do not 
exclude the possibility that existing culture media can be adjusted to allow for B. 
miyamotoi cultivation without the need of additional serum. Regardless, in MKP-F, 
both strains showed robust replication in serial passages, and during the preparation 
of this manuscript we have been able to culture both strains for 15 passages without 
any loss in viability or peak densities (data not shown). Thus, using our formulation, 
we were able to culture two tick-derived B. miyamotoi isolates, but it still needs to be 
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assessed whether our or other formulations are suitable for isolating the spirochete 
from clinical specimens, and what the exact role of fetal calf serum is in the in 
vitro propagation of B. miyamotoi. We did attempt to isolate B. miyamotoi from 
350 μl of CSF from a patient who had a B. miyamotoimeningoencephalitis9, however, 
this did not result in a positive culture, probably due the fact that the sample had 
been stored at −80°C for two years without the presence of glycerol. Culture efforts 
on fresh patient materials should be attempted in order to yield clinical isolates in 
the future.

Serum resistance is important in host invasiveness and reservoir host range 
for Borreliaspirochetes11,30. B. anserina, B. hermsii and B. miyamotoi are 
phylogenetically related Borreliaspecies31,32. We hypothesized that similar to B. 
hermsii, B. miyamotoi would be serum resistant, as these are both relapsing fever 
spirochetes able to infect humans, and Borrelia anserina to be serum sensitive. B. 
anserina is carried by Argas ticks which normally feed on birds and some species of 
which can cause anaphylactic reactions upon occasional human bites33,34. Indeed, 
here we show that B. miyamotoi is serum resistant, whereas B. anserina is sensitive 
to human serum. B. anserina will probably have adapted to bird complement, as it 
is able to cause avian borreliosis35, however, to our knowledge this remains to be 
investigated. Interestingly, a previous study showed that this spirochete was unable 
to bind human factor H, in contrast to B. hermsii36. This underscores the importance of 
factor H binding in serum resistance and host invasiveness. During the preparation of 
this manuscript another group has identified B. miyamotoistrain HT31 to be resistant 
to human complement, confirming the phenotype described in this paper37. More 
research is needed to identify the mechanism behind the complement resistance 
of B. miyamotoi, and we are currently investigating whether B. miyamotoi spirochetes 
express Complement Regulator Acquiring Surface Proteins (CRASPs).

Our culture method will further facilitate whole genome sequencing of B. 
miyamotoi strains including its plasmids as well as in vitro assays. In addition, the 
culture method described will be an impetus to basic and clinical research on this 
emerging human pathogen.
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Chapter 9
Variable major proteins as targets for specific 

antibodies against Borrelia miyamotoi 
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absTraCT 

Borrelia miyamotoi is a relapsing fever spirochete in Ixodes ticks that has been recently 
identified as a human pathogen causing hard tick-borne relapsing fever (HTBRF) across 
the Northern Hemisphere. No validated serologic test exists, and current serologic 
assays have low sensitivity in early HTBRF. To examine the humoral immune response 
against B. miyamotoi, we infected C3H/HeN mice with B. miyamotoi strain LB-2001 
expressing variable small protein 1 (Vsp1) and demonstrated that spirochetemia 
was cleared after 3 d, coinciding with anti-Vsp1 IgM production. Clearance was also 
observed after passive transfer of immune sera to infected SCID mice. Next, we 
showed that anti-Vsp1 IgG eliminates Vsp1-expressing B. miyamotoi, selecting for 
spirochetes expressing a variable large protein (VlpC2) resistant to anti-Vsp1. The 
viability of Asian isolate B. miyamotoi HT31, expressing Vlp15/16 and Vlp18, was 
also unaffected by anti-Vsp1. Finally, in nine HTBRF patients, we demonstrated IgM 
reactivity to Vsp1 in two and against Vlp15/16 in four ∼1 wk after these patients 
tested positive for B. miyamotoi by PCR. Our data show that B. miyamotoi is able to 
express various variable major proteins (Vmps) to evade humoral immunity and that 
Vmps are antigenic in humans. We propose that serologic tests based on Vmps are of 
additional value in diagnosing HTBRF.
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B orrelia miyamotoi is a tick-borne relapsing fever (TBRF) spirochete that is 
present in several Ixodes tick species across the Northern Hemisphere (1, 
2). Although its existence has been recognized since 1994, B. miyamotoi’s 

potential to infect humans was not discovered until 2011, when patients suffering 
from a nonspecific (viral-like) febrile illness were found to be infected with B. 
miyamotoi (3). Since then, various reports have described clinical cases of B. 
miyamotoi–infected patients in the United States and Japan, confirming the clinical 
presentation of high fever, chills, severe headache, myalgia, and/or arthralgia 
(4–7). Chronic CNS infections have been described in two immunocompromised 
patients receiving B cell–depleting therapy in the United States and Europe (8, 9). 
The disease entity caused by B. miyamotoi has been termed B. miyamotoi disease 
(7) or hard TBRF (HTBRF) (10), of which we use the latter description throughout 
this article. Recently, B. miyamotoi has been successfully propagated in culture 
using two different culture media, both of which use modified Kelly–Pettenkofer 
(MKP) medium with addition of bovine or human serum (11, 12). Although peak 
concentrations of B. miyamotoi remain relatively low, these methods, combined with 
whole-genome sequencing (13), may contribute to the discovery of new serological 
markers and aid the understanding of the disease pathogenesis. Currently, HTBRF 
is diagnosed by PCR on blood during acute illness, whereas serodiagnosis has been 
performed using the glycerophosphodiester phosphodiesterase (GlpQ) Ag, which is 
present in TBRF Borrelia species, but not in B. burgdorferi s.l. (7, 14–17). A recent 
study showed that 11% of HTBRF patients had IgM reactivity in a rGlpQ enzyme 
immunoassay upon presentation, whereas 64% demonstrated IgM seroconversion 
to GlpQ in convalescent sera (7). These findings underscore the need for additional 
early seromarkers to support a diagnosis of B. miyamotoi infection at disease 
onset or after antibiotic treatment, when quantitative PCR might be negative. A 
study in the Netherlands revealed a higher prevalence of GlpQ Abs among forestry 
workers, Lyme disease patients, and those suspected to have human granulocytic 
anaplasmosis, suggesting they had been infected with B. miyamotoi (17). However, 
there have not been any studies investigating which B. miyamotoi proteins are most 
antigenic. B. miyamotoi was reported to express vsp genes two decades ago (18), 
and a recent study confirmed the presence of B. miyamotoi genes coding for variable 
major proteins (Vmps), also revealing several variable large proteins (Vlps) (19). TBRF 
spirochetes are able to switch serotypes by nonreciprocal gene transfer of these 
immunogenic Vmps, thereby evading the host Ab response and enabling relapses to 
occur (20–24). This system has been extensively studied in Borrelia hermsii, where 
59 genes coding for Vmps have been identified on archival plasmids in nonexpression 
loci, consisting of immunogenic variable small proteins (Vsps, ∼22 kDa) and Vlps 
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(∼37 kDa) (16, 25–28). The dimeric Vsps have a different protein structure compared 
with the monomeric Vlps and only a remote evolutionary relationship (26, 29). At 
each moment in time, only one of these serotype-defining Vmps is expressed by 
a spirochete, namely when this vsp/vlp gene has been copied into the expression 
site that is located on a linear plasmid. However, populations can consist of several 
serotypes, and serotype switching can also occur spontaneously in a small fraction of 
spirochetes, with an estimated frequency of 103 to 104 per spirochete per generation 
(30). Thus, infected hosts will clear TBRF spirochetes by IgM directed against one 
or a few dominant Vmps, leaving outlier spirochetes that express different Vmps to 
replicate and cause a relapse of spirochetemia (30, 31). Borrelia turicatae Vsps have 
been described to have a conserved core and a variable exposed dome, explaining 
why IgM raised against one Vsp is less likely to bind another, and they have been 
shown to exert different tissue tropisms (27, 32–35). For B. miyamotoi, this system 
is yet to be unraveled. Based on the presence of vmp genes in B. miyamotoi and the 
involvement of Vmps in TBRF pathogenesis, it could be expected that B. miyamotoi 
Vmps are variably expressed, immunogenic, and involved in immune evasion. In this 
study we experimentally infected mice with in vitro– cultured B. miyamotoi LB-2001, 
a tick isolate from Connecticut, and used the evolving humoral immune response to 
identify novel B. miyamotoi Ags expressed in early infection. We identified Vsp1 as 
a dominant antigenic target and show that Abs to this Ag are capable of eliminating 
most spirochetes in B. miyamotoi LB-2001–infected SCID mice after passive transfer 
and in cultured B. miyamotoi LB-2001 in vitro. Surviving spirochetes expressed a 
different Vmp and were resistant to anti-Vsp1 Ab-mediated killing. Finally, we show 
that Vmp-specific Abs can be detected in HTBRF patient sera, providing insight 
into HTBRF pathogenesis and revealing B. miyamotoi Vmps as additional early 
serodiagnostic markers.

