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Abstract: Tick-borne relapsing fever (TBRF) is caused by spirochete bacteria of the genus Borrelia
termed relapsing fever Borreliae (RFB). TBRF shares symptoms with Lyme disease (LD) caused by
related Lyme disease Borrelige (LDB). TBRF and LD are transmitted by ticks and occur in overlapping
localities worldwide. Serological detection of antibodies used for laboratory confirmation of LD is
not established for TBRF. A line immunoblot assay using recombinant proteins from different RFB
species, termed TBRF IB, was developed and its diagnostic utility investigated. The TBRF IBs were
able to differentiate between antibodies to RFB and LDB and had estimated sensitivity, specificity,
and positive and negative predictive values of 70.5%, 99.5%, 97.3%, and 93.4%, respectively, based
on results with reference sera from patients known to be positive and negative for TBRF. The use of
TBRF IBs and analogous immunoblots for LD to test sera of patients from Australia, Ukraine, and
the USA with LD symptoms revealed infection with TBRF alone, LD alone, and both TBRF and LD.
Diagnosis by clinical criteria alone can, therefore, underestimate the incidence of TBRE. TBRF IBs will
be useful for laboratory confirmation of TBRF and understanding its epidemiology worldwide.

Keywords: borreliosis; line immunoblots; Lyme disease; relapsing fever; relapsing fever Borreliae;
serological diagnosis

1. Introduction

Relapsing fever (RF) and Lyme disease (LD) in humans are caused by two related groups of
spirochete bacteria of the genus Borrelia known as relapsing fever Borreliae (RFB) and Lyme disease
Borreliae (LDB), respectively. Both groups of Borreliae are transmitted by arthropod vectors. New species
continue to be discovered and added to the greater than 20 species of Borrelige in each group [1,2].
LD is considered to be the most prevalent tick-borne disease in North America and Western Europe,
and the disease has been reported on every continent except Antarctica [1-3]. LD in the USA is caused
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mainly by Borrelia burgdorferi sensu stricto (Bbss) [4,5]. Borrelia bissettii [6] and B. mayonii [7] also cause
LD in the USA, while B. afzelii, B. garinii, and Bbss are largely responsible for LD in Europe and Asia [8].
Hard ticks of the Ixodes species are the principal vectors responsible for transmitting LDB from animal
reservoirs to humans in the USA, Europe, and Asia [3]. The transmission of other tick-borne diseases
and persons with LD-like symptoms have been observed in Australia but local transmission of LDB or
RFB to humans is controversial [9-11].

Relapsing fever, which was historically widespread in the world [12], is initiated by the transmission
of RFB from animal reservoirs by ticks causing tick-borne relapsing fever or TBRF and human to
human transmission by the human body louse causing louse-borne relapsing fever or LBRF. There is
now increasing recognition that TBRF has been relatively neglected as a disease in North America,
Europe and elsewhere [13-16]. RFB species that are best known to cause TBRF in the USA are
B. hermsii, B. miyamotoi, B. parkeri, and B. turicatae [13]. However, other RFB species that cause TBRF
continue to be identified, for example, a patient infected with B. johnsonii-like species, previously
found only in bat ticks, was recently identified in Wisconsin [17]. TBRF has also been reported
in Central and South America [18]. Borrelia hispanica [19], B. persica [20], and B. miyamotoi [21] are
important causes of TBRF in Europe and Asia, and B. hispanica, B. crocidurae, and B. duttonii are
important causes of TBRF in Africa [22]. While most RFB are transmitted by soft ticks of the genus
Ornithodoros, B. miyamotoi can be transmitted by the same hard ticks of the genus Ixodes that transmit
LDB [13,23]. Another RFB species, Borrelia lonestari, is reported to be transmitted by a different hard
tick, Amblyomma americanum, in southern USA [24]. LD and TBRF occur in overlapping localities where
their vectors are present [13,23,25].

LBREF, caused by B. recurrentis, and transmitted by the human body louse Pediculus humanus
humanus, is not endemic in the USA and Western Europe [12,15], however, LBRF remains prevalent
in resource-constrained countries of North East Africa [22] and has recently been observed among
migrants and refugees arriving in Europe from these countries [26].

LD and TBRF share several nonspecific clinical signs and symptoms, for example, headache,
myalgia, arthralgia, fever, and chills. This makes differential clinical diagnosis a challenge to
physicians [27]. LD and TBRF differ clinically in that relapses of fever are more common in TBRF [28]
while an erythema migrans rash associated with an infected tick bite is more common in LD [29].
Recurrent blood spirochetemia and consequently febrile episodes in TBRF are believed to be caused
by the bacteria sequentially expressing members of two families of outer membrane proteins with
varying antigenicity that serve to subvert host-protective antibody responses [30,31]. Advanced LD
and TBRF can cause different pathologies [13,28,29,32]. The correct diagnosis of LD and TBREF is,
therefore, relevant for management of patients and for advancing knowledge about the epidemiology
of the two tick-borne diseases.

Laboratory diagnosis of TBRF by microscopic examination of blood smears and PCR is confounded
by bacteria leaving the bloodstream to sequester in tissues. Acute fever episodes in TBRF are
characterized by high blood spirochetemia that can reach greater than 10° Borrelia per ml of blood [13,28].
PCR and microscopy are expected to be most effective for diagnosis during this period, however,
the examination of Giemsa stained blood smears has been reported to be insensitive as compared
with PCR for B. miyamotoi infections [33]. Culturing bacteria for diagnosing TBREF is difficult even
when there is high blood spirochetemia because Borreliae do not readily adapt to culture. Detection of
antibodies to specific LDB antigens is presently the most important laboratory diagnostic method for
LD. A two-tier enzyme-linked immunosorbent assay (EIA) followed by an IgG or IgM Western blot
(WB) assay on whole Bbss cell lysates is presently recommended by the US Centers for Disease Control
and Prevention (CDC) for the serological diagnosis of Bbss [29]. The algorithms recommended by the
CDC for identifying positive reactions in IgG and IgM WBs are based on ten specific Bbss proteins [29].
A form of WB that uses purified recombinant proteins, termed line immunoblot or IB, which includes
all ten Bbss proteins utilized in the CDC WB diagnostic algorithms, as well as additional proteins from
other LDB species, has been developed for serological detection of IgG and IgM antibodies in LD [34].
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The IB offers many advantages over WB as a laboratory test to assist the diagnosis of LD and, as a
one-step test, the LD IB showed comparable or better clinical diagnostic results than the two-tier test
for LD [34].

Antigenic cross-reactivity between RFB and LDB has been observed in serological tests employing
whole cell lysates as antigens [1,35-37], because of their close phylogenetic relationship. However,
a glycerophosphodiester diesterase (GlpQ) periplasmic enzyme present in RFB [38], including
B. recurrentis [39], but not reportedly in LDB, has been used in EIAs and WBs for diagnostic purposes.
Another putative RFB-specific candidate for differential diagnosis is a surface exposed lipoprotein
termed the Borrelia immunogenic protein A or BipA [40,41]. A third potential RFB-specific candidate
antigen is another surface lipoprotein that binds factor H and a related factor H-like protein (termed
the factor H binding protein or fHbp) and helps protect RFB from human complement-mediated killing
through activation of the alternative pathway of complement [42—44]. Additionally, GlpQ and proteins
of approximate molecular masses similar to BipA (70-75kDa) and fHbp (20-23kDa) were identified as
being able to detect RFB-specific antibodies in WBs performed on whole cell lysates of B. hermsii and
B. turcica [25,45].

Analogous to the use of purified recombinant proteins as antigens in line IBs for the serological
diagnosis of LD [34], we have developed, for the first time, line IBs based on purified recombinant
RFB proteins for the serological diagnosis of TBRF termed TBRF IBs. Sera of patients with LD-like
symptoms from Australia, Ukraine, and the USA were subsequently tested with the TBRF IBs.

2. Materials and Methods

2.1. Human Sera for Assessing Clinical Specificity of TBRF Immunoblots

A total of 212 human sera expected to be negative for TBRF were obtained from the CDC, College
of American Pathologists, New York State Department of Health, New York Biologics (Southampton,
NY, USA), Columbia University (New York, NY, USA) and IGeneX (Table 1). The IGeneX test samples
were leftover sera received for routine testing for tick-borne diseases that would otherwise be discarded.

Table 1. Reference human sera for determining the specificity of the tick-borne relapsing fever immunoblots
(TBRF IBs).

