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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.

e Central nervous system involvement has been described in twoimmunocompromised
patients.

* More information on the public health burden and validated diagnostic tools
are required.



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 symptoms*?,

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 spirochetes®. 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
Africa*®. 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 pathogen’. 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
clades®'t, The B. burgdorferi s.|. 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 complex®*4, 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 complex!®>. 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 Japan?t. 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.1”°. Recent
phylogenetic analysis revealed genetic differences between the Asian, American, and
European B. miyamotoi isolates®®. 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).



A % Borrelia (vector) Disease

—? [B. burgdorferi s.|. (ixodes)] Lyme borreliosis]
B. turcica (Hyalomma) -

Flagellin -I B. recurrentis (Pediculus)  Louse-borne relapsing fever

B. duttonii (Ornithodoros)  Tick-borne relapsing fever

B. crocidurae (Omithodoros) Tick-borne relapsing fever

 ———— B. miyamotoi (Ixodes) Acute febrile illness
B. theileri (Rhipicephalus) Bovine borreliosis
E B. lonestari (Amblyomma) Southern tick-associated rash iliness

B. hermsii (Ornithodoros)  Tick-borne relapsing fever

B. anserina (Argas) Avian spirochaetosis
B 2% B. miyamotoi detected in:
FJ940729  Ixodes persulcatus (Russia) LN
_f GQ253924 Homo sapiens (Russia) B
AY368276  Apodemus argenteus (Japan) S
ABB824855 Ixodes ricinus (Netherlands) ©
_l <
G'pc AB824730 Homo sapiens (Netherlands) (@)
—  AN922996  Ixodes scapularis (USA)
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 (/xodes) 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)’*2'42%, |n total, 1.8% of the described
individual questing Ixodes ticks were infected, with the highest prevalence in I
persulcatus (3.6%), followed by . scapularis (2.0%) and . 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 infected'?. 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%%°#’. 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 spirochetemia®®=3. 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 subjects®, and only a small proportion
of identified ticks feeding on humans were larvae?* 2”5, 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 hosts*,
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



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.I.}*. 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 rodents®. 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 nature3®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.I. genospecies, which
are transmitted by various Ixodes ticks®’. 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 debate®’>8,
Various studies have described the prevalence of B. miyamotoi and B. burgdorferi s.|.
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 ticks!. Interestingly, however, there appears to be a correlation
between the infection rate of B. miyamotoi and the infection rate of B. burgdorferis.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.I. 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.|.- 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 (Cl) 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 variation*®. 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)*%>%8  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 spirochete.



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)*. 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. miyamotoi®*®2. 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 EM®.6366,
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.I.¥. 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 skin®”8, By contrast, some relapsing fever spirochetes are
transmitted within seconds because they are already present in the salivary glands
of questing (soft) ticks®. 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%)7°7¢. 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 spirochetes*® 77: 78, However, it is not specific for B. miyamotoi because
homologs are present in other relapsing fever spirochetes’®’°. 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)8%,

Table 1. Human Borrelia miyamotoi seroprevalence in several risk groups
Patients

Healthy evaluated for Patients with viral-like Suspected HGA,
population in suspected Lyme Patients with Lyme illness in Spring—late Forestry serologically
endemic areas borreliosis borreliosis Summer’ workers unconfirmed Refs
6/584 (1.0%) 9/277 (3.2%) 3/14 (21%)

(80]
25/639 (3.9%) Acute Lyme borreliosis:  8/221 (3.6%)

19/194 (9.8%)
[81]

3/150 (2%) Lyme  neuroborreliosis: 12/120 19/130 (14.6%);

4/54 (7.4%) (10.0%)
[82]

a. Without signs of upper respiratory tract infection and/or gastroenteritis.

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.
burgdorferi®®®. 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 donors®2. 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



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 disease®?

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 infection’. 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 iliness’,
have been described in several patients that seroconverted to the GlpQ antigen in a
study in the USA and in a patient in Japan®®. 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 treatment’.
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 Russia®’'’. 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. burgdorferis.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. burgdorferi®'. Two patients with B. miyamotoi infection in Japan also
presented with EM and were positive on western blot for multiple B. burgdorferi s.l.
antigens®. In Europe, acute Lyme borreliosis is infrequently accompanied by
nonspecific febrile iliness: 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.|.
genospecies®. 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 fever™®