MaTerials and MeTHods

Infection, passive transfer, and immunizations with Borrelia lysates 
Stocks of a P4 passage of B. miyamotoi LB-2001 were cultured in MKP-F medium 
from 280˚C glycerol stocks (12). Seven-day cultures of fifth passage spirochetes 
were counted using a Petroff–Hauser counting chamber and 6- to 8-wk-old female 
C3H/HeN mice (Charles River Laboratories) were infected by i.p. injection with 107 
spirochetes in 200 μl PBS. Five- to seven-week-old CB17 Fox Chase SCID mice were 
similarly infected using 105 spirochetes in PBS. Passive transfer was performed by i.p. 
injection of 250 μl plasma from C3H/HeN mice infected 5 or 14 d earlier, after syringe 
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filtering and confirming the absence of spirochetes by dark-field microscopy. B. 
miyamotoi LB-2001 and B. burgdorferi 297 were cultured for 7 d in MKP-F medium or 
Barbour–Stoenner–Kelly medium (Sigma-Aldrich, St. Louis, MO) at 33˚C, washed four 
times in sterile PBS, and heat inactivated at 56˚C for 20 min, followed by sonication 
(six times at 15 s). Groups of five C3H/HeN mice were immunized with 5 μg of either 
lysate emulsified with complete Freund’s adjuvant (first immunization) or incomplete 
Freund’s adjuvant (two boosters after 2 and 4 wk), and serum was obtained after 6 
wk. Passive transfer of these antisera was performed similar to the method used 
for naturally immune sera. For analysis of Vsp1 expression in culture, B. miyamotoi 
LB-2001 was passaged 50 times, and glycerol stocks of P5, P10, P20, P30, P40, and 
P50 cultures were inoculated in triplicate at 33˚C from -80˚C for 7 d until a mean 
concentration of 1.3 x 107 /ml to 2.6 x 107 /ml, followed by generation of lysates as 
described above, which were run on 4–20% SDS gel and stained by Coomassie blue.

Protein identification
B. miyamotoi LB-2001 was cultured in MKP-F medium at 33˚C from a P4 -80˚C glycerol 
stock for 7 d, after which spirochetes were washed four times by centrifuging (10,000 
x g for 7 min) and resuspended in sterile PBS. Suspensions were heat inactivated for 
20 min in a water bath at 56˚C and sonicated six times for 15 s (Branson Ultrasonics, 
Danbury, CT). A total of 7.5 μg was loaded in a mini-protean 4–20% SDS gel (Bio-Rad, 
Hercules, CA) together with B. burgdorferi 297 lysate (cultured for 7 d in Barbour–
Stoenner–Kelly medium). Gel bands ∼23–25, ∼37–39, and ∼59– 63 kDa were sent 
to the Yale School of Medicine Keck proteomics laboratory for trypsin digestion 
followed by liquid chromatography–tandem mass spectrometry on an LTQ Orbitrap 
(Thermo Scientific, Waltham, MA) followed by a BLAST on the MASCOT database. A 
37-kDa band from B. miyamotoi HT31 and a 35-kDa band from B. miyamotoi LB-2001 
after Vsp1 IgG challenge were analyzed by York University Department of Biology, 
where tryptic peptides were analyzed by MALDI–mass spectrometry and tandem 
mass spectrometry using a Bruker Ultraflex III MALDI-TOF/TOF.

In silico analysis
The amino acid sequences of B. miyamotoi (GenBank AGS80212.1) and B. turicatae 
Vsp1 (GenBank AAB65089.1) were aligned using AlignX software (Invitrogen, 
Carlsbad, CA) and visualized using BoxShade 3.2 Web-based software (ExPASy, Swiss 
Institute of Bioinformatics). The signal sequence was predicted using a model for 
spirochetal lipoprotein signal sequence prediction (36). Protein structure prediction 
of B. miyamotoi Vsp1 was performed using the online homology modeling server 
Protein Homology/analogY Recognition Engine version 2.0 (Phyre2; Imperial College, 
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London, U.K.) and visualized using the PyMOL molecular graphics system, version 
1.7.4 (Schrödinger). Three annotated crystal structures of B. burgdorferi OspC and 
one B. turicatae Vsp1 structure yielded 100% confident structural homologies of 
residues 45–211 (44% identical, Protein Data Bank [PDB] 1F1M, template d1f1ma), 
45–214 (42% identical, PDB 1G5Z, template d1g5za), 45–210 (47% identical, PDB 
1GGQ, template d1ggqqa), and 51–208 (57% identical, PDB 1YJG, template c1yjgE), 
respectively. The predicted Vsp1 monomer has been aligned to the B. turicatae Vsp1 
dimer crystal structure (PDB 2GA0) to predict its dimeric structure.

Recombinant protein generation
DNA was extracted from B. miyamotoi LB-2001 and HT31 (cultured to 
passage 5) using a blood and tissue kit (Qiagen). A PCR was performed with 
Phusion high-fidelity mix (New England Biolabs, Ipswich, MA) and forward 
primer 5’-AAAAGCTAGCTGTGGAAGTGGGG-3’, and using reverse primer 
5’-AAAACTCGAGTGAAGATTGACCAGC-3’ for LB- 2001 and HT31. After 98˚C for 30 
s, 25 cycles of 98˚C for 10 s, 62˚C for 30 s, and 72˚C for 30 s were performed and 
PCR products were ligated into the pet21b vector using Nhe1 and Xho1 restriction 
sites. In both B. miyamotoi isolates an identical Vsp1 sequence was identified, with 
consistently two base point mutations compared with the annotated sequence 
identified by whole-genome sequencing (GenBank KF031441): nucleotides 223 and 
287 (both guanine instead of adenosine), leading to a N75→D75 substitution and 
a D96→G96 substitution, respectively, compared with the annotated sequence. 
The LB-2001 construct was transformed into BL21 (DE3) cells (Novagen, Madison, 
WI) and 300 ml Luria–Bertani/ ampicillin culture was induced with isopropyl b-D-
thiogalactopyranoside at OD 0.5–0.8 and incubated overnight at 30˚C. Cells were 
resuspended in sterile PBS, and 1 mg/ml lysozyme (Sigma-Aldrich) was added and 
samples were sonicated six times for 15 s. Next, 1% Triton X-100 was added and 
samples were incubated for 30 min at 4˚C, centrifuged, and filtered using a 0.22-
μm membrane. EDTA-free protease inhibitor (Roche) was added, and samples 
were run over Ni-NTA columns using manufacturer instructions and eluted using 
300 mM imidazole. Pooled fractions were dialyzed four times using 9-kDa Amicon 
ultra centrifugal filters (Merck Millipore). rVlp15/16 (WP_025444482.1) was 
similarly generated using primers 5’-AAAAGCTAGCTGTAATAATGGAGGAGGGG-3’ 
and 5’-AAAACTCGAGCTTCTGTGCACTAGTTGTTAC-3’; rVlp18 (WP_025444235.1) 
was cloned using 5’-AAAAGCTAGCTGTGGTCAACAAACAGAAGG-3’ and 
5’-AAAACTCGAGCTCTGCTGTTTTTGAGTTTCTTG-3’, both from B. miyamotoi HT31 
DNA. Protein and Ab concentrations were determined using a DC protein assay  
(Bio-Rad).
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ELISAs
To measure IgM and IgG directed against recombinant proteins, highbinding 
half-surface plates (Greiner Bio-One) were coated overnight at 4˚C with 50 nM 
recombinant protein. Next, plates were washed in PBS–Tween 20 (0.05%) and 
incubated for 2 h with blocking buffer (PBS plus 1% BSA) at room temperature. Plates 
were subsequently washed and incubated for 1 h at room temperature with 1:1000 
C3H/HeN mouse sera in blocking buffer. Plates were washed and incubated for 30 min 
with 1:1000 antimouse IgG-HRP (Cell Signaling Technology, Danvers, MA) or 1:2000 
anti-mouse IgM (Southern Biotech, Birmingham, AL) in blocking buffer. Finally, plates 
were washed and developed using TMB substrate, and absorbance was read at 450 
nm (Bio-Tek, Winooski, VT). In the case of rabbit anti-Vsp1 antisera, sera were diluted 
1:10,000, and 1:4,000 anti-rabbit IgG-HRP (Cell Signaling Technology) was used as a 
secondary Ab. IgM against B. miyamotoi LB-2001 or B. burgdorferi 297 lysates was 
similarly performed using 1 μg/ml lysate in PBS as coating Ag, 1:100 diluted mouse 
sera as primary Ab, and 1:2000 anti-mouse IgM (Life Technologies, Carlsbad, CA) as 
a secondary Ab.

Western blots 
Western blots were performed by loading 3 μg Borrelia lysate on miniprotean 4–20% 
SDS gels (Bio-Rad), blotting to polyvinylidene difluoride membranes, and blocking 
overnight in blocking buffer (TBS with 0.05% Tween 20 and 5% skim milk powder) 
at 4˚C. The next day, blots were incubated for 1 h in mouse serum diluted 1:100 
(5 and 7 d postinfection) or 1:200 (14 d postinfection) in TBST with 2.5% skim milk 
powder. Membranes were washed three times in TBST and incubated 1:10,000 with 
donkey/goat anti-mouse IgM/IgG 800CW (LI-COR Biosciences, Lincoln, NE) for 30 
min, followed by three washes and developed on a LI-COR Odyssey infrared imager. 
Western blots comparing B. miyamotoi isolates LB-2001 and HT31 were performed 
on 250 ng lysates made from P4 passages from a -80˚C stock cultured for 7 d at 
33˚C. Membranes were incubated with 1:500 diluted sera from four individual mice 
14 d postinfection, with anti-mouse IgG-HRP (Cell Signaling Technology, Beverly, 
MA) as a secondary Ab, and developed on an ImageQuant LAS 4000 (GE Healthcare 
Biosciences, Pittsburgh, PA). Western blots on recombinant proteins were performed 
by electrophoresis of 500 ng recombinant proteins, incubation with 1:1000 pooled 
sera for 1 h at room temperature, and 1:10,000 anti-mouse IgM-HRP (Southern 
Biotech) or anti-mouse IgG-HRP (Cell Signaling Technology) for 30 min. Western blots 
on B. miyamotoi cultured after Vsp1/OVA Ab challenge were performed using 500 
ng lysates and 1:4,000 rabbit anti-Vsp1, followed by 1:10,000 anti-rabbit IgG-HRP 
(Cell Signaling Technology), or using 1:1,000 pooled mouse sera (n = 4) from C3H/
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HeN mice (naive/5 d after B. miyamotoi infection/ 14 d postinfection) and 1:10,000 
HRP-linked anti-mouse IgM or IgG. Western blots on human sera were performed 
similarly, using 500 ng recombinant proteins and incubation in human sera diluted 
1:500 followed by 1:10,000 anti-human IgM-HRP (Southern Biotech) or IgG-HRP 
(BioRad). Human sera were collected from Russian HTBRF patients (3, 37) where 
diagnosis was confirmed by PCR and sequencing. All HTBRF patients developed a 
fever >38˚C axillary temperature. No relapses were reported in these patients, as all 
patients were antibiotically treated shortly after disease onset. Sera from Russian 
patients hospitalized for 8–15 d for infectious disease with a typical erythema 
migrans (EM) and a history of tick bite were used. Sera from healthy blood donors 
were used as controls.