Source Characteristic Total No. of Sera

Endemic area control 10
Fibromyalgia 5
Mononucleosis
CDC reference set (n = 50) Multiple sclerosis
Non-endemic area control
Periodontitis
Rheumatoid arthritis
Syphilis

RPR +ve
Epstein-Barr virus infection
HIV-1 infection
Cytomegalovirus infection

ANA +ve
ANA -ve
Elevated IgG
CAP and NYSHD reference set for Elevated IgE
autoimmunity and allergy (n = 42) Normal IgE
Anti-DNA antibody +ve
RF +ve
RF -ve
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Table 1. Cont.

Source Characteristic Total No. of Sera

Clinical Lyme disease and positive
by the CDC two-tier test for 12
antibodies to Borrelia burgdorferi ss

Columbia University (n = 12)
Lyme disease [46]

Bartonella henselae infection 7

Human granulocytic anaplasmosis 16

IGeneX (n = 87) Babes.ia microti .infection 14
Babesia duncani infection 41

Human monocytic ehrlichiosis 5

Healthy controls 4

ANA: antinuclear antibodies; CAP: College of American Pathologists; CDC: Centers for Disease Control and
Prevention; HIV: human immunodeficiency virus; NYB: New York Biologics, Southampton, NY, USA; NYSH: New
York State Department of Health; RF: rheumatoid factor; RPR: rapid plasma reagin test for syphilis; ss: sensu stricto.

2.2. Rabbit Antisera for Testing Antigenic Cross-Reactivity between RFB and LDB Proteins

Individual rabbit antisera were raised by multiple injections of whole cell lysates against the LDB
species B. afzelii, Bbss strain B31, Bbss strain 297, B. californiensis, B. garinii, B. spielmanii, and B. valaisiana
grown in culture, as previously described [34]. The seven sera recognized all the recombinant antigens
used for scoring positive reactions in LD IBs [34]. Similarly, individual rabbit antisera were produced
against whole cell lysates of the culture-grown RFB species B. coriaceae, B. hermsii, and B. turcica. The
antisera to B. coriaceae and B. hermsii when tested previously weakly recognized p41 flagellin B (FlaB)
from LDB, but did not react with all other antigens used in LD IBs [34].

2.3. Human Sera for Assessing Clinical Sensitivity of TBRF Immunoblots

A set of fifty one left over sera received for routine tick-borne disease testing at IGeneX that were
confirmed positive for RFB by qPCR and would otherwise be discarded, were anonymized and tested
by TBRF IBs. These were different from the reference IGeneX sera described in Table 1. Subsequent
serum samples for testing were received from 16 of these patients, after an interval of 5 to 53 weeks
and were similarly tested on TBRF IBs.

2.4. Sera from Patients with LD-Like Symptoms

The following serum samples from patients with LD-like symptoms from Australia, Ukraine,
and the USA were tested by LD and TBRF IBs:

2.4.1. Australia

One hundred left over and decoded serum samples that would otherwise be discarded, received
from Australia in the period September 2015 to December 2017 for routine testing for tick-borne
diseases at IGeneX, were tested by TBRF and LD IBs.

2.4.2. Ukraine

One hundred and twenty-one anonymized serum samples from patients residing in Western
Ukraine, were tested as part of the Ukrainian—Polish research project, “Investigation of Epidemiology,
Pathogenesis, Clinics, and Prophylaxis of Borreliosis”. The research was approved by the Bioethics
Committee of I. Ya. Horbachevsky Ternopil National Medical University (No. 30 dated 01/09/2015).
Sera were received at IGeneX in October 2016 and tested on TBRF and LD IBs.

2.4.3. USA

A total of 1158 sera were received at IGeneX in the period April to July 2018 for tick-borne diseases
testing, including TBRF and LD IBs. The results were anonymized for analysis.
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2.5. Storage, Testing Approach, and Ethical Considerations with Human Sera

Sera were stored at 4 °C up to one week and at 20 °C for longer storage. Tests on human sera for
investigating sensitivity and specificity of TBRF immunoblots were performed by laboratory personnel
without prior knowledge of the expected results in the same manner as clinical samples from patients
with suspected LD [34].

Institutional review board approval and consent from patients for samples received at IGeneX
were not required because the results presented are based on retrospective analysis of de-identified
clinical samples routinely received at IGeneX for testing for tick-borne diseases and the use of leftover
de-identified sera that would otherwise have been discarded. The Ukraine sera used in this study were
collected for research use with the approval of the Institutional Bioethics Committee (see Section 2.4.2).

2.6. PCR Detection of RFB in Blood

DNA was purified with the Generation Capture Column kit (Qiagen, Valencia, CA, USA) from
patient blood as previously described [47] and then subjected to quantitative PCR (qPCR). A fragment
of 16S rDNA was amplified with Borrelia genus specific primers (forward primer: 5- GGC GTA AAG
GGT GAG TAG G -3’ and reverse primer: 5- CAG ATT CCA CCC TTA CAC CAG -3’) and then
quantitated with a dye-labelled RFB-specific probe (5’- TCC CCT ATC AGA CTC TAG TCA TGC
AGT TTC -3’). The qPCR detected all three RFB species tested (B. coriaceae, B. hermsii, B. miyamotoi)
and was predicted by BLASTn analysis to react with all RFB species whose 165 rRNA sequences are
in the National Centre for Biotechnology Information (NCBI, Bethesda, MD, USA) database. It did
not detect Bbss B31 or five other LDB species tested (B. afzelii, B. californiensis, B. garinii, B. spielmanii,
B. valaisiana). The qPCR also did not detect several other common human blood-borne bacterial and
protozoan pathogens. The limit of detection was estimated to be 69 B. hermsii per 200 ul of blood used
for the qPCR test.

2.7. Preparation of Antigen Strips for IBs

All recombinant antigens for IBs were prepared by cloning hybrid gene constructs or portions of
the selected genes into pET vectors, expressing the proteins in Escherichia coli (GenScript, Piscataway,
NJ, USA), and isolating them to >90% purity, as described previously [34].

2.7.1. Antigens for LD Immunoblots

The LD IBs included all ten Bbss proteins used in scoring WBs by the established CDC criteria [29]
together with the additional antigens OspA, OspB, VIsE, and C6, as previously described [34]. Because
sensitivity is improved by using multiple Bbss isolates in WBs [48,49], proteins from two Bbss strains,
as well as other US and European LDB, were used for scoring reactions in LD IBs [34].

2.7.2. Antigens in TBRF Immunoblots

Recombinant proteins from different RFB species were included for the detection of each of the
four target antigens, BipA, GlpQ, fHbp, and FlaB in TBRF IBs [50], in an analogous manner to the
approach taken for LD IBs by [34]. This was done in order to improve the sensitivity of detection for
different RFB species, including B hermsii, B. miyamotoi, and B. turicatae. Five recombinant proteins for
BipA, four for GlpQ, two for fHbp, and three for FlaB were, therefore, used in the TBRF IBs.

Two additional proteins tested as possible antigens in the TBRF IBs were B. hermsii BmpA
(one recombinant protein) and B. hermsii OspC (one recombinant protein). The antigen strips for TBRF
IBs were prepared with control and test antigens, essentially as previously described for LD IBs [34].
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2.8. Detection of Antibodies in Patient Sera with TBRF and LD Immunoblots

Both IgG and IgM antibodies were detected in LD and TBRF IBs using the previously described
procedure for LD IBs [34].

2.8.1. Controls for Immunoblots

Alkaline phosphatase-conjugated rabbit antibody to the 39/93 kDa LDB antigens (Strategic
Biosciences, Stow, MA, USA) diluted in human serum was used as a calibration control in both
TBRF and LD IBs and bands with lower intensity than the calibration control were considered to be
negative [34]. The two proteins used as controls in both IBs were a mixture of human IgM and IgG
(Sigma, St. Louis, MO, USA) for detecting the addition of alkaline phosphatase conjugated anti-human
antibodies (C1), and Protein L (Sigma, St. Louis, MO, USA) for detecting the addition of human serum
(C2), as previously described [34].

Immune rabbit sera for use as a marker control in TBRF IBs were prepared by immunizing
individual rabbits separately with each of the recombinant antigens from the different RFB species
used in TBRF IBs (Pacific Inmunology, Ramona, CA, USA). The rabbit sera were then pooled and used
at a dilution of 107 in a single control IB strip. Alkaline phosphatase-labelled goat anti-rabbit whole
IgG (KPL, Gaithersburg, MD, USA) was used as the secondary antibody.