Common presentation and Preferred
Disease Pathogen Tick vector Global spread laboratory findings tr
Bacterial
Borrelia (Relapsing) nonspecific febrile
miyamotoi Borrelia North America, iliness, leukopenia, Doxycycline/
disease miyamotoi Ixodes spp. Europe, Asia thrombocytopenia, AST/ALT ceftriaxone
Borrelia
crocidurae,
Borrelia duttonii, (Relapsing) nonspecific febrile
Borrelia hermsii, iliness, confusion, photophobia,
Borrelia persica, North America, eye pain, rash, abdominal pain,
Borrelia parkeri, Africa, Asia, hepatosplenomegaly, jaundice, Doxycycline/
TBRF Borrelia turicatae Ornithodoros spp. Europe thrombocytopenia, anemia ceftriaxone
Nonspecific febrile illness,
A North America, leukopenia, thrombocytopenia,
HGA phagocytophilum Ixodes spp. Europe, Asia AST/ALT Doxycycline
Nonspecific febrile iliness, rash,
meningoencephalitis,leukopenia,
Amblyomma thrombocytopenia, hyponatremia,
HME E. chaffeensis americanum North America AST/ALT Doxycycline
EM, nonspecific symptoms with or
without (low-grade) fever.
Disseminated disease: multiple EM,
arthritis, meningoradiculitis,
myocarditis, ACA, Borrelia
Lyme North America, lymphocytoma. The presentation Doxycycline/
borreliosis B. burgdorferi s.1. Ixodes spp. Europe, Asia differs between Eurasia and the USA ceftriaxone
Rickettsia conorii,
Rickettsia
rickettsii, Depends on species. Mostly eschar,
Rickettsia africae, maculopapular rash,
Rickettsia slovaca, Depends on Rickettsia lymphadenopathy, nonspecific
Rickettsioses etc. species Worldwide febrile illness Doxycycline
A. americanum, Ulcer,lymphadenopathy,
Dermacentor variabilis, North pharyngitis, conjunctivitis, atypical
Francisella Dermacentor America,Europe, pneumonia, nonspecific febrile Streptomycin/
Tularemia tularensis andersonii,Ixodes ricinus Asia illness gentamycin
Parasitic
Nonspecific febrile illness, hepato-
/splenomegaly, jaundice,
North petechiae, ecchymosis, hemolytic
Babesia microti, Ixodes scapularis, I. America,Europe anemia, leukopenia, Atovaquone &
Babesiosis Babesia divergens ricinus thrombocytopenia, AST/ALTT azithromycinC
Viral
Tick-borne I. ricinus, Ixodes Nonspecific febrile illness followed
encephalitis TBEV (flavivirus) persulcatus Europe, Asia by meningo-/encephalitis, myelitis, Supportive
Hypotension, conjunctivitis,
nonspecific febrile illness,
progressive hemorrhagic diathesis,
DIC, anemia, leukopenia, Supportive,
CCHFV thrombocytopenia, (A)PTT 1, potentially
CCHF (bunyavirus) Hyalomma spp. Africa, Eurasia AST/ALT ™ ribavirin

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 leukopenia®®. This clinical presentation seems common in

the patients currently described to be infected with B. miyamotoi (Table 3).

Table 3. Clinical presentation of patients infected with Borrelia miyamotoi”

Detection
Patient teristics methods Lab findings Therapy Refs
Fever (5/5
patients); EM
(4/5); headache,
neck stiffness,
fatigue, malaise,
arthralgia,
abdominal pain,
cough, sore Doxycycline 7-14
throat, inguinal GlpQELISA; days (four patients),
Five symptomatic patients with lymphadenopathy GlpQ western No information amoxicillin/clavulanic
seroconversion, USA (1/5) blot available acid (one patient) [80, 81]
Fever, chills,
headache,
photophobia, Thrombocytopenia,
myalgia, leukopenia, Doxycycline 2 x 100
arthralgia, elevated AST/ALT mg IV 4 days, 2 x
61-year-old man, USA anorexia PCR and CPK 100 mg oral 2 weeks [85]
Fever, chills, Thrombocytopenia,
malaise, fatigue, leukopenia, Doxycycline 2 x 200
dyspnea, anorexia, anemia, elevated mg IV 2 days, 2 x
87-year-old man, USA stiffness PCR AST/ALT 100 mg oral 2 weeks [85]
Fever (45/46);
fatigue (45/46); Ceftriaxone 2 g1V 2
headache (41/46); weeks (43/46),
myalgia (27/46); doxycycline 2 x 100
46 patients suspected to have tick-borne chills (16/46); Proteinuria, mg oral 2 weeks
disease (admitted to a hospital), Russia nausea (14/46); PCR elevated AST/ALT (3/46) [7]
Elevated AST/ALT
Fever, myalgia, PCR; GIpQ and CPK, Minocycline 100 mg
72-year-old woman, Japan anorexia, EM western blot leukopenia 5 days [83]
Ceftriaxone 1 g IV 7
No information days, followed by
37-year-old man, Japan Fever, EM PCR available unknown antibiotic [83]
Slow cognitive PCR (CSF and
processing, blood); dark-
70-year-old immunocompromised man, memory deficits, field microscopy CSF: pleocytosis, Ceftriaxone, 2gIV2
The Netherlands disturbed gait (CSF) elevated protein weeks [46]
Progressive decline
in mental state,
confusion, social
withdrawal,
disturbed gait, PCR (CSF); (dark- Ceftriaxone, 2g1V,
81-year-old immunocompromised hearing difficulty, field) microscopy CSF: pleocytosis, switch to penicillin IV
woman, USA weight loss (CSF) elevated protein 1 month [86]