Dark-field spirochete counts
Blood samples (30 μl) were obtained by tail nick in Microvette lithium-heparin 
plasma tubes (Sarstedt, Numbrecht, Germany). Blood (2.5 μl) was added to 47.5 μl 
SideStep lysis and stabilization buffer (Agilent Technologies, Santa Clara, CA), and 
the rest of the blood was centrifuged at 500 x g for 5 min as described elsewhere to 
obtain plasma (38). Plasma samples were counted under dark-field microscope using 
a Petroff–Hauser counting chamber, using a 1-mm2 counting square according to the 
manufacturer’s instructions. When no spirochetes were observed, eight additional 
squares of 1 mm2 were counted to obtain a detection limit of 5.555 spirochetes/
ml, and total spirochete concentrations were calculated based on 9-mm2 observed 
surface, or given the detection limit when negative.

Anti-Vsp1 Ab generation and killing assays 
Two rabbits were immunized with 200 μg rVsp1 s.c. in complete Freund’s adjuvant 
(t = 0) and incomplete Freund’s adjuvant (t = 14, 28, and 56 d) (Eurogentec, Liège, 
Belgium) and sacrificed at t = 65 d. Final pooled sera were purified using a Zeba spin 
desalting column (Life Technologies) and a Melon gel IgG spin purification kit (Life 
Technologies) and filter sterilized using a 0.22-μm filter. A titration killing assay was 
performed using various concentrations of polyclonal anti-Vsp1 IgG (0–1000 μg/ml) 
in 5 μl PBS added to V-shaped sterile microtiter plates. B. miyamotoi LB- 2001 at a 
concentration of 3 x 106 /ml was added (32.5 μl/well) together with 12.5 μl pooled 
normal human serum (NHS) at a final concentration of 25%. As a control, heat-
inactivated human serum (NHS incubated at 56˚C for 30 min) was added instead at 
the same concentration. Wells were resuspended and the plate was incubated at 
37˚C for 1 h followed by blinded dark-field microscopy scoring of 100 spirochetes 
per well (12), using immobilization as a marker for spirochete mortality (39–42). B. 
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miyamotoi HT31 and B. burgdorferi 297 P4 strains cultured from -80˚C stocks were 
equalized to 3 x 106 /ml using MKP-F medium and subjected to a final concentration 
of 100 μg/ml anti-Vsp1 IgG. The remaining 45 μl per well in the B. miyamotoi LB-2001 
suspensions subjected to anti-Vsp1 or anti-OVA IgG (43) was inoculated into 1.6 ml 
MKP-F in 2 ml screwcap tubes, and after 1 wk at 33˚C they were passaged at the same 
concentrations into 7 ml MKP-F followed by two 7-d passages at 33˚C and storage at 
-80˚C in 4% glycerol-peptone, from which they were cultured to generate lysates.

PCR for B. miyamotoi LB-2001 expression site on Vsp1 and VlpC2
DNA was extracted from a P3 passage of B. miyamotoi LB-2001 isolates 1 (expressing 
Vsp1) and 2 (anti-Vsp1 exposed) using a DNeasy blood and tissue kit (Qiagen). We 
designed a forward primer based on the “-35” promoter element of B. miyamotoi 
LB-2001, which was located upstream of the annotated Vsp1 gene as described 
above: 5’-GAATTTGAAAAGTAAGATTCTTGCAC-3’. To identify the sequence for the B. 
miyamotoi LB-2001 35-kDa band, which is dominantly expressed by a population 
surviving anti-Vsp1 IgG challenge, PCR was performed with Phusion high-fidelity PCR 
master mix (New England Biolabs) using the forward “-35” promoter element primer 
and reverse primer 5’-TTATTTACTTTTAGCTTCAGAGGTCTTATTAT-3’, which was based 
on the gene coding for a protein to which three peptides of the mass spectrometry of 
this band had matched, that is, B. miyamotoi Fr64b Vlp5. PCR conditions were 98˚C 
for 30 s, followed by 30 cycles of 98˚C for 10 s, 60˚C for 30 s, and 72˚C for 30 s, and a 
final 10-min extension step at 72˚C. The PCR product was purified and sequenced, and 
a partial gene was annotated sharing 99% identity with the B. miyamotoi gene vlpc2. 
Furthermore, a reverse primer 5’-GCACTTTTTGCATGAGCATC-3’ was designed to 
identify Vsp1 in the expression site, and reverse primer 5’-TTACCTGCTTCACCATCACC- 
3’ (with a similar melting temperature) was designed based on the vlpc2 sequence. 
A PCR was performed using Phusion high-fidelity PCR master mix using 1 μl DNA, 2.5 
μl of both primers (10 mM), 19 μl H2O, and 25 μl Phusion master mix. A 98˚C for 30 s 
denaturation was followed by 30 cycles of 98˚C for 10 s, 57.5˚C for 30 s, and 72˚C for 
15 s, followed by 10 min at 72˚C.

Ethics statement
Animals were housed and handled under the Guide for the Care and Use of Laboratory 
Animals of the National Institutes of Health. The animal research protocols were 
approved by Yale University’s Institutional Animal Care and Use Committee (protocol 
no. 2014-07941) and by the Academic Medical Center’s Ethical Committee for Animal 
Research (protocol no. DIX103058).
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Statistical analysis
One-way ANOVA was performed on ELISA results using GraphPad Prism version 
5.00 for Windows (GraphPad Software, San Diego, CA). When p ˂ 0.05, individual 
columns were compared using a Student t test. Killing assay motility percentages 
were compared with the control (PBS or anti-OVA) using a Mann–Whitney U test. A 
X2 test was performed in a case when all replicates were similar.



149

Ch
ap

te
r 9

resulTs

B. miyamotoi LB-2001 expresses Vsp1, which induces a dominant Ab 
response in C3H/HeN mice 
We set up a mouse model where 107 B. miyamotoi LB-2001 spirochetes (passaged 
up to four times in MKP-F medium) were inoculated in 200 μl PBS i.p. into C3H/
HeN mice. Plasma was examined by dark-field microscopy for spirochetes daily, and a 
peak in spirochetemia was observed after 2 d, followed by lowgrade spirochetemia in 
three of eight mice after 5 or 6 d, one of which was at the detection limit at day 5 (Fig. 
1A). In most mice, however, the pathogen remained below the detection limit from 
day 3, coinciding with a rise in B. miyamotoi–specific IgM (Fig. 1B). Infected mice 
developed detectable anti–B. miyamotoi IgG at day 5 that increased at day 14 after 
inoculation (Fig. 1C). Although B. miyamotoi and B. burgdorferi s.l. are spirochetes 
of the same genus in the same tick vector, they have a different protein expression 
profile (Fig. 1D). We performed mass spectrometry on the three dominant protein 
bands corresponding to molecular masses of ∼60, ∼39, and 23 kDa in B. miyamotoi 
LB-2001 lysate. This revealed that the ∼60-kDa band was comprised of mostly 30S 
ribosomal protein S1 (GenBank WP_020954521.1, predicted molecular mass of 62.6 
kDa) and GroEL (WP_020955008.1, 58.9 kDa), whereas the ∼39-kDa (reactive) band 
contained GlpQ (WP_020954631.1, 38.7 kDa) in the highest abundancy, followed 
by N-acetylglucosamine-6-phosphate deacetylase (WP_020955113.1, 39.4 kDa) 
and flagellin (WP_020954538.1, 35.4 kDa) (Fig. 1D). The prominent 23-kDa band 
was found to contain Vsp1 (AGS80212.1; 23.3 kDa, Supplemental Fig. 1A) and co-
chaperone GrpE (WP_020954892.1; 21.3 kDa). Western blots using 5- and 14-d 
infected mouse sera showed that the IgM and IgG responses were mainly directed 
against the 23-kDa B. miyamotoi protein band, and did not react with any 23-kDa 
protein in B. burgdorferi lysate that was run in adjacent lanes as a control (Fig. 1E, 
1F). Because of its dominant expression, and because VMPs are immunogenic in 
other TBRF species, we hypothesized that Vsp1 was responsible for the reactivity 
against the 23-kDa protein.
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Figure 1. Borrelia miyamotoi infection induces a robust ab response against a 23 kDa protein. 
B. miyamotoi infection induces a robust Ab response against a 23-kDa protein. (a) Dark-field microscopy on 
plasma from eight C3H/HeN mice after i.p. inoculation with B. miyamotoi LB2001 spirochetes. Horizontal 
lines represent mean concentrations, negatives represent the detection limit. (B) ELISA detecting IgM 
against B. miyamotoi LB-2001 whole-cell lysate. (C) IgG response to infection demonstrated by ELISA using 
sera from mice infected 5 or 14 d postinfection. (D) SDS-PAGE of B. miyamotoi whole-cell lysate stained 
by Coomassie brilliant blue, revealing abundant protein bands at ∼23, ∼39, and ∼60 kDa. These bands 
were analyzed by liquid chromatography–tandem mass spectrometry, and the most abundant proteins 
are depicted on the left. For comparison, B. burgdorferi lysate (B.b 297) was run in the right lane. (e and 
F) Western blot analysis of nitrocellulose strips loaded with B. miyamotoi LB-2001 (Bm) and B. burgdorferi 
297 (Bb) whole-cell lysates, detecting IgM in sera of four mice 5 d after B. miyamotoi infection (E) or IgG 
14 d postinfection in seven mice (F). Protein size in kDa is depicted on the left. Error bars illustrate mean 
± SEM. *p < 0.05, **p < 0.01.