2.8.2. Scoring of Reactivity of Patient Sera in LD and TBRF Immunoblots

The reactions in LD IBs were scored according to the established CDC criteria for detecting specific
antigens in IgG and IgM Western blots [29] but allowing for recognition of proteins derived from
different LDB species in the IBs to improve sensitivity of detection as previously described [34].

IgG and IgM antibodies were similarly detected in TBRF IgG and IgM IBs. The scoring algorithm
for TBRF antibodies was developed as described below in Section 3.2, after analyzing the sensitivity
and specificity of reactions with panels of TBRF positive and TBRF negative human sera described in
Sections 2.1 and 2.3.

2.9. TBRF Immunoblots with Rabbit Antisera for Investigating Antigenic Cross-Reactivity between LDB and
RFB Proteins

The ten rabbit antisera against LDB and RFB described in Section 2.2 were used in TBRF IBs to
investigate cross-reactivity between LDB and RFB antigens essentially as previously described for
LD IBs [34]. Antigen strips for TBRF IBs were prepared and reacted with the different rabbit antisera
followed by alkaline phosphatase-labelled goat anti-rabbit whole IgG (KPL, Gaithersburg, MD, USA)
as the secondary antibody. Additional strips were reacted with negative control human serum as
previously described for human serum in LD IBs [34] and the pooled rabbit antiserum to all the RFB
test antigens described in Section 2.8.1 as a positive marker control.

2.10. Statistical Analysis

The diagnostic sensitivity, specificity, positive predictive value (PPV), negative predictive value
(NPV), and their 95% confidence intervals were determined with an online statistical calculator [51].

2.11. Protein Sequence Homology Analysis
Sequence homologies were determined by the NCBI online BLASTp analysis [52].

3. Results

3.1. Antigenic Cross-Reactivity between the LDB and RFB proteins

Possible antigenic cross-reactivity between LDB and RFB proteins that could give false positive
reactions in TBRF IBs was investigated with rabbit antisera raised against whole cell lysates of different
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LDB and RFB species. The results show that antisera against different LDB species, including two
different Bbss strains B31 and 297, reacted only with the FlaB derived from RFB and none of the other
test RFB antigens in TBRF IBs (Figure 1). Antigenic cross-reactivity between LDB and RFB FlaB proteins
is consistent with high sequence homology of >90% between the two proteins shown in the BLASTp
analysis (Supplementary Table S1).

PN 1 2 3 % 5 878 895 310

BipA
—
— —
GlpQ
fHbp
BmpA
OspC ]

Figure 1. Tick-borne relapsing fever immunoblots (TBRF IBs) with rabbit antisera to different Borrelia
species. Rabbit antisera produced against different relapsing fever Borreliae (RFB) (lanes 1-3) and
Lyme disease Borreliae (LDB) (lanes 4-10) were tested individually on TBRF IBs. Rabbit antibodies to:
Lane 1, B. hermsii; lane 2, B. turcica; lane 3, B. coriaceae; lane 4, Bbss strain B31; lane 5, Bbss strain 297;
lane 6, B. afzelii; lane 7, B. garinii; lane 8, B. californiensis; lane 9, B. spielmanii; and lane 10, B. valaisiana.
P, positive control pooled rabbit antiserum and N, negative control human serum.

The rabbit antisera against the three RFB species also demonstrated variable cross-reactions among
BipA, GlpQ, and fHbp proteins from different RFB species (Figure 1). For example, the strongest
reactions were seen with the rabbit antiserum against B. hermsii to two BipA, three GlpQ, and one
fHbp proteins (Figure 1, lane 1); with the rabbit antiserum against B. turcica to one BipA and two
GlpQ proteins (Figure 1, lane 2); and with the rabbit antiserum against B. coriaceae to one BipA and
three GlpQ proteins (Figure 1, lane 3). This variable cross-reactivity is consistent with the varying
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degrees of sequence homology within BipA, GlpQ, and fHbp proteins from different RFB species as
shown by BLASTp analysis in comparison to B. hermsii proteins (Supplementary Table S1). Analysis of
BipA, GlpQ, fHbp, and FlaB sequences further suggests that (i) sequence homologies between E. coli,
the Treponema spirochetes and RFB FlaB were <40%, whereas that between RFB and LDB FlaB was
>90%; (ii) BipA has moderate homology within RFB, <30% homology with LDB, and no significant
homology with Treponema and E. coli; (iii) GlpQ shows high homology (85%-90%) within RFB, weaker
homology with Treponema and E. coli (<50%), and insignificant homology with LDB; and (iii) fHbp has
moderate homology within RFB, no significant homology with Bbss, Treponema, and E. coli but shows
weak homology with European LDB species other than Bbss.

3.2. Scoring Algorithm to Optimize Specificity and Sensitivity of the TBRF IB Assay

3.2.1. Specificity of Detecting Antibodies in TBRF IBs

The 212 reference human sera expected to be negative for antibodies to TBRF (Table 1) were tested
by TBRF IgG and IgM IBs and their reactivity with the different combinations of antigens in the two
IBs was analyzed for optimizing the specificity of detection of antibodies.

The detection of either IgG or IgM antibodies against FlaB, as well as any two out of the three
antigens BipA, GlpQ, and fHbp, gave the best specificity for detecting antibodies to RFB in the IB
assays. Detection of either IgG or IgM antibodies to one or more proteins within each antigen type
was regarded as a positive reaction for that antigen type. Using this algorithm a single serum, out of
the 212 expected to be negative, reacted positively in the TBRF IB assay. This was a serum with an
elevated IgG concentration in the autoimmunity set of reference sera.

3.2.2. Sensitivity of Detecting Antibodies in TBRF IBs

Sera that were positive by qPCR for RFB were used to establish the sensitivity of detecting
antibodies in TBRF IBs. The results of testing sera from 51 patients that were positive for RFB by qPCR
are shown in Table 2. Examples of positive and negative TBRF IBs with patient sera are shown in
Figure 2 in Section 3.3.

The algorithm, described in Section 3.2.1, for detecting antibodies against FlaB plus any two out
of the three antigens BipA, GlpQ, and fHbp, can be applied individually to IgM and IgG TBRF IBs.
However, applying the same criterion for the detection of either IgM or IgG antibodies to any of the
four antigens led to a better sensitivity of detection. Thus four RFB-PCR positive patients were missed
by not considering the detection of either IgG or IgM antibodies against the four scoring antigens using
the algorithm described in Section 3.2.1.

The results also show that three of the patients who tested negative in the TBRF IBs for either IgG
or IgM antibodies with the first serum became positive when a second serum sample was tested, so that
39 patients out of 51 now became positive in TBRF IBs (comparison A and B in Table 2). This was
due to the detection of IgM antibodies in the three second sera which were provided six, nine, and
18 weeks, respectively, after the first sera that were negative in TBRF IBs. Improved IgG responses
were, however, observed in the second serum as compared with the first serum in 10 of the 16 samples.

3.2.3. Clinical Parameters of Antibody Detection in TBRF Immunoblots

The estimated clinical parameters determined with the reference human sera described in
Sections 2.1 and 2.3 using the selected scoring algorithm adopted in Section 3.2.1 are listed in Table 3.
The clinical parameters were improved when the second serum sample was used in place of the first
serum sample in 16 of the 51 patients with TBRF confirmed by PCR.
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Table 2. TBRF IB results with sera from 51 patients positive by qPCR for RFB.