Abbreviations: AST, aspartate transaminase; ALT, alanine transaminase; CRP, C-reactive protein; IV, intravenous.
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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 months*2, 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 mice®’.
However, more recently, culture media based on modified Kelly-Pettenkofer medium
were shown to successfully propagate the spirochete and might accelerate research
into diagnostic modalities®.

Relapsing fever can be diagnosed by PCR on blood during acute infection”®. A PCR on
CSF was also positive in both cases of B. miyamotoi-induced meningoencephalitis®¢,
Most PCRs performed on human or tick samples amplify and sequence the glpQgene,
flagellin gene, the 16S rRNA gene, or the 55-16/23S 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 fever®®. When patients present after the initial fever has subsided
and the sensitivity of PCR might further decrease, serology could be used to diagnose B.
miyamotoiinfection, 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 Russia’. 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.
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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.

ACKNOWLEDGEMENTS

We would like to thank Sukanya Narasimhan and Lauren Mason for their feedback
on the manuscript.



REFERENCES

1. Tibbles CD, Edlow JA. Does this patient have erythema migrans? Jama. 2007;297(23):2617-27.

2. Joseph JT, Roy SS, Shams N, Visintainer P, Nadelman RB, Hosur S, et al. Babesiosis in Lower Hudson
Valley, New York, USA. Emerging infectious diseases. 2011;17(5):843-7.

3. Rebaudet S, Parola P. Epidemiology of relapsing fever borreliosis in Europe. FEMS immunology and
medical microbiology. 2006;48(1):11-5.

4. Vial L, Diatta G, Tall A, Ba el H, Bouganali H, Durand P, et al. Incidence of tick-borne relapsing fever in
west Africa: longitudinal study. Lancet. 2006;368(9529):37-43.

5. Dworkin MS, Shoemaker PC, Fritz CL, Dowell ME, Anderson DE, Jr. The epidemiology of tick-borne relapsing
fever in the United States. The American journal of tropical medicine and hygiene. 2002;66(6):753-8.

6. Sarih M, Garnier M, Boudebouch N, Bouattour A, Rihani A, Hassar M, et al. Borrelia hispanica relapsing
fever, Morocco. Emerging infectious diseases. 2009;15(10):1626-9.

7. Platonov AE, Karan LS, Kolyasnikova NM, Makhneva NA, Toporkova MG, Maleev VV, et al. Humans
infected with relapsing fever spirochete Borrelia miyamotoi, Russia. Emerging infectious diseases.
2011;17(10):1816-23.

8. Wang G, van Dam AP, Schwartz |, Dankert J. Molecular typing of Borrelia burgdorferi sensu lato:
taxonomic, epidemiological, and clinical implications. Clinical microbiology reviews. 1999;12(4):633-53.

9. Barbour AG. Phylogeny of a relapsing fever Borrelia species transmitted by the hard tick Ixodes
scapularis. Infection, genetics and evolution : journal of molecular epidemiology and evolutionary
genetics in infectious diseases. 2014;27:551-8.

10. Gupta RS, Mahmood S, Adeolu M. A phylogenomic and molecular signature based approach for
characterization of the phylum Spirochaetes and its major clades: proposal for a taxonomic revision of
the phylum. Frontiers in microbiology. 2013;4:217.

11. Adeolu M, Gupta RS. A phylogenomic and molecular marker based proposal for the division of the
genus Borrelia into two genera: the emended genus Borrelia containing only the members of the
relapsing fever Borrelia, and the genus Borreliella gen. nov. containing the members of the Lyme disease
Borrelia (Borrelia burgdorferi sensu lato complex). Antonie van Leeuwenhoek. 2014;105(6):1049-72.