Vsp1 in silico analysis
Vsp1 appeared to be the dominantly expressed Vmp in this B. miyamotoi population, 
with its gene being located on a 26-kb plasmid fragment behind a σ70-type prokaryotic 
promoter. A comparison of the upstream sequence of the expressed Vsp1 sequence 
with the vsp/vlp promoter region of B. turicatae revealed homology at the “-35” 
element, which was flanked by AT-rich inverted repeats, as well as an identical ribosomal 
binding site (Fig. 2A). Next, we were interested whether the Vsp1 protein structure 
was similar to the previously described B. turicatae Vsp1. First, we aligned the Vsp1 
amino acid sequence with that of B. turicatae Vsp1, the only Vsp for which a crystal 
structure has been described (Research Collaboratory for Structural Bioinformatics 
Protein Data Bank accession no. 2GA0_A) (32). In silico analyses revealed 55% identity 
and 70% consensus positions with the amino acid sequence of B. turicatae Vsp1 (Fig. 
2B). A homology model with 100% confidence of the B. miyamotoi Vsp1 structure was 
generated in silico using the Phyre2 Web server (44) (Fig. 2C). The predicted structure of 
B. miyamotoi Vsp1 consists of four a helices forming a bundle with two small β-strands 
pointing outwards, and hydrophobic residues line the core of the α-helical bundle.
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Figure 2. Borrelia miyamotoi Vsp1 promoter region and predicted protein structure.
(a) Alignment of the promoter regions of the B. miyamotoi and B. turicatae expression sites, based on B. 
miyamotoi Vsp1 (KF031441.1) and B. turicatae VspB (AF049852) sequences. AT-rich sequences surround 
the “-35” promoter element. RBS, ribosomal binding site; Start, start codon. (B) Alignment of B. miyamotoi 
Vsp1 and B. turicatae Vsp1 amino acid sequences, including their respective signal sequences, conserved 
amino acids (gray background), and identical residues (black background). (C) Structure prediction based 
on annotated crystal structures of B. turicatae Vsp1 and B. burgdorferi OspC using the Phyre2 Web portal. 
Vsp1 and OspC are known to form dimers, and in this figure a predicted monomer (dark gray) has been 
aligned to a B. turicatae Vsp1 dimer crystal structure (PDB 2GA0), consisting of two B. miyamotoi Vsp1 
monomers (light and dark gray, respectively). 

Verification of Vsp1 Abs in mice 
To verify our hypothesis that Vsp1 was one of the immunodominant B. miyamotoi 
proteins recognized by B. miyamotoi–infected mouse sera, we generated a 
recombinant His-tagged B. miyamotoi LB-2001 Vsp1 (rVsp1), without its predicted 
24-aa signal sequence to enhance solubility (Fig. 3A). ELISAs using rVsp1 as an Ag 
were performed on sera from B. miyamotoi LB-2001–infected mice. Indeed, a rise in 
anti-Vsp1 IgM was observed in infected mice from day 3, with a maximum level at 
day 5 postinfection (Fig. 3B). Anti-Vsp1 IgM levels decreased at day 14 postinfection 
(Fig. 3C), at which time anti-Vsp1 IgG levels were >3 SD higher than those of naive 
control mice (Fig. 3D). A Western blot using pooled sera from infected C3H/HeN mice 
further confirmed the presence of IgM and IgG reacting with rVsp1 (Fig. 3E). Of note, 
C3H/HeN mice developed more robust Ab responses against Vsp1 compared with 
GlpQ, which is currently used as a seromarker for human infection (Fig. 3F). 

Va
ria

bl
e 

m
aj

or
 p

ro
te

in
s a

 s 
ta

rg
et

s f
or

 sp
ec

ifi
c 

an
tib

od
ie

s a
ga

in
st

 B
or

re
lia

 m
iy

am
ot

oi
 



152

Figure 3. a rapid Vsp1 specific IgM response is induced upon B. miyamotoi infection. 
(a) rVsp1 loaded onto a 4–20% SDS-page gel. M, protein marker (size in kDa on the left). (B–D) ELISAs 
were coated with rVsp1 and incubated with previously infected mouse plasma, detecting IgM (B and C) 
and IgG (D). Bars represent mean ± SEM. (E and F) Western blot and ELISA detecting IgM and IgG against 
GlpQ, Vsp1, or a negative control protein (tHRF) in mouse sera 5 or 14 d postinfection. For Western blot, 
pooled sera (n = 4) were used. For ELISA, individual mouse sera (5 d postinfection, n = 5; 14 d postinfection, 
n = 8) were used. (G) Three groups of three SCID mice were inoculated i.p. with either 103 , 105 , or 
107 B. miyamotoi LB-2001 spirochetes, and plasma spirochete concentrations were measured by dark-
field microscopy. (H) Dark-field microscopy in plasma of B. miyamotoi–infected SCID mice (n = 4/group) 
receiving an i.p. passive transfer of pooled sera at t = 8 d postinfection. Mice received 250 μl naive or 5- or 
14-d immune C3H/HeN mouse sera. Error bars illustrate mean ± SEM, negatives represent the detection 
limit. **p < 0.01, ***p < 0.001.
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Effects of passive immunization on B. miyamotoi spirochetemia in 
SCID mice
We next set out to investigate whether Abs present in serum 5 and 14 d postinfection, 
which included anti-Vsp1 IgM and IgG Abs, were sufficient to clear B. miyamotoi 
infection. To this end, we used SCID mice that develop persistent spirochetemia 
upon infection with B. miyamotoi (13, 45). We therefore performed a dose-finding 
experiment in which we i.p. inoculated SCID mice with 103 , 105 , or 107 B. miyamotoi 
LB-2001 spirochetes. As expected, spirochetes were detected more rapidly using the 
highest inoculum, but all mice became spirochetemic within 6 d after inoculation 
and the levels plateaued at concentrations ranging from 107 to 108 spirochetes/ml 
(Fig. 3G). We subsequently infected groups of four SCID mice with 105 B. miyamotoi 
spirochetes i.p., and after 8 d, 250 μl pooled serum from previously infected C3H/HeN 
mice was injected i.p. to assess its potential to clear spirochetemia. Tail bleeds were 
performed to check for B. miyamotoi concentrations in SCID mouse plasma. Whereas 
passive transfer of naive mouse sera did not show any effect on spirochetemia, 5- and 
14-d immune sera were both successful in temporarily clearing B. miyamotoi (Fig. 
3H). Interestingly, both sera were unable to permanently clear B. miyamotoi, and 
relapses were observed around day 14 and days 20–22 in mice treated with 5- and 
14-d immune sera, respectively. Finally, we immunized mice with Vsp1-expressing B. 
miyamotoi lysates, yielding a strong anti-Vsp1 IgG response (Fig. 4A–C). Although the 
anti-Vsp1 IgG levels were higher than in serum of mice experimentally infected with 
B. miyamotoi LB-2001 14 d postinfection, passive transfer of immunized mouse sera 
to infected SCID mice did not result in more efficient clearance of spirochetemia (Fig. 
4D). These data demonstrate that Abs against B. miyamotoi are involved in (partial) 
clearance in vivo. The observation that Vsp1 was the most dominant antigenic protein 
during natural infection and after immunization with B. miyamotoi lysate suggests a 
role for Vsp1-specific Abs. Va
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Figure 4. Serum from mice immunized against Vsp1 serotype B. miyamotoi temporarily clears B. 