Total Number of
Sera Scored Sera Scored Sera Scored Positive Total Number.o.f Sera.Scored Positive
Number of o o . . . Sera Scored Positive  for Either IgM or IgG
Serum Group Positive Only  Positive Only  Individually in Both . o
Sera TeM IBs 2 IeG IBs b oM & IeG IBs © in IgM and/or IgG Antibodies to Any of
8 8 8 8 IBs 4 (%) the Four Scoring
Antigens (%) ©
Comparison A
First serum sample from 16 patients who 16 7 0 5 9 (56.3%) 9 (56.3%)
provided two samples
F1r§t serum sampl? from the other 35 35 9 9 5 23 (65.7%) 27 (77.1%)
patients who provided only one sample
Total 51 16 9 7 32 (62.7%) 36 (70.6%)
Comparison B
Second serum sample from 16 patients 16 8 0 4 12 (75.0%) 12 (75.0%)
who provided two samples
Flrsf serum sampl? from the other 35 35 9 9 5 23 (65.7%) 27 (77.1%)
patients who provided only one sample
Total 51 17 9 9 35 (68.6%) 39 (76.5%)

First serum samples from 51 patients were found to be gPCR positive for RFB. A second serum sample was received from 16 of the 51 patients after a period of 5 to 53 weeks after the first
serum sample. * Number of sera positive only in IgM TBRF IB using the criterion of 2 of 3 antigens BipA (Borrelia immunogenic protein A), GlpQ (glycerophosphodiester diesterase),
and fHbp (factor H binding protein) being recognized plus FlaB (p41 flagellin B). ® Number of sera positive only in IgG TBRF IB using the criterion of 2 of 3 antigens BipA, GlpQ, and fHbp
being recognized plus FlaB. ¢ Number of sera positive in both IgM and IgG TBRF IB using the criterion of 2 of 3 antigens BipA, GlpQ, and fHbp being recognized plus FlaB in both IBs.
4 Sum of sera scored positive by applying the criteria in > for [gM and IgG TBRF IBs with values in parentheses showing the percentage positive of the total number of sera tested in the
category. ¢ Number of sera positive by applying the criterion of either IgM or IgG antibodies reacting with any of 2 of 3 antigens BipA, GlpQ, and fHbp plus additionally with FlaB
(algorithm described in Section 3.2.1) with values in parentheses showing the percentage positive of the total number of sera tested in the category.
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Table 3. Estimated clinical parameters for detecting antibodies in TBRF IBs.

Estimate (95% CI) with Estimate (95% CI) with Second

Parameter Only First Sera Sera Where Available

Sensitivity 70.5% (56.0-82.1) 76.5% (62.2-86.8)

Specificity 99.5% (97.0-100) 99.5% (97.0-100)
PPV 97.3% (84.2-99.9) 97.5% (85.3-99.9)
NPV 93.4% (89.1-96.1) 94.6% (90.6-97.1)

PPV: positive predictive value; NPV: negative predictive value; CI: confidence interval.

3.3. Findings with TBRF and LD IB Assays in Patients with LD-Like Symptoms

TBRF and LD IB results with sera from Australia, Ukraine, and the USA in patients with LD-like
symptoms using the scoring algorithms described in Sections 2.8.2 and 3.2.1 are shown in Table 4. Reactions
in (i) TBRF IBs only, (ii) LD IBs only, and (iii) both TBRF and LD IBs were observed in all three countries.

Table 4. TBRF and Lyme disease (LD) line immunoblot findings in sera of patients with symptoms of LD.

Serum Group Australia Ukraine USA
Total number of sera tested 100 121 1158
(i) Only TBRF IB positive 13 4 126
(ii) Only LD IB positive 21 20 100
(iii) Both LD and TBRF IB positive 3 4 76

TBRF IBs showing representative reactions with patient sera in each of the categories (i) to (iii)
above are presented in Figure 2.

MN12345 MNI12345
cl (=
M N1 2345 M N123 45 (2 - —— Q- -
— - - VIsE == VisE =
- - P - 6 — -
BipA BipA P33 oS
- - - _— - PAL
= - pas| pas|
Glea|™ Glpa | ™ P23 Lo
fHbp Fl fHbp P31 P31
FlaB™== —_
FlaB= P66 == PE6 ==
_— BmpA PS8 _ pas =
o " . o
. a plees B P28 w— L
oo bt e bt ] L 2 e b i ot | ol P1g - -
TBRF IgM 1B TBRF IgG IB LD IgM IB LD IgG IB

Figure 2. TBRF and LD IgM and IgG immunoblots with representative patient sera. Results obtained
with sera from five patients in IgM and IgG IBs for TBRF and LD, where antibody reactivity was scored
as positive according to criteria described in Section 2.8.2 for LD IBs and Section 3.2.1 for TBRF IBs.
M: positive control (rabbit antiserum for TBRF IBs and human serum for LD IBs); N: negative control
(human sera for TBRF and LD IBs); C1: conjugate control; and C2: serum control. The positions of the
different target antigens used in the IB strips are indicated.
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Sera of both patients in lanes 1 and 2 were only positive for antibodies to RFB. Serum in lane 3
was positive for antibodies to both RFB and LDB. Serum in lane 4 was negative for antibodies to both
RFB and LDB. Serum in lane 5 was only positive for antibodies to LDB. Serum tested in lane 1 showed
a stronger reaction with IgG than IgM antibodies, whereas sera in lanes 2 and 3 had better reaction
with IgM than IgG antibodies in TBRF IBs, demonstrating the importance of assaying both antibody
classes in patients. None of the three TBRF IB positive sera recognized BmpA, while only serum in
lane 3, which reacted positively in both TBRF and LD IBs, recognized OspC. The TBRF IB positive sera
in lanes 1 and 2 showed no recognition of any of the scoring LDB proteins in LD IBs except for FlaB, a
result consistent with previous findings with rabbit antisera against RFB species [34].

Conversely, the patient serum with antibodies to LDB in lane 5 did not react with any of the scoring
RFB-specific antigens in TBRF IBs, including FlaB. The results with TBRF IB positive sera in lanes 1 to 3
also demonstrated variable recognition of BipA and GlpQ proteins from different RFB species.

4. Discussion

Because diagnosis by clinical symptoms alone is a challenging process, the serological detection
of antibodies plays an important role in the diagnosis of LD, a borreliosis that is closely related to
TBRF [25,27,28]. Pathogen-specific serum antibodies can be due to an ongoing infection or a recently
resolved infection and this fact has to be taken into consideration in clinical interpretation. Different
species of Borrelia employ a variety of mechanisms including antigenic variation to avoid and subvert
the host immune response [30,31,53-55] as do other pathogens in blood, like malaria parasites [56],
that can also cause chronic human infections. The many mechanisms that interfere with human
immune responses in TBRF and LD can result in concentrations of antibodies below the threshold
of detection, thus, confounding serological diagnosis. For example, 332 (5.6%) of a cohort of 5964
patients tested for LD were positive only by PCR and not by the WB serological test recommended
by the CDC [47]. The delay between infection and the formation of detectable levels of antibodies
is another factor that influences serological diagnosis. Our findings also suggest that the expected
temporal pattern of switching from IgM to IgG antibody formation does not always occur in TBRE.
This can further impact on the serological diagnosis of TBRF.

4.1. Specificity of TBRF IBs

Immune rabbit antisera against common European and US LDB species that give positive reactions
in LD IBs [34] only recognized RFB FlaB and none of the other RFB antigens in TBRF IBs, including fHbp
where there is weak sequence homology between European LDB and B. hermsii proteins. Conversely,
immune rabbit antisera to the two RFB species, B. hermsii and B. coriaceae, only showed a weak
cross-reaction with the 41kDa LDB FlaB in a LD IB and did not react with other antigens used for
scoring a positive reaction in LD IBs [34]. Together with our patient serum results, these findings
suggest that apart from the known cross-reaction with the FlaB [21,34], there is no cross-recognition of
other test antigens used in TBRF and LD IBs. The TBRF and LD IBs can, therefore, differentially detect
human antibodies to RFB and LDB with appropriate scoring algorithms.

False positive reactions in LD WB and IB assays with the CDC criteria for positivity have been
observed in some cases of syphilis (caused by a related spirochete, Treponema pallidum subspecies
pallidum), multiple sclerosis, and autoimmunity or allergic disease [34,57,58]. The scoring algorithm
adopted here for TBRF IBs, however, yielded an estimated clinical diagnostic specificity of 99.5%.
The only false positive reaction observed in the TBRF IB in the present study was with an autoimmune
serum containing high concentrations of IgG where the presence of nonspecific antibodies can be
expected. Sera from patients with many other tick-borne diseases, including LD, did not react
positively in TBRF IBs. FlaB is a useful indicator for infection with Borrelia species because FlaB from
other pertinent human pathogens such as T. pallidium, T. denticola, and E. coli show lower sequence
homologies. FlaB was, therefore, used in our algorithm as a compulsory scoring antigen for increasing
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specificity for the detection of borreliosis, however, only BipA, GlpQ, and fHbp, but not FlaB, were
used to discriminate between RFB and LDB reactivity in the present study.

4.2. Sensitivity of TBRF IBs

Our findings show that sera of patients with active RFB infection demonstrated by a positive
PCR test do not always contain antibodies detectable in TBRF IB assays. The estimated sensitivity of
70.5% for TBRF IBs may be low because of one or more of the confounding factors outlined above.
The observation that clinical diagnostic parameters of the TBRF IBs are improved when second serum
samples from the initially qPCR test-positive patients obtained after an interval of several weeks were
tested is important. It suggests that repeating the TBRF IBs with subsequent sera is helpful in patients
suspected to have TBRF but who may be negative by TBRF IBs or even blood smear examination and
PCR tests. A limitation of the present study was that the detection of antibodies in TBRF IBs could
not be related to clinical details of infection, illness or medical treatment. Such relationships merit
future investigation.