12. Scoles GA, Papero M, Beati L, Fish D. A relapsing fever group spirochete transmitted by Ixodes
scapularis ticks. Vector borne and zoonotic diseases. 2001;1(1):21-34.

13. Elbir H, Abi-Rached L, Pontarotti P, Yoosuf N, Drancourt M. African relapsing Fever borreliae
genomospecies revealed by comparative genomics. Frontiers in public health. 2014;2:43.

14. Barbour AG, Bunikis J, Travinsky B, Hoen AG, Diuk-Wasser MA, Fish D, et al. Niche partitioning of
Borrelia burgdorferi and Borrelia miyamotoi in the same tick vector and mammalian reservoir species.
The American journal of tropical medicine and hygiene. 2009;81(6):1120-31.

15. Takano A, Fujita H, Kadosaka T, Konnai S, Tajima T, Watanabe H, et al. Characterization of reptile-
associated Borrelia sp. in the vector tick, Amblyomma geoemydae, and its association with Lyme
disease and relapsing fever Borrelia spp. Environmental microbiology reports. 2011;3(5):632-7.

16. Fukunaga M, Takahashi Y, Tsuruta Y, Matsushita O, Ralph D, McClelland M, et al. Genetic and
phenotypic analysis of Borrelia miyamotoi sp. nov., isolated from the ixodid tick Ixodes persulcatus, the
vector for Lyme disease in Japan. International journal of systematic bacteriology. 1995;45(4):804-10.

17. Stanek G, Wormser GP, Gray J, Strle F. Lyme borreliosis. Lancet. 2012;379(9814):461-73.

18. Anderson JF. Epizootiology of Borrelia in Ixodes tick vectors and reservoir hosts. Reviews of infectious
diseases. 1989;11 Suppl 6:51451-9.

Chapter 5

Borrelia miyamotoi: a widespread relapsing fever spirochete

91




92

19. Estrada-Pena A, Jongejan F. Ticks feeding on humans: a review of records on human-biting Ixodoidea
with special reference to pathogen transmission. Experimental & applied acarology. 1999;23(9):685-
715.

20. Hansford KM, Fonville M, Jahfari S, Sprong H, Medlock JM. Borrelia miyamotoi in host-seeking Ixodes
ricinus ticks in England. Epidemiology and infection. 2014;Jul 14 [Epub ahead of print]:1-9.

21. Wodecka B, Rymaszewska A, Skotarczak B. Host and pathogen DNA identification in blood meals
of nymphal Ixodes ricinus ticks from forest parks and rural forests of Poland. Experimental & applied
acarology. 2014;62(4):543-55.

22. Dibernardo A, Cote T, Ogden NH, Lindsay LR. The prevalence of Borrelia miyamotoi infection, and co-
infections with other Borrelia spp. in Ixodes scapularis ticks collected in Canada. Parasites & vectors.
2014;7:183.

23. Burri C, Schumann O, Schumann C, Gern L. Are Apodemus spp. mice and Myodes glareolus reservoirs
for Borrelia miyamotoi, Candidatus Neoehrlichia mikurensis, Rickettsia helvetica, R. monacensis and
Anaplasma phagocytophilum? Ticks and tick-borne diseases. 2014;5(3):245-51.

24. Wilhelmsson P, Lindblom P, Fryland L, Nyman D, Jaenson TG, Forsberg P, et al. Ixodes ricinus ticks
removed from humans in Northern Europe: seasonal pattern of infestation, attachment sites and
duration of feeding. Parasites & vectors. 2013;6:362.

25. Lane RS, Fedorova N, Kleinjan JE, Maxwell M. Eco-epidemiological factors contributing to the low
risk of human exposure to ixodid tick-borne borreliae in southern California, USA. Ticks and tick-borne
diseases. 2013;4(5):377-85.

26. Geller J, Nazarova L, Katargina O, Golovljova I. Borrelia burgdorferi sensu lato prevalence in tick
populations in Estonia. Parasites & vectors. 2013;6:202.

27. Fonville M, Friesema IH, Hengeveld PD, Docters van Leeuwen A, Jahfari S, Harms MG, et al. Human
exposure to tickborne relapsing fever spirochete Borrelia miyamotoi, the Netherlands. Emerging
infectious diseases. 2014;20(7):1244-5.

28. Subramanian G, Sekeyova Z, Raoult D, Mediannikov O. Multiple tick-associated bacteria in Ixodes
ricinus from Slovakia. Ticks and tick-borne diseases. 2012;3(5-6):406-10.