miyamotoi spirochetemia in SCID mice.
(a) Western blot of strips containing B. miyamotoi LB-2001 (Bm) and B. burgdorferi 297 (Bb) lysate 
incubated with pooled antiserum from mice immunized with either B. burgdorferi 297 or B. miyamotoi 
LB-2001 lysate. (B and C) B. miyamotoi antiserum reacted with rVsp1 as shown by Western blot and ELISA, 
respectively. (D) Dark-field microscopy in plasma of B. miyamotoi–infected SCID mice receiving passive 
transfer of pooled B. miyamotoi antiserum, B. burgdorferi antiserum, or naive serum 8 d after initial 
infection. Error bars illustrate mean ± SEM. **p ˂ 0.01, ***p ˂ 0.001.
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Vsp1 Ab-mediated killing 
To confirm that Vsp1 Abs are involved in the elimination of B. miyamotoi, we generated 
anti-Vsp1 IgG and performed killing assays on cultured B. miyamotoi spirochetes. We 
generated polyclonal anti-Vsp1 IgG through immunization of two rabbits with rVsp1. 
Next, to confirm the stability of Vsp1 expression in vitro, we cultured B. miyamotoi for 
50 wk using weekly passages, confirming stable expression after 50 passages (data not 
shown). Subsequently, we performed killing assays using increasing concentrations of 
pooled purified anti-Vsp1 IgG added to five replicate wells containing 105 B. miyamotoi 
spirochetes in the presence of 25% human serum (NHS), and we determined viability 
after 1 h by assessing the percentage of motile spirochetes during dark-field examination 
of 100 spirochetes per well. This resulted in a nearly complete killing from 25 μg/
ml Ab (Fig. 5A), with extensive bleb formation. Interestingly, when heat-inactivated 
human serum was used, thus eliminating complement activity, no bactericidal effect 
was observed using 25 μg/ml anti-Vsp1 IgG, indicating a role for complement in 
spirochete killing. However, killing was observed even in heat-inactivated human 
serum when a higher Ab dose (100 μg/ml) was administered, suggesting an additional 
complement-independent mechanism of Ab-mediated killing (Fig. 5A). Next, we 
examined whether Vsp1 is also expressed by a population of B. miyamotoi HT31, a 
tick isolate derived from Japan. Coomassie staining on spirochete lysates revealed 
that instead of a dominant ∼23-kDa band, an ∼37-kDa protein was expressed in B. 
miyamotoi HT31. Mass spectrometric analysis of the ∼37-kDa protein band revealed 
the presence of two Vlp proteins corresponding to the Vlp15/16 protein and Vlp18 
protein (WP_025444482.1 and WP_025444235.1, respectively) (Fig. 5B). This finding 
was con- firmed by Western blot, which showed absence of anti-Vsp1 IgG binding 
to B. miyamotoi HT31 lysate (Fig. 5B). Additional Western blots using B. miyamotoi 
LB-2001–infected or –immunized mouse sera further confirmed the absence of 
expression of a Vsp in this isolate (Fig. 5C). Interestingly, in pooled sera from four 
mice infected with B. miyamotoi LB-2001 for 14 d, minor reactivity was observed 
with the B. miyamotoi HT31 band containing Vlp15/16 and Vlp18. However, mice 
immunized with LB-2001 lysate expressing Vsp1 did not produce Abs reactive with the 
suspected B. miyamotoi HT31 Vlp (Fig. 5C). This suggests that during infection with 
B. miyamotoi LB-2001, a Vlp had been expressed at some point during the infection. 
Additionally, 100 mg/ml anti-Vsp1 IgG did not induce killing of B. miyamotoi HT31 
nor did it have any effect on B. burgdorferi viability, which further demonstrates that 
Vsp1 Abs specifically kill Vsp1-expressing spirochetes (Fig. 5D). However, anti-Vsp1 Ab 
challenge of Vsp1-expressing B. miyamotoi LB- 2001 spirochetes consistently resulted 
in at least 99% of counted spirochetes to be immotile. These data collectively suggest 
that spirochetes that express Vsp1 are affected by anti-Vsp1 IgG Abs.
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Figure 5. Vsp1 abs neutralize Vsp1-expressing B. miyamotoi spirochetes, and select for spirochetes 
expressing a Vlp.
(a) B. miyamotoi LB-2001 spirochetes were incubated with different concentrations of anti-Vsp1 IgG 
and 25% NHS or 25% heat-inactivated serum (HIS). Five wells per condition were incubated at 37˚C, and 
100 spirochetes per well were assessed by dark-field microscopy. A representative of three independent 
experiments is shown. (B) Coomassie blue staining of B. miyamotoi LB-2001 (expressing Vsp1) and of 
isolate HT31, expressing an ∼37-kDa protein band, which by mass spectrometric analysis was revealed 
to contain Vlp15/16 and Vlp18 (left panel). Western blot analysis of Vsp1 expression in LB-2001 and HT31 
lysates (right panel). (C) Western blot analysis of LB-2001 and HT31 lysates using pools of sera from four 
mice infected for 14 d with B. miyamotoi LB-2001 (left), mice actively immunized with B. miyamotoi LB-
2001 lysate (middle), or naive mice (right). A band containing Vlp15/16 and Vlp18 in B. miyamotoi HT31 
lysate is indicated by an arrow. (D) Killing assay performed using 100 μg/ml anti-Vsp1 IgG (a-Vsp1) or 
a control Ab (α-OVA) and 25% NHS, on B. burgdorferi 297, B. miyamotoi HT31, and B. miyamotoi LB-
2001. The graph is a representative of three independent experiments. (E) Coomassie blue staining of B. 
miyamotoi lysate 1, derived from B. miyamotoi LB-2001 previously challenged with anti-OVA, and lysate 
2 derived from spirochetes surviving a challenge with anti-Vsp1 (left panel). M, protein marker. Vsp1 
expression in lysate 1 and 2 as determined by Western blot using Vsp1 antiserum is shown in the right 
panel. (F) PCR on DNA extracted from isolates 1 and 2 (anti-OVA and anti-Vsp1 challenged, respectively) 
performed using an expression site promoter-specific forward primer and reverse primers for Vsp1 or 
VlpC2. M, marker indicating number of base pairs, with 100-bp increments. (G) Second challenge with 
100 μg/ml anti-Vsp1 (α-Vsp1) or anti-OVA (α-OVA) plus 25% NHS performed on representative spirochete 
cultures 1 and 2 (which dominantly express Vsp1 and VlpC2, respectively). Error bars illustrate mean ± 
SEM. *p ˂ 0.05, **p ˂ 0.01. #p = 0.002 (X2 test).
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Challenge of infected mice with anti-Vsp1 antibodies selects for a 
different VMP. 
We next determined whether anti-Vsp1–induced challenge would lead to a different 
VMP being expressed in the surviving spirochetes, similar to the relapse mechanism 
observed in other TBRF species. To investigate this, we incubated B. miyamotoi LB-
2001 suspensions for 1 h with either anti-Vsp1 or a control Ab (anti-OVA, directed 
against OVA) and then inoculated the suspensions into MKP-F medium to culture 
any surviving spirochetes. Interestingly, viable spirochetes were cultured from all 
five replicate wells after 1 wk, however with lower concentrations in the samples 
previously exposed to anti-Vsp1 IgG compared with those incubated with control Ab 
(concentration mean ± SE, 2.4 ± 0.4 x 105 /ml versus 2.5 ± 0.4 x 106 /ml; p = 0.0006). 
New lysates were made from a P3 passage of these residual spirochetes, and two 
representative lysates are depicted, revealing survival of spirochetes expressing an 
∼35-kDa band rather than Vsp1 (Fig. 5E, left panel). A Western blot confirmed that 
Vsp1 was only expressed in lysate 1, and not in the anti-Vsp1–exposed lysate 2 (Fig. 
5E, right panel). Three peptides identified in this band by mass spectrometry matched 
with protein Vlp5 in strain FR64b of B. miyamotoi from Japan (WP_025444408.1). To 
obtain the B. miyamotoi LB- 2001 homologous sequence, we performed a PCR on the 
isolate that was previously treated with anti-Vsp1 Abs, using a forward primer based 
on the “-35” promoter element and a reverse primer based on the 3’ end of the gene 
coding for Vlp5. This approach yielded a sequence coding for 342 aa of the dominant 
VMP in the expression site of the anti-Vsp1–subjected isolate. The partial gene was 
annotated in GenBank (KU199715; http://www.ncbi.nlm.nih.gov/genbank/), and it 
shared 99% nucleotide identity with the silent B. miyamotoi VlpC2 gene on plasmid 
lpE (GenBank KU041636). All four peptides derived from the mass spectrometry 
that were unmatched to other proteins matched with this sequence (Supplemental 
Fig. 1B). Subsequently, we performed PCR on the isolates subjected to control Ab 
(isolate 1, expressing Vsp1) or anti Vsp1 Abs (isolate 2, expressing VlpC2), amplifying 
only the vsp1 or vlpc2 genes located in the expression site. As expected, Vsp1 was 
amplified from the expression site in the population expressing Vsp1, whereas 
from the relapsed population the vsp1 gene was not amplified downstream of the 
promoter (Fig. 5F). vlpc2 was present downstream of the expression site promoter 
in the relapsed isolate. Interestingly, from the Vsp1-expressing population we also 
amplified the vlpc2 gene in the expression site, albeit to a lesser extent. Isolates 1 
and 2, expressing Vsp1 and VlpC2, respectively, were (re)exposed to anti-Vsp1 IgG 
or control Ab plus 25% NHS for 1 h. As expected, the B. miyamotoi LB-2001 isolate 
previously subjected to control Ab (thus still expressing Vsp1) showed a reduction 
in viability when exposed to anti-Vsp1. However, the B. miyamotoi LB- 2001 isolate 
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that expressed VlpC2 showed no reduction in viability upon rechallenge with anti-
Vsp1 IgG Abs (Fig. 5G). Taken together, these findings provide immunologic evidence 
that upon a borreliacidal humoral immune response to B. miyamotoi LB-2001 Vsp1, 
spirochetes that express Vsp1 are eliminated whereas surviving spirochetes that 
express a Vlp are unaffected, enabling them to expand. Thus, Ab-mediated selection 
induced a serotype switch from the dominant spirochete population to a minority 
serotype.

Ab responses against Vmps in HTBRF patients
Although all mice subjected to a Vsp1-expressing B. miyamotoi isolate developed 
high Vsp1 Ab levels, we suspected that it might not be a sensitive seromarker in 
humans by itself because humans might be infected by a wide range of B. miyamotoi 
serotypes, some of which could be expressing Vlps, or Vsps with low or absent cross-
reactivity to Vsp1. Therefore, we assessed selected Vsp and Vlp reactivity of sera 
from Russian HTBRF patients in whom infection had been confirmed by sequence 
confirmation of B. miyamotoi PCR-positive blood samples. The patient population 
from which we were able to obtain a selection of serum samples was defined by an 
established case definition for B. miyamotoi infection (3) and has been previously 
described (37). In short, the first HTBRF patient sera that were PCR positive for 
B. miyamotoi during admission were collected, as well as early convalescent sera 
approximately 1 wk thereafter. Additionally, we also evaluated sera from Russian 
patients with EM (diagnosed by a physician) and healthy blood donors from the same 
region as controls. 