Detection of IgM and IgG antibodies separately is an established procedure in the serological
diagnosis of LD that is expected to provide information on temporal characteristics of infection [3,29,34],
however, our findings in TBRF patients show that IgM and IgG antibody formation against BipA, GlpQ,
fHbp, and FlaB is variable, for example, only IgM antibodies may be detected against one antigen
and only IgG antibodies against another in a particular serum, and that this pattern may change with
a subsequent serum sample obtained several weeks later. Therefore, detection of either IgM or IgG
antibodies against each of the antigens BipA, GlpQ, fHbp, and FlaB was chosen for scoring a positive
reaction for TBRE.

An additional complication for serological diagnosis of TBRF is that infections can be caused by
different species of RFB. Patients may have acquired TBRF abroad, and thus be infected with RFB
species that are not common in the country of their normal residence. Our findings with rabbit antisera
show that there is variable cross-reactivity between BipA, GlpQ, and fHbp proteins from different
REB species. Therefore, inclusion of recombinant proteins from different RFB species in the TBRF IBs
may allow for species and strain-specific differences in antigenicity and the detection of antibodies
generated by infection with a broad range of RFB. Consequently, a reaction with one or more of the
proteins within the target antigen groups BipA, GlpQ, fHbp, and FlaB was taken to indicate a positive
reaction for that antigen group in scoring TBRF IBs.

Borrelia hermsii and B. coriaceae are RFB species that, respectively, infect humans [13,14] and
bovids [59], while B. turcica is a related Borrelia species that infects tortoises [60]. The recognition of
all antigens used in scoring TBRF IBs by the rabbit antiserum to B. hermsii, and all but one of the
antigens by the rabbit antisera to B. coriaceae and B. turcica, suggests that the test antigens are likely to
be recognized to varying degrees by antibodies in patient sera generated against other, more closely
related human-infecting RFB species. Further investigations of the other human-infecting RFB species
are needed to unequivocally demonstrate such cross-reactivity within BipA, GlpQ, and fHbp, and
a limitation to our studies has been the unavailability of relevant cultured RFB to raise antibodies
in rabbits.

IBs have many advantages over WBs. Examples include the following: (i) identifying infections
with different RFB species because using a panel of WBs with cell lysates from all the common RFB
species would be expensive and impractical for clinical use; (ii) WBs suffer from the disadvantage that
irrelevant proteins can migrate close to test proteins and the levels of expression of test proteins may
vary with culture conditions; and (iii) antigenic cross-reactions between numerous non-scoring proteins
present in whole cell lysates that are shared between LDB, RFB, and related bacteria are eliminated
from consideration in IBs. IBs, therefore, constitute a more standardized and inclusive method for
detecting antibodies in TBRE. It could also be useful to evaluate TBRF IBs for diagnosing LBRE.

Poor reactivity with RFB-specific rabbit antibodies and patient sera indicates that BmpA and
OspC from RFB are not useful as test antigens in TBRF IBs. The continuing identification of new
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species of RFB in the USA and elsewhere, however, suggests that the TBRF IB format may need to
evolve to address newly discovered RFB species.

4.3. Identifying Infecting RFB Species from TBRF IB Findings

It has been suggested that because B. turicatae BipA does not cross-react with B. hermsii BipA,
serum reactivity with B. turicatae BipA can be used to diagnose infection with B. turicatae [41]. However,
the present findings suggest that identifying infecting species of RFB in TBRF IBs may not be possible
using only one target antigen because individual patient sera, as well as the immune rabbit sera,
showed variable recognition of BipA, GlpQ, and fHbp proteins from different RFB species. Further
studies involving PCR-dependent species identification and the use of additional RFB-specific antigens
for scoring IBs are needed to investigate the potential of TBRF IBs for identifying RFB species
causing infections.

4.4. Implications of the Findings for the Epidemiology of TBRF and LD

The IB assay findings in patients with LD symptoms show that the prevalence of TBRF in the USA
may be underestimated due to misdiagnosis as LD, a conclusion compatible with findings utilizing
TBRF WBs prepared from RFB whole cell lysates and PCR-based tests [25,37,45,61-63]. It reflects the
difficulties physicians face in differentially diagnosing LD and TBRF using only clinical signs and
symptoms and patient histories [25,27,28]. TBRF IBs can, therefore, meet the well acknowledged need
for an antibody assay to help diagnose TBRF and differentiate it from LD [37].

TBREF IBs can also help advance knowledge about the epidemiology of TBRFE. The ability of the
TBREF IBs to detect antibodies in sera of patients in Australia and Ukraine shows potential worldwide
applicability. There is evidence for LD and TBRF in Ukraine [64]. Indigenous transmission of LD and
TBRF in Australia has been controversial [9-11], however, the present findings show that antibodies to
both RFB and LDB are found in patients in Australia with symptoms of LD. While it is possible that
this may be due to infections with RFB and LDB acquired in overseas countries, the findings show the
need for more detailed investigations of the clinical aspects of infections and the possibility that both
groups of Borreliae may be transmitted within Australia. The results also suggest that coinfections or
co-exposure to LDB and RFB occurs and can be a global phenomenon in habitats where both responsible
tick vectors are present. The implications of coinfections for patient treatment and management
require further investigation, however, the use of TBRF and LD IBs in parallel advances the differential
diagnosis of the two diseases in areas where both are endemic. Laboratory diagnosis by microscopy,
PCR or culturing for Borrelia have drawbacks that have been outlined in the introduction. The use
of a panel of different laboratory tests in addition to the IBs described here may be advantageous in
resolving diagnosis in difficult cases of borreliosis.

4.5. TBRF and Malaria in Africa

Some TBRF species may produce intermittent high fevers, hepatomegaly, splenomegaly, and
anemia which are symptoms that are also common in malaria [56]. Patients with TBRF due to B. duttonii
and B. crocidurae in Africa have hence been frequently mistaken to have malaria and treated with
antimalarial drugs [65]. The use of appropriate TBRF IBs can prevent such misdiagnosis in areas where
malaria and TBRF are both endemic.

5. Conclusions

The development of a line IB assay for the serological diagnosis of TBRF is described here for the
first time. The TBRF IB may offer a one-step serological test that can be applied globally to support the
diagnosis and epidemiological studies of TBRF.
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6. Patents

US Patent application 15/916717 titled “Species-Specific Antigen Sequences for Tick-Borne
Relapsing Fever (TBRF) and Methods of Use”.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9032/7/4/121/s1.
Table S1: Pertinent sequence homologies for the scoring RFB proteins in TBRF IBs.

Author Contributions: J.S.S. directed the study; S.L., I.D.C., A.P, RM,, and ].S.S. performed laboratory work;
MS., MK, LK, S.Z, KS., and M.A. collected sera from patients in Ukraine; R.B.S., helped design the study;
R.R. and J.S.S. analyzed and interpreted data and drafted the manuscript. All authors read and approved the
final manuscript.

Funding: This research received no external funding.

Acknowledgments: We thank the CDC, Atlanta, GA, and Brian Fallon of Columbia University for providing
well-characterized sera, and Catherine Calalo Ramos and Hai Tran for technical assistance.

Conflicts of Interest: ].S.S., shareholder, president and laboratory director of IGeneX Inc., and shareholder and
chief scientist at ID-FISH Technology Inc; R.B.S., owner of Union Square Medical Associates, a medical practice
that treats tick-borne diseases in San Francisco; I.C. and A.P,, employees of IGeneX; R.R., affiliate of IGeneX;
S.L., employee of ID-FISH Technology Inc; J.S.S. and S.L. inventors in US Patent application 15/916717 titled
“Species-specific antigen sequences for tick-borne relapsing fever (TBRF) and methods of use.

List of Abbreviations

Bbss: Borrelia burgdorferi sensu stricto; BipA: Borrelia immunogenic protein A; CDC: US Centers for Disease Control
and Prevention; EIA: enzyme-linked immunosorbent assay; fHbp: factor H binding protein; FlaB: p41 flagellin B;
GlpQ: glycerophosphatediester diesterase; IB: immunoblot; LD: Lyme disease; LDB: Lyme disease Borreliae; LBRF:
louse-borne relapsing fever; NCBI: National Centre for Biotechnology Information; NPV: negative predictive
value; PCR: polymerase chain reaction; PPV: positive predictive value; gPCR: quantitative polymerase chain
reaction; RF: relapsing fever; RFB: relapsing fever Borreliae; TBRF: tick-borne relapsing fever; WB: Western blot.