29.Rosen ME, Hamer SA, Gerhardt RR, Jones CJ, Muller LI, Scott MC, et al. Borrelia burgdorferi not detected
in widespread Ixodes scapularis (Acari: Ixodidae) collected from white-tailed deer in Tennessee. Journal
of medical entomology. 2012;49(6):1473-80.

30. Richter D, Debski A, Hubalek Z, Matuschka FR. Absence of Lyme disease spirochetes in larval Ixodes
ricinus ticks. Vector borne and zoonotic diseases. 2012;12(1):21-7.

31. Lommano E, Bertaiola L, Dupasquier C, Gern L. Infections and coinfections of questing Ixodes ricinus
ticks by emerging zoonotic pathogens in Western Switzerland. Applied and environmental microbiology.
2012;78(13):4606-12.

32. Hamer SA, Hickling GJ, Keith R, Sidge JL, Walker ED, Tsao JI. Associations of passerine birds, rabbits,
and ticks with Borrelia miyamotoi and Borrelia andersonii in Michigan, U.S.A. Parasites & vectors.
2012;5:231.

33. Wodecka B, Leonska A, Skotarczak B. A comparative analysis of molecular markers for the detection
and identification of Borrelia spirochaetes in Ixodes ricinus. Journal of medical microbiology. 2010;59(Pt
3):309-14.

34. Wilhelmsson P, Fryland L, Borjesson S, Nordgren J, Bergstrom S, Ernerudh J, et al. Prevalence and
diversity of Borrelia species in ticks that have bitten humans in Sweden. Journal of clinical microbiology.
2010;48(11):4169-76.

35. Tokarz R, Jain K, Bennett A, Briese T, Lipkin WI. Assessment of polymicrobial infections in ticks in New
York state. Vector borne and zoonotic diseases. 2010;10(3):217-21.



36. Scott MC, Rosen ME, Hamer SA, Baker E, Edwards H, Crowder C, et al. High-prevalence Borrelia
miyamotoi infection among wild turkeys (Meleagris gallopavo) in Tennessee. Journal of medical
entomology. 2010;47(6):1238-42.

37. Richter D, Matuschka FR. Elimination of Lyme disease spirochetes from ticks feeding on domestic
ruminants. Applied and environmental microbiology. 2010;76(22):7650-2.

38. Hoen AG, Rollend LG, Papero MA, Carroll JF, Daniels TJ, Mather TN, et al. Effects of tick control by
acaricide self-treatment of white-tailed deer on host-seeking tick infection prevalence and entomologic
risk for Ixodes scapularis-borne pathogens. Vector borne and zoonotic diseases. 2009;9(4):431-8.

39. Fomenko NV, Livanova NN, Chernousova NY. Diversity of Borrelia burgdorferi sensu lato in natural foci
of Novosibirsk region. Int ] Med Microbiol. 2008;298:139-48.

40. Richter D, Matuschka FR. Modulatory effect of cattle on risk for Lyme disease. Emerging infectious
diseases. 2006;12(12):1919-23.

41. Mun J, Eisen RJ, Eisen L, Lane RS. Detection of a Borrelia miyamotoi sensu lato relapsing-fever group
spirochete from Ixodes pacificus in California. Journal of medical entomology. 2006;43(1):120-3.

42. Comstedt P, Bergstrom S, Olsen B, Garpmo U, Marjavaara L, Mejlon H, et al. Migratory passerine birds
as reservoirs of Lyme borreliosis in Europe. Emerging infectious diseases. 2006;12(7):1087-95.

43, Ullmann AJ, Gabitzsch ES, Schulze TL, Zeidner NS, Piesman J. Three multiplex assays for detection of
Borrelia burgdorferi sensu lato and Borrelia miyamotoi sensu lato in field-collected Ixodes nymphs in
North America. Journal of medical entomology. 2005;42(6):1057-62.

44, Richter D, Schlee DB, Matuschka FR. Relapsing fever-like spirochetes infecting European vector tick of
Lyme disease agent. Emerging infectious diseases. 2003;9(6):697-701.

45, Fraenkel CJ, Garpmo U, Berglund J. Determination of novel Borrelia genospecies in Swedish Ixodes
ricinus ticks. Journal of clinical microbiology. 2002;40(9):3308-12.

46. Hovius JW, de Wever B, Sohne M, Brouwer MC, Coumou J, Wagemakers A, et al. A case of
meningoencephalitis by the relapsing fever spirochaete Borrelia miyamotoi in Europe. Lancet.
2013;382(9892):658.