Of nine HTBRF patients, all were PCR positive at the day of admission except patient 
Bm2, who was positive 2 d after admission. The average time between a reported 
tick bite and onset of disease was 16.8 d (range, 9–29 d) whereas the average time 
between disease onset and admission was 1.6 d (range, 1–7 d). Anti-GlpQ IgM 
seroconversion was observed in five of nine HTBRF patients around a week after B. 
miyamotoi was first detected by PCR in blood (Fig. 6A). Two of nine patients (Bm4 
and Bm9) demonstrated a robust Vsp1-specific IgM seroconversion, one of which 
(Bm9) tested negative using GlpQ Abs. Another four HTBRF patients (Bm1, Bm2, 
Bm7, and Bm8) were demonstrated to have robust IgM seroconversion for Vlp15/16, 
all of whom were also positive for GlpQ, while a Vlp18 seroconversion occurred in 
Bm1 (Fig. 6A). Thus six of nine HTBRF patients showed a seroconversion to these B. 
miyamotoi VMPs, whereas five patients showed a seroconversion to GlpQ. Of EM 
patients, Bb3 demonstrated a seroconversion for GlpQ and was positive for Vlp18 
IgM at admission (Fig. 6B). In addition to an EM up to 20 cm in diameter, this patient 
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described chills and a headache 13 d after a tick bite followed by a fever (39˚C 
axillary temperature) and displayed elevated alanine aminotransferase (124 IU/l) 
and aspartate aminotransferase (94 IU/l) on admission, suggestive of a PCR-negative 
B. miyamotoi coinfection. None of 12 Russian blood donors were reactive to GlpQ, 
Vsp1, Vlp15/16, or Vlp18 on Western blot (data not shown).

Figure 6. IgM seroconversions to Vsp1 and Vlp15/16 in acute HtBrF patients. 
(a) Western blots on recombinant proteins GlpQ, Vsp1, Vlp15/16, and Vlp18. Strips were incubated in 
sera from nine Russian patients (Bm1–Bm9) collected at the day they were first found B. miyamotoi PCR 
positive in blood, and ∼1 wk thereafter. IgM was detected and all blots were developed simultaneously. 
The following blots were considered positive: GlpQ seroconversion, Bm1, Bm2, Bm4, Bm7, and Bm8; 
Vsp1 seroconversion, Bm4 and Bm9; Vlp15/16 seroconversion, Bm1, Bm2, Bm7, and Bm8; and Vlp18 
seroconversion, Bm1. (B) Sera from Russian patients admitted for suspected tick-borne disease and 
diagnosed by a physician with EM (Bb1–Bb6) were tested for IgM against GlpQ, Vsp1, Vlp15/16, and 
Vlp18. The following blots were considered positive: GlpQ seroconversion in patient Bb3, GlpQ in acute  
and convalescent serum of Bb2, and Vlp18 in acute and convalescent serum of patient Bb3.
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disCussion

We report in the present study the identification of Vsp1 as an immunodominant 
Ag of B. miyamotoi LB-2001 in mice. The Ab response was efficient in clearing B. 
miyamotoi from the bloodstream in most C3H/HeN mice. Passive transfer of sera 
from LB-2001–infected C3H/HeN mice to B. miyamotoi–infected SCID mice, which 
normally exhibit sustained spirochetemia, induced a transient clearance of infection 
followed by a relapse. In vitro we showed that killing of B. miyamotoi LB-2001 
was anti-Vsp1 mediated and largely complement-dependent. Furthermore, we 
demonstrated that anti-Vsp1 challenge selects for a minority of spirochetes that 
express VlpC2 instead of Vsp1, which become resistant to anti-Vsp1–mediated killing. 
Although B. miyamotoi and B. burgdorferi s.l. are present in the same tick species, 
the resemblance of B. miyamotoi to other relapsing fever spirochetes is reflected by 
its presence in the blood and the ability to express different immunogenic Vmps to 
evade humoral immunity. Taken together, our data not only provide an experimental 
model to study B. miyamotoi infection in mice, but also reveal an important role 
for Abs in clearance of B. miyamotoi. Finally, we show that Vmps induce robust Ab 
responses in a subset of HTBRF patients. We postulate that by combining different 
Vmps a serologic test could be developed to diagnose early infection in humans 
caused by various B. miyamotoi serotypes. 

Spirochetemia patterns and concentrations found in our study were comparable to a 
study in DBA/2, C57BL/6, and CB17 SCID mice receiving B. miyamotoi–infected donor 
mouse blood through i.v. injection, with a low-level spirochetemia after 2 d followed 
by undetectable spirochetemia, and a persistent spirochetemia in SCID mice (45). 
Although B. hermsii is similarly known to cause a continuous spirochetemia in 
SCID mice, it usually causes a more consistent pattern of relapse in wild-type mice 
than we observed for B. miyamotoi (31, 46–49). In that respect, B. miyamotoi is 
reminiscent of a type of murine relapsing fever that exhibits a similarly short-lived 
spirochetemia with a limited capacity for relapse (20). It is possible that other 
(clinical) B. miyamotoi isolates or serotypes will behave differently in future studies. 
Alternatively, B. miyamotoi might be less virulent than B. hermsii or less capable of 
relapsing efficiently. In line with that hypothesis, in humans a clear relapsing fever 
pattern has only been described in a small number of HTBRF patients. Alternatively, 
early antibiotic therapy in HTBRF patients might also account for the lack of relapsing 
disease in humans (3, 7, 37). In two severely immunocompromised and B cell–
depleted patients, B. miyamotoi was able to cause a more chronic infection of the 
CNS, which has thus far not been demonstrated in immunocompetent patients (8, 9). 
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Our results of the passive transfer of previously infected wildtype mouse sera to 
infected SCID mice are comparable to those found for B. hermsii. Similar to what we 
have observed, a longer time to relapse was previously observed after transfer of 
late immune sera compared with transferring early immune sera (47). We speculate 
that this phenomenon is caused by the gradual emergence of Abs against multiple 
Vmps that occurs in mice during infection. In B. hermsii, ∼60 different silent vsp/
vlp alleles are described. A switch between alleles causes a different Vmp to be 
expressed after spirochetemic relapse, thus evading a neutralizing IgM response 
against the previously expressed Vmp (20– 22). Further investigation is needed to 
identify all Vmps in B. miyamotoi, and infection with clonal isolates should provide 
the opportunity to demonstrate active recombination. In humans, we found Abs 
against B. miyamotoi Vsp1, Vlp15/16, or Vlp18 in most of the HTBRF patients who we 
were able to investigate, although the contribution of cross-reactivity between yet 
unknown Vmp Abs remains to be investigated. Further research should elucidate how 
often these Vmps are recognized in larger HTBRF patient cohorts, which other Vmps 
are commonly expressed during human infection, the extent of Vmp cross-reactivity 
in Lyme borreliosis patients, and whether a combination of Vmps could increase 
sensitivity of HTBRF serological testing. We identified one patient who presented 
with an EM as well as symptoms and serology consistent with HTBRF. Although data 
on the incidence of coinfections are limited, studies in the United States have shown 
that 14% of HTBRF patients were coinfected with B. burgdorferi, whereas 9.8% of 
acute Lyme borreliosis patients were positive for GlpQ Abs (7, 14). Thus, despite a 
negative PCR for B. miyamotoi, this patient could indeed have been coinfected with 
B. burgdorferi s.l. and B. miyamotoi. GlpQ Abs were present in all mice and most 
patients in this study; however, Ab responses against Vmps were consistently more 
robust using our methods. Because Vsp1 Ab levels were higher than for GlpQ in mice, 
and were produced rapidly after infection, a Vmp-based serological assay covering 
the most common Vmp serotypes could improve serologic diagnosis of B. miyamotoi 
infections.

Previous studies in B. miyamotoi have shown both isolates LB-2001 and HT31 to 
be resistant to direct complement-mediated killing in vitro, similar to B. hermsii 
(12, 50). In this study, using polyclonal rabbit IgG against Vsp1, we were able to 
demonstrate that Ab-mediated killing was mostly complement-dependent at 
moderate Ab concentrations. Although complement was previously demonstrated 
to significantly enhance Ab-mediated killing of B. hermsii in vitro (49), several 
studies have demonstrated that complement is not essential for Ab-mediated killing 
and clearance of relapsing fever spirochetes, and complement- and phagocyte 
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independent bactericidal Abs have also been described for B. burgdorferi, causing 
outer membrane damage via a yet to be unraveled process (20, 51–55). Further 
studies using monoclonal IgM against Vmps should expand our understanding of this 
phenomenon in B. miyamotoi. IgM appeared to play a major role in B. miyamotoi 
clearance in wild-type mice, as its rise coincided with B. miyamotoi clearance, and 
passive transfer of 5-d immune sera to SCID mice cleared spirochetemia. In other 
relapsing fever spirochetes, T cell–independent IgM has a major role in early 
clearance, facilitated by B1b cells and splenic marginal zone B cells (21, 46, 48, 56). 
IgM specific for Vlp7 has been demonstrated to directly neutralize Vlp7-expressing B. 
hermsii in vitro and in vivo upon passive immunization. However, active vaccination 
of mice with rVlp7 did not result in protection (21). In our experiments, the humoral 
immune response elicited by active immunization of mice with native Vsp1 (i.e., Vsp1-
expressing B. miyamotoi lysate) was able to temporarily clear infection upon passive 
transfer to infected SCID mice. Although we did not actively immunize mice with 
rVsp1 to assess protection, we did observe direct killing in vitro by Abs derived from 
rabbits actively immunized with rVsp1, and further studies should aim to identify the 
potential of recombinant B. miyamotoi Vmps in inducing protective immunity. 