References

1.  Cutler, S.J.; Ruzic-Sabljic, E.; Potkonjak, A. Emerging borreliae—expanding beyond Lyme borreliosis.
Mol. Cell. Probes 2017, 31, 22-27. [CrossRef] [PubMed]

2. Margos, G.; Gofton, A.; Wibberg, D.; Dangel, A.; Marosevic, D.; Loh, S.-M.; Oskam, C.; Fingerle, V. The genus
Borrelia reloaded. PLoS ONE 2018, 13, €0208432. [CrossRef] [PubMed]

3. Centers for Disease Control and Prevention. Lyme Disease. 2019. Available online: https://www.cdc.gov/
lyme/index.html (accessed on 20 June 2019).

4. Stanek, G.; Wormser, G.P,; Gray, J.; Strle, F. Lyme borreliosis. Lancet 2012, 379, 461-473. [CrossRef]

5. Schotthoefer, A.M.; Frost, H.M. Ecology and epidemiology of Lyme borreliosis. Clin. Lab. Med. 2015, 35,
723-743. [CrossRef]

6.  Golovchenko, M.; Vancova, M.; Clark, K.; Oliver, ].H., Jr.; Grubhoffer, L.; Rudenko, N. A Divergent spirochete
strain isolated from a resident of the southeastern United States was identified by multilocus sequence
typing as Borrelia bissettii. Parasit Vectors. 2016, 9, 68. [CrossRef]

7. Pritt, B.S;; Mead, PS.; Johnson, D.K.H.; Neitzel, D.E; Respicio-Kingry, L.B.; Davis, J.P; Schiffman, E.;
Sloan, L.M.; Schriefer, M.E.; Replogle, A.].; et al. Identification of a novel pathogenic Borrelia species causing
Lyme borreliosis with unusually high spirochaetaemia: A descriptive study. Lancet Infect. Dis. 2016, 16,
556-564. [CrossRef]

8. Wilske, B. Diagnosis of Lyme Borreliosis in Europe. Vector-Borne Zoonotic Dis. 2003, 3, 215-227. [CrossRef]

9.  Australian Government Department of Health. Position Statement: Lyme Disease in Australia. 2018.
Available online: http://www.health.gov.au/internet/main/publishing.nsf/Content/ohp-lyme-disease.htm/
$File/Posit-State-Lyme-Junel8.pdf (accessed on 20 June 2019).

10. Chalada, M.]; Stenos, J.; Bradbury, S. Is there a Lyme-like disease in Australia? Summary of the findings to
date. One Health 2016, 2, 42-54. [CrossRef]

11. Mayne, P; Song, S.; Shao, R.; Burke, J.; Wang, Y.; Roberts, T. Evidence for Ixodes holocyclus (Acarina:
Ixodidae) as a vector for human lyme Borreliosis infection in Australia. J. Insect Sci. 2014, 14, 271. [CrossRef]

12.  Cutler, S. Relapsing fever—a forgotten disease revealed. J. Appl. Microbiol. 2010, 108, 1115-1122. [CrossRef]


http://www.mdpi.com/2227-9032/7/4/121/s1
http://dx.doi.org/10.1016/j.mcp.2016.08.003
http://www.ncbi.nlm.nih.gov/pubmed/27523487
http://dx.doi.org/10.1371/journal.pone.0208432
http://www.ncbi.nlm.nih.gov/pubmed/30586413
https://www.cdc.gov/lyme/index.html
https://www.cdc.gov/lyme/index.html
http://dx.doi.org/10.1016/S0140-6736(11)60103-7
http://dx.doi.org/10.1016/j.cll.2015.08.003
http://dx.doi.org/10.1186/s13071-016-1353-4
http://dx.doi.org/10.1016/S1473-3099(15)00464-8
http://dx.doi.org/10.1089/153036603322662200
http://www.health.gov.au/internet/main/publishing.nsf/Content/ohp-lyme-disease.htm/$File/Posit-State-Lyme-June18.pdf
http://www.health.gov.au/internet/main/publishing.nsf/Content/ohp-lyme-disease.htm/$File/Posit-State-Lyme-June18.pdf
http://dx.doi.org/10.1016/j.onehlt.2016.03.003
http://dx.doi.org/10.1093/jisesa/ieu133
http://dx.doi.org/10.1111/j.1365-2672.2009.04598.x

Healthcare 2019, 7, 121 15 0f 17

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Centers for Disease Control and Prevention. Tick-Borne Relapsing Fever (TBRF). 2015. Available online:
https://www.cdc.gov/relapsing-fever/index.html (accessed on 23 August 2018).

Cutler, S.J. Relapsing fever Borreliae: A global review. Clin. Lab. Med. 2015, 5, 847-865. [CrossRef] [PubMed]
Centers for Disease Control and Prevention. Louse-Borne Relapsing Fever (LBRF). 2015. Available online:
https://www.cdc.gov/relapsing-fever/resources/louse.html (accessed on 23 August 2018).
Talagrand-Reboul, E.; Boyer, PH.; Bergstrom, S.; Vial, L.; Boulanger, N. Relapsing fevers: Neglected tick-borne
diseases. Front. Cell. Infect. Microbiol. 2018, 8, 98. [CrossRef] [PubMed]

Kingry, L.C.; Anacker, M.; Pritt, B.; Bjork, J.; Respicio-Kingry, L.; Liu, G.; Sheldon, S.; Boxrud, D.; Strain, A.;
Oatman, S.; et al. Surveillance for and discovery of Borrelia species in US patients suspected of tick borne
illness. Clin. Infect. Dis. 2018, 66, 1864-1871. [CrossRef] [PubMed]

Lopez, J.E.; Krishnavahjala, A.; Garcia, M.N.; Bermudez, S. Tick-borne relapsing fever spirochetes in the
Americas. Vet. Sci. 2016, 3, 16. [CrossRef]

Palma, M.; Lopes de Carvalho, I.; Figueiredo, M.; Amaro, F; Boinas, F.; Cutler, S.J.; Nuncio, M.S. Borrelia
hispanica in Ornithodoros erraticus, Portugal. Clin. Microbiol. Infect. 2012, 18, 696-701. [CrossRef]

Elbir, H.; Larsson, P.; Normark, J.; Upreti, M.; Korenberg, E.; Larsson, C.; Bergstrom, S. Genome sequence of
the Asiatic species Borrelia persica. Genome Announc. 2014, 2, e01127-13. [CrossRef]

Krause, PJ.; Fish, D.; Narasimhan, S.; Barbour, A.G. Borrelia miyamotoi infection in nature and in humans.
Clin. Microbiol. Infect. 2015, 21, 631-639. [CrossRef]

Elbir, H.; Raoult, D.; Drancourt, M. Relapsing fever Borreliae in Africa. Am. J. Trop. Med. Hyg. 2013, 89,
288-292. [CrossRef]

Centers for Disease Control and Prevention. Borrelia Miyamotoi. 2019. Available online: https://www.cdc.
gov/ticks/miyamotoi.html. (accessed on 20 June 2019).

Burkot, T.R.; Mullen, G.R.; Anderson, R.; Schneider, B.S.; Happ, C.M.; Zeidner, N.S. Borrelia lonestari DNA
in adult Amblyomma americanum ticks, Alabama. Emerg. Infect. Dis. 2001, 7, 471-473. [CrossRef]
Middelveen, M.J.; Shah, J.S.; Fesler, M.C.; Stricker, R.B. Relapsing fever Borrelia in California: A pilot
serological study. Int. J. Gen. Med. 2018, 11, 373-382. [CrossRef]

Cutler, S. Refugee crisis and re-emergence of forgotten infections in Europe. Clin. Microbiol. Infect. 2016, 22,
8-9. [CrossRef] [PubMed]

Cameron, D.J.; Johnson, L.B.; Maloney, E.L. Evidence assessments and guideline recommendations in Lyme
disease: The clinical management of known tick bites, erythema migrans rashes and persistent disease.
Expert Rev. Anti-Infect. Ther. 2014, 12, 1103-1135. [CrossRef] [PubMed]

Dworkin, M.S.; Anderson, D.E., Jr.; Schwan, T.G.; Shoemaker, P.C.; Banerjee, S.N.; Kassen, B.O.; Burgdorfer, W.
Tick-borne relapsing fever in the northwestern United States and southwestern Canada. Clin. Infect. Dis.
1998, 26, 122-131. [CrossRef] [PubMed]

Centers for Disease Control and Prevention. Lyme Disease (Borrelia Burgdorferi) Case Definition. 2017.
Available online: https://wwwn.cdc.gov/nndss/conditions/lyme-disease/case-definition/2017/ (accessed on
20 June 2019).