47. Rollend L, Fish D, Childs JE. Transovarial transmission of Borrelia spirochetes by Ixodes scapularis: a
summary of the literature and recent observations. Ticks and tick-borne diseases. 2013;4(1-2):46-51.

48. Zhioua E, Aeschlimann A, Gern L. Infection of field-collected Ixodes ricinus (Acari: Ixodidae) larvae
with Borrelia burgdorferi in Switzerland. Journal of medical entomology. 1994;31(5):763-6.

49, Toutoungi LN, Gern L. Ability of transovarially and subsequent transstadially infected Ixodes hexagonus
ticks to maintain and transmit Borrelia burgdorferi in the laboratory. Experimental & applied acarology.
1993;17(8):581-6.

50. Magnarelli LA, Anderson JF, Fish D. Transovarial transmission of Borrelia burgdorferi in Ixodes dammini
(Acari:Ixodidae). The Journal of infectious diseases. 1987;156(1):234-6.

51. Lane RS, Burgdorfer W. Transovarial and transstadial passage of Borrelia burgdorferi in the western
black-legged tick, Ixodes pacificus (Acari: Ixodidae). The American journal of tropical medicine and
hygiene. 1987;37(1):188-92.

52. Rijpkema S, Nieuwenhuijs J, Franssen FF, Jongejan F. Infection rates of Borrelia burgdorferi in different
instars of Ixodes ricinus ticks from the Dutch North Sea Island of Ameland. Experimental & applied
acarology. 1994;18(9):531-42.

53. Stanek G, Burger |, Hirschl A, Wewalka G, Radda A. Borrelia transfer by ticks during their life cycle.
Studies on laboratory animals. Zentralblatt fur Bakteriologie, Mikrobiologie, und Hygiene Series A,
Medical microbiology, infectious diseases, virology, parasitology. 1986;263(1-2):29-33.

Chapter 5

Borrelia miyamotoi: a widespread relapsing fever spirochete

93




94

54. Marques A, Telford SR, 3rd, Turk SP, Chung E, Williams C, Dardick K, et al. Xenodiagnosis to detect
Borrelia burgdorferi infection: a first-in-human study. Clinical infectious diseases : an official publication
of the Infectious Diseases Society of America. 2014;58(7):937-45.

55. Hubalek Z, Halouzka J, Juricova Z. Borreliae in Ixodes ricinus ticks feeding on humans. Medical and
veterinary entomology. 2004;18(3):228-31.

56. Taylor KR, Takano A, Konnai S, Shimozuru M, Kawabata H, Tsubota T. Borrelia miyamotoi infections
among wild rodents show age and month independence and correlation with Ixodes persulcatus larval
attachment in Hokkaido, Japan. Vector borne and zoonotic diseases. 2013;13(2):92-7.

57. Franke J, Hildebrandt A, Dorn W. Exploring gaps in our knowledge on Lyme borreliosis spirochaetes--
updates on complex heterogeneity, ecology, and pathogenicity. Ticks and tick-borne diseases. 2013;4(1-
2):11-25.

58. Medlock JM, Hansford KM, Bormane A, Derdakova M, Estrada-Pena A, George JC, et al. Driving forces
for changes in geographical distribution of Ixodes ricinus ticks in Europe. Parasites & vectors. 2013;6:1.

59. Kurtenbach K, Hanincova K, Tsao JI, Margos G, Fish D, Ogden NH. Fundamental processes in the
evolutionary ecology of Lyme borreliosis. Nature reviews Microbiology. 2006;4(9):660-9.

60. Cosson JF, Michelet L, Chotte J, Le Naour E, Cote M, Devillers E, et al. Genetic characterization of the
human relapsing fever spirochete Borrelia miyamotoi in vectors and animal reservoirs of Lyme disease
spirochetes in France. Parasites & vectors. 2014;7(1):233.

61. Hofhuis A, Herremans T, Notermans DW, Sprong H, Fonville M, van der Giessen JW, et al. A prospective
study among patients presenting at the general practitioner with a tick bite or erythema migrans in The
Netherlands. PloS one. 2013;8(5):e64361.

62. Heyman P, Cochez C, Hofhuis A, van der Giessen J, Sprong H, Porter SR, et al. A clear and present
danger: tick-borne diseases in Europe. Expert review of anti-infective therapy. 2010;8(1):33-50.

63. Nahimana I, Gern L, Blanc DS, Praz G, Francioli P, Peter O. Risk of Borrelia burgdorferi infection in
western Switzerland following a tick bite. European journal of clinical microbiology & infectious
diseases : official publication of the European Society of Clinical Microbiology. 2004;23(8):603-8.