In conclusion, although we are only just beginning to understand the biology of B. 
miyamotoi and the (immuno)pathogenesis of HTBRF, in the present study we show 
that B. miyamotoi is able to express various Vmps to evade host humoral immune 
responses. The findings presented in this study provide the basis for future research 
on additional Vmps in B. miyamotoi and the scientific impetus to explore the clinical 
utility of a combined Vmps-based serological test for early detection of HTBRF. 
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Chapter 10
Summary and general discussion

Tick-host-Borrelia interaction: Implications for host 

immunity and vaccination strategies
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P art i of this thesis focuses on novel candidates and vaccination strategies 
to prevent Lyme borreliosis. There are various possibilities to prevent Lyme 
borreliosis in individual humans such as personal protection, antibiotic 

prophylaxis after a tick bite, or vaccination. While protective measures such as 
the use of adequate clothing during outside activities, the use of insect repellant 
and to check for ticks after visiting tick-infested areas are advised, they obviously 
are not sufficiently effective: over one million people are yearly bitten by ticks in 
The Netherlands, and the incidence of Lyme borreliosis is rising despite increased 
awareness103,111. The potential effects of antibiotic profylaxis after a tick bite are 
promising, yet prophylaxis has a high number-needed-to-treat, potential side-effects 
and does not fit well with the restrictive antibiotic policy we have in the Netherlands112. 
Moreover, many Lyme borreliosis patients do not recall a tick bite and disease could 
not have been prevented by antibiotic prophylaxis in those cases113. Vaccination 
against Lyme borreliosis therefore could be an important preventive measure in 
high-risk populations. A recombinant OspA-based vaccine was available for human 
use for four years, however it was taken off the market for various reasons40, one 
of which being a need for boosters. Other vaccination candidates and techniques 
should therefore be explored. 

OspC antibody responses are highly important for B. burgdorferi s.l. clearance42,72. 
Chapter 2 focuses on a novel vaccination technique that uses a tattoo needle to 
apply an OspC-based DNA vaccine in a rapid prime-boost schedule. Previously, 
this technique was demonstrated to induce a superior cellular immune response 
compared to intramuscular DNA vaccination, accomplishing effective protective 
immunity against Influenza infection and HPV-mediated skin tumors, but it was not 
yet tested against bacteria71. We found this technique to work very efficiently against 
B. afzelii PKo, a European B. burgdorferi s.l. isolate. Interestingly, this technique 
elicited strong antibody responses with preferable IgG subtype distribution 
compared to recombinant protein vaccination, and full protection against B. afzelii 
needle inoculation. This could extend the application of this technique beyond viral 
or oncological targets, and future studies should elucidate its potential against other 
extracellular bacteria and in settings where rapid induction of immunity is required. 
Another vaccination strategy to prevent Lyme borreliosis (as well as other tick-
borne diseases) is to target the vector. In Western Europe, I. ricinus ticks transmit 
B. burgdorferi s.l. to humans via saliva that is inserted into the skin by a bite that 
lasts several days. Although still under debate, it is believed that B. burgdorferi 
s.l. is usually transmitted after the tick has bitten at least 24-48 hours, because 
the spirochetes need to migrate from the tick midgut to its salivary glands before 
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entering the saliva4,114. Indeed, human infection was found to occur more often after 
72 hours of tick attachment115. Via several different mechanisms, vaccines directed 
against tick salivary proteins are thought to inhibit transmission of B. burgdorferi 
s.l. as well as other tick-borne pathogens: transmission could be inhibited by 
impairment of tick feeding and early tick detachment, while a hostile environment 
for pathogens can be created at the bite site by antibody-mediated inhibition of 
immunosuppressive or anticoagulant tick saliva proteins and by induction of a local 
hypersensitivity response. Indeed, both immunization with tick saliva extract as 
well as immunization using repeated tick infestations in guinea pigs and rabbits can 
induce early tick detachment and diminished Borrelia burgdorferi transmission55, 116. 
Another approach is to target vaccines against the tick midgut, thus disrupting the 
tick from the inside when it feeds on an immune host. This approach has been very 
successful in preventing bovine babesiosis in cows, and commercial vaccines based 
on the Rhipicephalus microplus midgut protein Bm86 have successfully entered the 
market. These vaccines impaired tick feeding and reproduction, leading to a dramatic 
decrease in cattle mortality by bovine babesiosis and also in a reduction in the use 
of acaricides by farmers117, 118. In chapter 3 we describes a vaccine against an I.ricinus 
Bm86 homologue, entitled Ir-86. Despite the efficiency observed against R. microplus, 
feeding and oviproduction of I. ricinus adults were not affected by Ir-86 vaccination 
in rabbits. A plausible explanation for this observation is that R. microplus are one-
host ticks, feeding on the same vaccinated cow several times during their life-cycle; I. 
ricinus ticks only bite the same host one time during their life cycle, and are thus only 
exposed to host antibodies during one bloodmeal. However, we did not investigate 
the effect of these vaccines on Borrelia transmission, which should be a subject for 
further investigation. 

To understand how Ixodes ticks can remain attached for days and how they help 
pathogens to evade the host immune response at the bite site, one should identify 
individual immunosuppressive tick salivary proteins. Previously, a tick salivary lectin 
pathway inhibitor (TSLPI) in I. scapularis was found to inhibit complement-mediated 
killing of B. burgdorferi, to play a role in the transmission of B. burgdorferi s.s. from I. 
scapularis ticks to mice and to be important in the acquisition of B. burgdorferi s.s 
by larval I. scapularis ticks. Moreover, silencing of TSLPI and passive immunization 
with anti-TSLPI antibodies reduced B. burgdorferi s.s. loads in mice after infection 
by I. scapularis tick63. In chapter 4, the discovery and function of an I. ricinus TSLPI 
homologous protein is described. We demonstrate that I. ricinus TSLPI clustered 
within a larger family of Ixodes salivary proteins, and that this protein reduced 
MBL-dependent C4 deposition and inhibits human complement-mediated killing 
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of (intermediate) complement-sensitive B. burgdorferi s.l. isolates. I. ricinus TSLPI is 
upregulated in the tick salivary glands during feeding, and seems to be implicated in 
the transmission of B. burgdorferi s.l. to humans at the bite site. 

In part ii of this thesis, a “new” Borrelia species is introduced, desiginated Borrelia 
miyamotoi. Although the presence of B. miyamotoi in Ixodes ticks has been 
acknowledged for decades, its pathogenicity in humans was only discovered in 2011, 
when B. miyamotoi-infected patients in Russia were discovered to experience viral-
like illness accompanied by high fevers, sometimes with a relapsing disease pattern. 
Interestingly, the discovery of this novel infectious disease was made in a “reverse 
order”: instead of searching for a pathogen to match a clinical syndrome, in this case 
the presence of the pathogen in its vector was established first, followed by a search 
for human disease correlates119.  Chapter 5 of this thesis is a literature review on 
Borrelia miyamotoi. It describes that B. miyamotoi is a relapsing fever spirochete 
that is present in the same tick species and –populations as Borrelia burgdorferi 
s.l., but exerts completely different pathogenesis and clinical manifestations. While 
B. burgdorferi mainly infects host tissues, relapsing fever spirochetes replicate in 
the blood stream, leading to a febrile viral-like illness designated hard tick-borne 
relapsing fever (HTBRF). Due to very limited research on B. miyamotoi and a lack 
of awareness among clinicians, B. miyamotoi is currently rarely diagnosed, and the 
incidence and implications of infection are still unclear. We found that B. miyamotoi 
is present in around 2% of Ixodes ticks across the northern hemisphere, with higher 
infection prevalences in regions with a higher prevalence of B. burgdorferi s.l. A recent 
study showed a transmission efficiency to humans of approximately 8% (by infected 
I. persulcatus adults)99, suggesting a substantial exposure of humans at a population 
level: In The Netherlands alone, over one million people are annually bitten by I. 
ricinus ticks120. Theoretically therefore, well over a thousand humans could be yearly 
exposed to B. miyamotoi in the Netherlands, although this would not necessarily 
lead to clinical manifestations in all cases. Interestingly, B. miyamotoi is vertically 
transmitted from adult ticks to their larval offspring (unlike B. burgdorferi s.l.), and 
indeed we found that Dutch I.ricinus larvae can infect mice with B. miyamotoi27. If B. 
miyamotoi is transmitted to humans by larvae, these bites are likely to be missed, 
and these patients might frequently present with a summertime fever without 
any history of tick bite. This, combined with a lack of widely available (clinically 
validated) diagnostic tests make HTBRF an infection that is hard to diagnose at the 
moment, and because antibiotics prescribed for presumed Lyme borreliosis will also 
clear HTBRF, HTBRF is easily mistaken for Lyme borreliosis. This was also the case 
for the Dutch patient that we diagnosed with HTBRF, as is described in Chapter 6. 
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This immunocompromised patient presented with a chronic meningoencephalitis, 
and was initially diagnosed to have a possible Lyme neuroborreliosis. However, 
we retrospectively diagnosed the patient with B. miyamotoi infection by a PCR on 
spinal fluid. This discovery instigated further research efforts, which are described in 
chapters 7 to 9. 

Chapter 7 describes the detection of B. miyamotoi in Dutch ticks, rodents and birds. 
Furthermore, the absence of B. miyamotoi is described retrospectively in 31 skin 
biopsies from patients suspected of cutaneous Lyme borreliosis. While 9 biopsies 
were positive for B. burgdorferi s.l., none were positive for B. miyamotoi. These data 
support the notion that B. miyamotoi infection does not cause skin infections. Since 
B. miyamotoi incidence is estimated to be lower than for Lyme borreliosis, future 
studies should confirm this finding in larger patient cohorts. Hopefully, prospective 
studies can be conducted to assess HTBRF by PCR on blood in patients presenting 
with fever after a tick bite, in order to acquire an estimate of disease incidence and 
burden in The Netherlands. 

Our final goal was to gain insight into B. miyamotoi pathogenesis and to discover novel 
serologic markers for infection. Because B. miyamotoi was considered uncultivable, 
we first needed to optimize a culture medium and method to propagate B. miyamotoi 
spirochetes in vitro. After developing a new culture medium (designated MKP-F), we 
demonstrated that B. miyamotoi is resistant against human complement, which could 
facilitate human infection by the spirochete (chapter 8). In contrast, the relapsing 
fever spirochete Borrelia anserina was sensitive to human complement, suggesting 
that its lack of host adaptation to humans plays a role in the absence of human 
infections. Further collaborative studies are currently being performed to identify 
the protein(s) responsible for complement resistance in B. miyamotoi. Also, using 
our newly developed culture medium, we were able to isolate B. miyamotoi from 
human patients (unpublished), which should provide more insight into pathogenesis 
and further tools to improve serologic diagnosis.