Stoenner, H.G. Antigenic variation of Borrelia hermsii. J. Exp. Med. 1982, 156, 1297-1311. [CrossRef]
[PubMed]

Barbour, A.G.; Dai, Q.; Restrepo, B.L; Stoenner, H.G.; Frank, S.A. Pathogen escape from host immunity by a
genome program for antigenic variation. Proc. Natl. Acad. Sci. USA 2006, 103, 18290-18295. [CrossRef]
Dworkin, M.S.; Schwan, T.G.; Anderson, D.E,, Jr.; Borchardt, S.M. Tick-borne relapsing fever. Infect. Dis. Clin.
N. Am. 2008, 22, 449-468. [CrossRef]

Telford, S.R.; Goethert, H.K.; Molloy, P.J.; Berardi, V. Blood smears have poor sensitivity for confirming
Borrelia miyamotoi disease. J. Clin. Microbiol. 2019, 57, €01468-18. [CrossRef]

Liu, S,; Cruz, I; Ramos, C.C.; Taleon, P; Ramasamy, R.; Shah, J.; Du Cruz, I. Pilot study of immunoblots with
recombinant Borrelia burgdorferi antigens for laboratory diagnosis of Lyme disease. Healthcare 2018, 6, 99.
[CrossRef]

Magnarelli, L.A.; Anderson, ].F,; Johnson, R.C. Cross-reactivity in serological tests for Lyme disease and other
spirochetal infections. J. Infect. Dis. 1987, 156, 183-188. [CrossRef]

Rath, P-M.; Fehrenbach, F.-].; Rogler, G.; Pohle, H.D.; Schénberg, A. Relapsing fever and its serological
discrimination from Lyme borreliosis. Infection 1992, 20, 283-286. [CrossRef]


https://www.cdc.gov/relapsing-fever/index.html
http://dx.doi.org/10.1016/j.cll.2015.07.001
http://www.ncbi.nlm.nih.gov/pubmed/26593261
https://www.cdc.gov/relapsing-fever/resources/louse.html
http://dx.doi.org/10.3389/fcimb.2018.00098
http://www.ncbi.nlm.nih.gov/pubmed/29670860
http://dx.doi.org/10.1093/cid/cix1107
http://www.ncbi.nlm.nih.gov/pubmed/29272385
http://dx.doi.org/10.3390/vetsci3030016
http://dx.doi.org/10.1111/j.1469-0691.2011.03623.x
http://dx.doi.org/10.1128/genomeA.01127-13
http://dx.doi.org/10.1016/j.cmi.2015.02.006
http://dx.doi.org/10.4269/ajtmh.12-0691
https://www.cdc.gov/ticks/miyamotoi.html.
https://www.cdc.gov/ticks/miyamotoi.html.
http://dx.doi.org/10.3201/eid0703.017323
http://dx.doi.org/10.2147/IJGM.S176493
http://dx.doi.org/10.1016/j.cmi.2015.10.018
http://www.ncbi.nlm.nih.gov/pubmed/26493842
http://dx.doi.org/10.1586/14787210.2014.940900
http://www.ncbi.nlm.nih.gov/pubmed/25077519
http://dx.doi.org/10.1086/516273
http://www.ncbi.nlm.nih.gov/pubmed/9455520
https://wwwn.cdc.gov/nndss/conditions/lyme-disease/case-definition/2017/
http://dx.doi.org/10.1084/jem.156.5.1297
http://www.ncbi.nlm.nih.gov/pubmed/7130900
http://dx.doi.org/10.1073/pnas.0605302103
http://dx.doi.org/10.1016/j.idc.2008.03.006
http://dx.doi.org/10.1128/JCM.01468-18
http://dx.doi.org/10.3390/healthcare6030099
http://dx.doi.org/10.1093/infdis/156.1.183
http://dx.doi.org/10.1007/BF01710797

Healthcare 2019, 7, 121 16 of 17

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

Krause, PJ.; Carroll, M.; Fedorova, N.; Brancato, J.; DuMouchel, C.; Akosa, F.; Narasimhan, S.; Fikrig, E.;
Lane, R.S. Human Borrelia miyamotoi infection in California: Serodiagnosis is complicated by multiple
endemic Borrelia species. PLoS ONE 2018, 13, e0191725. [CrossRef] [PubMed]

Schwan, T.G.; Schrumpf, M.E.; Hinnebusch, B.J.; Anderson, D.E., Jr.; Konkel, M.E. GlpQ: An antigen for
serological discrimination between relapsing fever and Lyme borreliosis. ]. Clin. Microbiol. 1996, 34,
2483-2492. [PubMed]

Porcella, S.E; Raffel, S.J.; Schrumpf, M.E.; Schriefer, M.E.; Dennis, D.T.; Schwan, T.G. Serodiagnosis of
louse-borne relapsing fever with glycerophosphodiester phosphodiesterase (GlpQ) from Borrelia recurrentis.
J. Clin. Microbiol. 2000, 38, 3561-3571. [PubMed]

Lopez, J.E.; Schrumpf, M.E.; Nagarajan, V.; Raffel, S.J.; McCoy, B.N.; Schwan, T.G. A novel surface
antigen of relapsing fever spirochetes can discriminate between relapsing fever and Lyme Borreliosis.
Clin. Vaccine Immunol. 2010, 17, 564-571. [CrossRef]

Lopez, ].E.; Wilder, HK.; Boyle, W.; Drumbheller, L.B.; Thornton, J.A.; Willeford, B.; Morgan, TW.;
Varela-Stokes, A. Sequence analysis and serological responses against Borrelia turicatae BipA, a putative
species-specific antigen. PLoS Negl. Trop. Dis. 2013, 7, e2454. [CrossRef]

Hovis, K.M.; Schriefer, M.E.; Bahlani, S.; Marconi, R.T. Inmunological and molecular analyses of the Borrelia
hermsii factor H and factor H-like protein 1 binding protein, FhbA: Demonstration of its utility as a diagnostic
marker and epidemiological tool for tick-borne relapsing fever. Infect. Immun. 2006, 74, 4519-4529. [CrossRef]
Schott, M.; Grosskinsky, S.; Brenner, C.; Kraiczy, P.; Wallich, R. Molecular characterization of the interaction
of Borrelia parkeri and Borrelia turicatae with human complement regulators. Infect. Immun. 2010, 78,
2199-2208. [CrossRef]

Rottgerding, F.; Wagemakers, A.; Koetsveld, J.; Fingerle, V.; Kirschfink, M.; Hovius, J.W.; Zipfel, PE;
Wallich, R.; Kraiczy, P. Inmune evasion of Borrelia miyamotoi: CbiA, a novel outer surface protein exhibiting
complement binding and inactivating properties. Sci. Rep. 2017, 7, 303. [CrossRef]

Middelveen, M.].; Du Cruz, 1.; Fesler, M.C.; Stricker, R.B.; Shah, ].S. Detection of tick-borne infection in
Morgellons disease patients by serological and molecular techniques. Clin. Cosmet. Investig. Dermatol. 2018,
11, 561-569. [CrossRef]

Fallon, B.A; Keilp, ].G.; Corbera, K.M.; Petkova, E.; Britton, C.B.; Dwyer, E.; Slavov, I.; Cheng, J.; Dobkin, J.;
Nelson, D.R;; et al. A randomized, placebo-controlled trial of repeated IV antibiotic therapy for Lyme
encephalopathy. Neurology 2008, 70, 992-1003. [CrossRef]

Shah, J.S.; Cruz, 1.D.; Ward, S.; Harris, N.S.; Ramasamy, R. Development of a sensitive PCR-dot blot assay
to supplement serological tests for diagnosing Lyme disease. Eur. |. Clin. Microbiol. Infect. Dis. 2017, 37,
701-709. [CrossRef] [PubMed]

Shah, ].S.; Du Cruz, I.; Narciso, W.; Lo, W.; Harris, N.S. Improved sensitivity of Lyme disease Western blots
prepared with a mixture of Borrelia burgdorferi strains 297 and B31. Chronic Dis. Int. 2014, 1, 7.