64. Huegli D, Moret J, Rais O, Moosmann Y, Erard P, Malinverni R, et al. Prospective study on the incidence
of infection by Borrelia burgdorferi sensu lato after a tick bite in a highly endemic area of Switzerland.
Ticks and tick-borne diseases. 2011;2(3):129-36.

65. Fryland L, Wilhelmsson P, Lindgren PE, Nyman D, Ekerfelt C, Forsberg P. Low risk of developing Borrelia
burgdorferi infection in the south-east of Sweden after being bitten by a Borrelia burgdorferi-infected
tick. International journal of infectious diseases : IJID : official publication of the International Society
for Infectious Diseases. 2011;15(3):e174-81.

66. Tijsse-Klasen E, Jacobs JJ, Swart A, Fonville M, Reimerink JH, Brandenburg AH, et al. Small risk of
developing symptomatic tick-borne diseases following a tick bite in The Netherlands. Parasites &
vectors. 2011;4:17.

67. Piesman J, Mather TN, Sinsky RJ, Spielman A. Duration of tick attachment and Borrelia burgdorferi
transmission. Journal of clinical microbiology. 1987;25(3):557-8.

68. Radolf JD, Caimano MJ, Stevenson B, Hu LT. Of ticks, mice and men: understanding the dual-host
lifestyle of Lyme disease spirochaetes. Nature reviews Microbiology. 2012;10(2):87-99.

69. Boyle WK, Wilder HK, Lawrence AM, Lopez JE. Transmission dynamics of Borrelia turicatae from the
arthropod vector. PLoS neglected tropical diseases. 2014;8(4):e2767.

70. Gutierrez J, Guerrero M, Nunez F, Soto MJ, Piedrola G, Maroto MC. Antibodies to Borrelia burgdorferi
in European populations. Journal of clinical laboratory analysis. 2000;14(1):20-6.



71. Fahrer H, van der Linden SM, Sauvain MJ, Gern L, Zhioua E, Aeschlimann A. The prevalence and
incidence of clinical and asymptomatic Lyme borreliosis in a population at risk. The Journal of infectious
diseases. 1991;163(2):305-10.

72. Carlsson SA, Granlund H, Nyman D, Wahlberg P. 1gG seroprevalence of Lyme borreliosis in the
population of the Aland Islands in Finland. Scandinavian journal of infectious diseases. 1998;30(5):501-
3.

73. Nohlmans MK, van den Bogaard AE, Blaauw AA, van Boven CP. [Prevalence of Lyme borreliosis in The
Netherlands]. Nederlands tijdschrift voor geneeskunde. 1991;135(48):2288-92.

74. Feder HM, Jr., Gerber MA, Luger SW, Ryan RW. Persistence of serum antibodies to Borrelia burgdorferi
in patients treated for Lyme disease. Clinical infectious diseases : an official publication of the Infectious
Diseases Society of America. 1992;15(5):788-93.

75. Engstrom SM, Shoop E, Johnson RC. Immunoblot interpretation criteria for serodiagnosis of early
Lyme disease. Journal of clinical microbiology. 1995;33(2):419-27.

76. Hammers-Berggren S, Lebech AM, Karlsson M, Svenungsson B, Hansen K, Stiernstedt G. Serological
follow-up after treatment of patients with erythema migrans and neuroborreliosis. Journal of clinical
microbiology. 1994;32(6):1519-25.

77. Lee SH, Vigliotti JS, Vigliotti VS, Jones W, Shearer DM. Detection of borreliae in archived sera
from patients with clinically suspect Lyme disease. International journal of molecular sciences.
2014;15(3):4284-98.

78.Schwan TG, Schrumpf ME, Hinnebusch BJ, Anderson DE, Jr., Konkel ME. GlpQ: an antigen for serological
discrimination between relapsing fever and Lyme borreliosis. Journal of clinical microbiology.
1996;34(10):2483-92.

79. Porcella SF, Raffel SJ, Schrumpf ME, Schriefer ME, Dennis DT, Schwan TG. Serodiagnosis of Louse-
Borne relapsing fever with glycerophosphodiester phosphodiesterase (GlpQ) from Borrelia recurrentis.
Journal of clinical microbiology. 2000;38(10):3561-71.

80. Krause PJ, Narasimhan S, Wormser GP, Rollend L, Fikrig E, Lepore T, et al. Human Borrelia miyamotoi
infection in the United States. The New England journal of medicine. 2013;368(3):291-3.