Chapter 9 reveals the discovery of several variable major proteins (Vmps) that can be 
expressed by Borrelia miyamotoi. These immunodominant surface proteins comprise 
of variable small proteins (Vsps, which are homologues of B. burgdorferi s.l. OspC) 
or variable large proteins (Vlps, which are homologues of B. burgdorferi s.l. VlsE). 
At each time, relapsing fever spirochetes can only express one Vsp or Vlp, which 
can be switched by gene conversion, leading to a clinical relapsing fever pattern. 
For B. miyamotoi, we show that antibodies against Vsp1 eliminate Vsp1-expressing 
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spirochetes from the murine bloodstream. However, a small subpopulation 
expressing a Vlp is not eliminated by anti-Vsp1, leading to outgrowth of this particular 
serotype. This suggests a similar mechanism of antibody evasion by Vmp expression 
switching as was shown in other TBRF species. This mechanism is responsible for 
the clinical picture of relapsing febrile episodes, which was described in several 
human patients with HTBRF. Next, we showed that B. miyamotoi Vmps are highly 
immunogenic in humans, and we detected antibodies against Vsp1 or other Vmps 
in 6/9 acute HTBRF patients (compared to 5/9 when detecting GlpQ antibodies) 
tested 7 to 17 days after disease onset. Because of the strong, rapid and specific 
antibody responses elicited by Vmps (which are not expressed by B. burgdorferi s.l.), 
detecting antibodies against Vmps might aid in the early diagnosis of B. miyamotoi 
infection. Further studies should be performed to assess which Vmps (or peptides 
thereof) should be combined to optimize sensitivity. Due to cross-reactivity it might 
be possible to detect antibodies against most serotypes by combining representative 
Vmps from different subfamilies. These Vmp subfamilies could be determined from 
their homology to B. hermsii Vmp subfamilies α to δ121. 

To conclude, B. miyamotoi is a relapsing fever spirochete that is transmitted by the 
same ticks and in the same regions as B. burgdorferi s.l., and patients might have 
previously been under-diagnosed or misdiagnosed as having Lyme borreliosis. The 
use of specific serologic tests and the routine employment of B. miyamotoi PCR on 
blood in patients with risk of tick bites and unexplained summertime fever should 
help to identify more patients across the Northern hemisphere. It is important to 
acknowledge that a high fever with viral-like illness, elevated liver enzymes and 
thrombopenia within weeks after a tick bite should raise suspicion of HTBRF, or 
another tick-borne disease, rather than Lyme borreliosis.  
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Nederlandse samenvatting
 voor niet-ingewijden

Teek-gastheer-Borrelia interactie: 

Implicaties voor gastheer immuniteit 

en vaccinatiestrategieën
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D e ziekte van Lyme wordt veroorzaakt door een bacterie, Borrelia burgdorferi 
sensu lato, waaronder verschillende soorten vallen. In Nederland kan men 
bijvoorbeeld ziek worden van Borrelia burgdorferi sensu stricto, Borrelia 

afzelii en Borrelia garinii. Deze spirocheten zien er uit als kleine kurkentrekkers, en 
bevinden zich in de darm van Ixodes teken. Wanneer een teek bijt, verplaatsen de 
B. burgdorferi bacteriën zich naar de speekselklier van de teek en brengen ze een 
eiwit op hun oppervlak tot expressie dat Outer surface protein C (OspC) heet. Dit 
eiwit is nodig voor de volgende stap, waarbij B. burgdorferi via tekenspeeksel de huid 
binnenkomt en vanuit hier een infectie veroorzaakt. Meestal beperkt deze infectie 
zich tot de huid, waarbij een uitbreidende rode kring genaamd erythema migrans 
optreedt, maar soms worden ook de hersenen, het hart of de gewrichten aangedaan. 
In hoofdstuk 2 wordt beschreven hoe door middel van een nieuwe vaccinatietechniek 
(DNA tattoo) een afweerreactie in de muis wordt opgewekt die zich richt tegen OspC 
van de bacterie Borrelia afzelii. Door deze vaccinatiemethode is het mogelijk om snel 
en effectief te vaccineren tegen Lyme borreliose, en onze resultaten wijzen ook op de 
mogelijke toepassing tegen andere bacteriën. 

Hoofdstuk 3 behandelt een studie naar het gebruik van een vaccin tegen een eiwit 
in de tekendarm, met als doel om de voedingscapaciteit van de teek te remmen. Dit 
vaccin is gebaseerd op een vaccin dat op dit moment succesvol tegen een andere 
tekensoort wordt toegepast in koeien, maar we hebben gevonden dat dit niet werkt 
tegen Ixodes teken, die ziekten naar de mens overdragen. We hebben nog niet 
gekeken of er wel effect van het vaccin is op de overdracht van B. burgdorferi door 
de teek. 

In hoofdstuk 4 wordt de identificatie beschreven van een tekenspeekseleiwit (TSLPI) 
in de Europese teek Ixodes ricinus. TSLPI was eerder in de Amerikaanse Ixodes 
scapularis teek beschreven, en remt een onderdeel van het complement systeem. 
Het complement systeem is een deel van het immuunsysteem dat bestaat uit 
eiwitten die in een kettingreactie (o.a.) sommige Lyme bacterieën kunnen doden. De 
Europese teek blijkt eveneens in staat om met TSLPI, dat in het tekenspeeksel wordt 
aangemaakt tijdens de bloedmaaltijd, complement-gevoelige Lyme bacterieën tegen 
dit systeem te beschermen ter plaatse van de tekenbeet. 

Hoofdstuk 5 van dit proefschrift is een inleidend overzichtsartikel dat de literatuur 
over Borrelia miyamotoi samenvat en bespreekt. Daarnaast worden nieuwe 
inzichten en aanwijzingen voor verder onderzoek besproken. B. miyamotoi is een 
relapsing fever spirocheet die voorkomt in dezelfde tekensoort en –populaties als 
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B. burgdorferi s.l., echter met een compleet andere pathogenese en ziektebeeld. 
Terwijl B. burgdorferi zich in de weefsels bevindt, vermenigvuldigen relapsing fever 
spirocheten zich in de bloedbaan met een koortsend ziektebeeld tot gevolg. Pas in 
2011 zijn de eerste patienten met B. miyamotoi infectie beschreven, en het is nog 
onduidelijk hoe vaak deze ziekte voorkomt omdat de diagnostische mogelijkheden 
en de toepassing daarvan nog zeer beperkt zijn. 

In hoofdstuk 6 wordt de identificatie van de eerste Nederlandse (en West-Europese) 
patiënt met B. miyamotoi infectie beschreven. Deze patiënt, die op dat moment een 
slecht functionerend immuunsysteem had, presenteerde zich met een chronische 
infectie van het centraal zenuwstelsel. In eerste instantie werd gedacht aan de 
ziekte van Lyme. Echter, nadat een soortgelijke patient in de Verenigde Staten werd 
beschreven werd gedacht aan Borrelia miyamotoi als veroorzaker, en konden we met 
behulp van microscopie en vermenigvuldiging van het DNA de aanwezigheid van B. 
miyamotoi in de hersenvloeistof aantonen. 

In hoofdstuk 7 worden teken, wilde dieren en huidbiopten van patiënten  onderzocht 
op de aanwezigheid van B. miyamotoi DNA. Zowel in Nederlandse teken als in 
knaagdieren en vogels werd B. miyamotoi aangetoond. In 31 huidbiopten van 
patiënten verdacht voor cutane Lyme borreliose werd in 9 gevallen B. burgdorferi s.l. 
aangetoond, maar geen B. miyamotoi. Deze data draagt bij aan de hypothese dat B. 
miyamotoi infectie zich anders manifesteert dan Lyme borreliose. 

In hoofdstuk 8 wordt voor het eerst de ontwikkeling van een groeimedium beschreven 
waarin B. miyamotoi kan worden gekweekt. Het opgroeien van deze bacterie maakt 
het onder andere mogelijk om in vitro onderzoek te doen. Als eerste aanzet hiertoe 
beschrijven we dat B. miyamotoi resistent is tegen humaan complement, wat haar 
aanwezigheid in de menselijke bloedbaan faciliteert.  

Hoofdstuk 9 beschrijft tenslotte de expressie van Variable major proteins (Vmps) door 
Borrelia miyamotoi. Dit zijn immunogene oppervlakte eiwitten waarvan relapsing 
fever spirocheten de expressie kunnen verwisselen, wat voor het fenotypisch beeld 
van tick-borne relapsing fever leidt. Inderdaad blijken antistoffen tegen één van deze 
Vmps (Variable small protein 1; Vsp1) de bacterie uit de bloedbaan van de muis te 
kunnen elimineren. Van volledige eliminatie bleek geen sprake doordat een kleine 
subpopulatie die een andere Vmp tot expressie bracht niet door Vsp1 antistoffen 
werd gedood. Dit bevestigt de rol van Vmps in het ontwijken van de antistofrespons 
door B. miyamotoi, en het klinisch beeld van relapsing fever dat inderdaad in enkele 
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patiënten is beschreven. In mensen blijken de Vmps ook immunogeen, en in Russische 
patiënten die geïnfecteerd zijn met B. miyamotoi worden al snel na infectie antistoffen 
tegen verschillende Vmps aangetoond. Gezien de sterke antistofresponsen en de 
variëteit aan Vmps speculeren we dat een combinatie van (delen van) Vmps gebruikt 
zou kunnen worden om infectie te diagnosticeren.  
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