Mavin, S.; Milner, RM.; Evans, R.; Chatterton, ] M.W.; Joss, A.W.L.; Ho-Yen, D.O. The use of local isolates in
Western blots improves serological diagnosis of Lyme disease in Scotland. ]. Med. Microbiol. 2007, 56, 47-51.
[CrossRef] [PubMed]

Shah, ].S.; Liu, S. Species Specific Antigen Sequences for Tick-Borne Relapsing Fever (TBRF) and Methods of
Use. U.S. Patent Application No. 15/916,717, 9 March 2018.

Vassarstats. Available online: http://vassarstats.net/index.html (accessed on 9 March 2019).

National Centre for Biological Information, Bethesda, USA. Available online: https://blast.ncbi.nlm.nih.gov/
Blast.cgi?PAGE=Proteins (accessed on 5 March 2019).

Tracy, K.E.; Baumgarth, N. Borrelia burgdorferi manipulates innate and adaptive immunity to establish
persistence in rodent reservoir hosts. Front. Immunol. 2017, 8, 116. [CrossRef] [PubMed]

Hyde, J.A. Borrelia burgdorferi keeps moving and carries on: A review of borrelial dissemination and
invasion. Front. Immunol. 2017, 8, 114. [CrossRef]

Sapi, E.; Bastian, S.L.; Mpoy, C.M.; Scott, S.; Rattelle, A.; Pabbati, N.; Poruri, A.; Burugu, D.; Theophilus, PA.S.;
Pham, T.V,; et al. Characterization of biofilm formation by Borrelia burgdorferi in vitro. PLoS ONE 2012, 7,
e48277. [CrossRef]

Ramasamy, R. Molecular basis for immune evasion and pathogenesis in malaria. Biochim. Biophys. Acta 1998,
1406, 10-27. [CrossRef]


http://dx.doi.org/10.1371/journal.pone.0191725
http://www.ncbi.nlm.nih.gov/pubmed/29420552
http://www.ncbi.nlm.nih.gov/pubmed/8880505
http://www.ncbi.nlm.nih.gov/pubmed/11015364
http://dx.doi.org/10.1128/CVI.00518-09
http://dx.doi.org/10.1371/journal.pntd.0002454
http://dx.doi.org/10.1128/IAI.00377-06
http://dx.doi.org/10.1128/IAI.00089-10
http://dx.doi.org/10.1038/s41598-017-00412-4
http://dx.doi.org/10.2147/CCID.S184521
http://dx.doi.org/10.1212/01.WNL.0000284604.61160.2d
http://dx.doi.org/10.1007/s10096-017-3162-x
http://www.ncbi.nlm.nih.gov/pubmed/29282568
http://dx.doi.org/10.1099/jmm.0.46793-0
http://www.ncbi.nlm.nih.gov/pubmed/17172516
http://vassarstats.net/index.html
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
http://dx.doi.org/10.3389/fimmu.2017.00116
http://www.ncbi.nlm.nih.gov/pubmed/28265270
http://dx.doi.org/10.3389/fimmu.2017.00114
http://dx.doi.org/10.1371/journal.pone.0048277
http://dx.doi.org/10.1016/S0925-4439(97)00078-1

Healthcare 2019, 7, 121 17 of 17

57.

58.

59.

60.

61.

62.

63.

64.

65.

Naesens, R.; Vermeiren, S.; Van Schaeren, J.; Jeurissen, A. False positive Lyme serology due to syphilis:
Report of 6 cases and review of the literature. Acta Clin. Belg. 2011, 66, 58-59. [CrossRef]

Arvikar, S.L.; Crowley, ].T.; Sulka, K.B.; Steere, A.C. Autoimmune arthritides, rheumatoid arthritis, psoriatic
arthritis, or peripheral spondyloarthritis following Lyme disease. Arthritis Rheumatol. 2017, 69, 194-202.
[CrossRef]

Lefebvre, R.B.; Perng, G.C. Genetic and antigenic characterization of Borrelia coriaceae, putative agent of
epizootic bovine abortion. J. Clin. Microbiol. 1989, 27, 389-393.

Kalmar, Z.; Cozma, V.; Sprong, H.; Jahfari, S.; D’Amico, G.; Marcutan, D.I.; Ionica, A.M.; Magdas, C.;
Modry, D.; Mihalca, A.D. Transstadial transmission of Borrelia turcica in Hyalomma aegyptium ticks.
PLoS ONE 2015, 10, e0115520. [CrossRef] [PubMed]

Krause, PJ.; Narasimhan, S.; Wormser, G.P,; Barbour, A.G.; Platonov, A.E.; Brancato, J.; Lepore, T.; Dardick, K.;
Mamula, M.; Rollend, L.; et al. Borrelia miyamotoi sensu lato seroreactivity and seroprevalence in the
northeastern United States. Emerg. Infect. Dis. 2014, 20, 1183-1190. [CrossRef] [PubMed]

Lee, S.H.; Vigliotti, ].S.; Vigliotti, V.S.; Jones, W.; Shearer, D.M. Detection of Borreliae in archived sera from
patients with clinically suspect Lyme disease. Int. ]. Mol. Sci. 2014, 15, 4284-4298. [CrossRef] [PubMed]
Molloy, PJ.; Telford, S.R.; Chowdri, H.R.; Lepore, T.].; Gugliotta, ].L.; Weeks, K.E.; Hewins, M.E.; Goethert, HK_;
Berardi, V.P. Borrelia miyamotoi disease in the Northeastern United States: A case series. Ann. Intern. Med.
2015, 163, 91-98. [CrossRef]

Rogovskyy, A.; Batool, M.; Gillis, D.C.; Holman, PJ.; Nebogatkin, I.V.; Rogovska, Y.; Rogovskyy, M.S.
Diversity of Borrelia spirochetes and other zoonotic agents in ticks from Kyiv, Ukraine. Ticks Tick Borne Dis.
2018, 9, 404-409. [CrossRef]

Nordstrand, A.; Bunikis, I.; Larsson, C.; Tsogbe, K.; Schwan, T.G.; Nilsson, M.; Bergstrom, S. Tickborne
relapsing fever diagnosis obscured by malaria, Togo. Emerg. Infect. Dis. 2007, 13, 117-123. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1179/ACB.66.1.2062517
http://dx.doi.org/10.1002/art.39866
http://dx.doi.org/10.1371/journal.pone.0115520
http://www.ncbi.nlm.nih.gov/pubmed/25695663
http://dx.doi.org/10.3201/eid2007.131587
http://www.ncbi.nlm.nih.gov/pubmed/24960072
http://dx.doi.org/10.3390/ijms15034284
http://www.ncbi.nlm.nih.gov/pubmed/24619223
http://dx.doi.org/10.7326/M15-0333
http://dx.doi.org/10.1016/j.ttbdis.2017.12.006
http://dx.doi.org/10.3201/eid1301.060670
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Human Sera for Assessing Clinical Specificity of TBRF Immunoblots 
	Rabbit Antisera for Testing Antigenic Cross-Reactivity between RFB and LDB Proteins 
	Human Sera for Assessing Clinical Sensitivity of TBRF Immunoblots 
	Sera from Patients with LD-Like Symptoms 
	Australia 
	Ukraine 
	USA 

	Storage, Testing Approach, and Ethical Considerations with Human Sera 
	PCR Detection of RFB in Blood 
	Preparation of Antigen Strips for IBs 
	Antigens for LD Immunoblots 
	Antigens in TBRF Immunoblots 

	Detection of Antibodies in Patient Sera with TBRF and LD Immunoblots 
	Controls for Immunoblots 
	Scoring of Reactivity of Patient Sera in LD and TBRF Immunoblots 

	TBRF Immunoblots with Rabbit Antisera for Investigating Antigenic Cross-Reactivity between LDB and RFB Proteins 
	Statistical Analysis 
	Protein Sequence Homology Analysis 

	Results 
	Antigenic Cross-Reactivity between the LDB and RFB proteins 
	Scoring Algorithm to Optimize Specificity and Sensitivity of the TBRF IB Assay 
	Specificity of Detecting Antibodies in TBRF IBs 
	Sensitivity of Detecting Antibodies in TBRF IBs 
	Clinical Parameters of Antibody Detection in TBRF Immunoblots 

	Findings with TBRF and LD IB Assays in Patients with LD-Like Symptoms 

	Discussion 
	Specificity of TBRF IBs 
	Sensitivity of TBRF IBs 
	Identifying Infecting RFB Species from TBRF IB Findings 
	Implications of the Findings for the Epidemiology of TBRF and LD 
	TBRF and Malaria in Africa 

	Conclusions 
	Patents 
	References