81. Krause PJ, Narasimhan S, Wormser GP, Barbour AG, Platonov AE, Brancato J, et al. Borrelia miyamotoi
sensu lato Seroreactivity and Seroprevalence in the Northeastern United States. Emerging infectious
diseases. 2014;20(7):1183-90.

82. Jahfari S, Herremans T, Platonov AE, Kuiper H, Karan LS, Vasilieva O, et al. High seroprevalence of
Borrelia miyamotoi antibodies in forestry workers and individuals suspected of human granulocytic
anaplasmosis in the Netherlands New Microbes and New Infections Volume 2, Issue 5. New Microbes
and New Infections [Internet]. 2014 01; 2(5):[144-9 pp.]. Available from: http://onlinelibrary.wiley.
com/doi/10.1002/nmi2.59/abstract.

83. Sato K, Takano A, Konnai S, Nakao M, Ito T, Koyama K, et al. Human infections with Borrelia miyamotoi,
Japan. Emerging infectious diseases. 2014;20(8):1391-3.

84. Strle F, Ruzic-Sabljic E, Logar M, Maraspin V, Lotric-Furlan S, Cimperman J, et al. Comparison of
erythema migrans caused by Borrelia burgdorferi and Borrelia garinii. Vector borne and zoonotic
diseases. 2011;11(9):1253-8.

85. Chowdri HR, Gugliotta JL, Berardi VP, Goethert HK, Molloy PJ, Sterling SL, et al. Borrelia miyamotoi
infection presenting as human granulocytic anaplasmosis: a case report. Annals of internal medicine.
2013;159(1):21-7.

86. Gugliotta JL, Goethert HK, Berardi VP, Telford SR, 3rd. Meningoencephalitis from Borrelia miyamotoi
in an immunocompromised patient. The New England journal of medicine. 2013;368(3):240-5.

Chapter 5

Borrelia miyamotoi: a widespread relapsing fever spirochete

95




96

87. Hue F, Ghalyanchi Langeroudi A, Barbour AG. Chromosome Sequence of Borrelia miyamotoi, an
Uncultivable Tick-Borne Agent of Human Infection. Genome announcements. 2013;1(5):5.

88. Wagemakers A, Oei A, Fikrig MM, Miellet WR, Hovius JW. The relapsing fever spirochete Borrelia
miyamotoi is cultivable in a modified Kelly-Pettenkofer medium, and is resistant to human complement.
Parasites & vectors. 2014;7(1):418.

89. Margos G, Stockmeier S, Hizo-Teufel C, Hepner S, Fish D, Dautel H, et al. Long-term in vitro cultivation
of Borrelia miyamotoi. Ticks and tick-borne diseases. 2015;6(2):181-4.

90. Parola P, Diatta G, Socolovschi C, Mediannikov O, Tall A, Bassene H, et al. Tick-borne relapsing fever
borreliosis, rural senegal. Emerging infectious diseases. 2011;17(5):883-5.



SUPPLEMENTAL DATA

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. [S1-528]

Tick species | Larvae | Nymphs I Adults I Unknown | Total

Questing ticks

1. ricinus 1/185 (0.54%) 49/4239 (1.17%) 52/3397 (1.53%) 23/2202 (1.04%) 125/10023 (1.25%)

I. scapularis 215/10782 (1.99%) 29/1449 (2.00%) 244/12231 (1.99%)

1. Spinipalpis 0/3 (0%) 0/3 (0%)

I pacificus 4/261 (1.53%) 2/2674 (0.07%) 6/2935 (0.20%) LN

I. persulcatus 4/104 (3.85%) 11/456 (2.41%) 114/3017 (3.78%) 129/3577 (3.60%) o

All Ixodes 1/185 (0.54%) 272/15389 (1.77%) 94/7976 (1.18%) 137/5219 (2.63%) 504/28769 (1.75%) 3
oL

Host-derived ticks ©

1. ricinus 3/741 (0.40%) 37/4134 (0.90%) 24/1523 (1.58%) 64/6398 (1.00%) 6

I. scapularis 0/4 (0%) 1/145 (0.69%) 23/5661 (0.41%) 24/5810 (0.41%)

1. pacificus 0/118 (0%) 0/118 (0%)

1. spinipalpis 0/17 (0%) 0/17 (0%)

I. dentatus 1/265 (0.38%) 0/121 (0%) 0/7 (0%) 1/393 (0.25%)

1. brunnues 0/1 (0%) 0/1 (0%)

All Ixodes 3/745 (0.40%) 39/4662 (0.84%) 47/7306 (0.64%) 0/24 (0%) 89/12737 (0.70%)
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