
INTRODUCTION

The detection of pathogen-specific antigens as well 
as the antibodies produced against them, are widely used 
for diagnosing many infectious diseases1. Tests that de-
tect pathogen-specific nucleic acid sequences, e.g., PCR 
and fluorescence in situ hybridization, are alternative re-
cent approaches2. Detection of antibodies in patient sera  
remains important for diagnosing particular infectious 
diseases, e.g., syphilis3 and viral hepatitis4. Blood-feeding 
tick vectors transmit several viral, bacterial and protozo-
an pathogens that cause infections with relatively non-
pathognomonic signs and symptoms in people, domestic 
animals and livestock5–10. Immunoassays that detect se-
rum antibodies have a key role in diagnosing many tick-
borne diseases5–23.

The aetiological agent of Lyme disease (LD) was first 
identified in ticks in 198224 and in human LD patients in 
198325 in USA as a spirochete bacterium that was sub-
sequently named Borrelia burgdorferi. Many species of 
the genus Borrelia, classified as belonging to the Borrelia 
burgdorferi sensu lato complex, are now known to cause 
LD; however, the term Lyme disease Borreliae (LDB) is 
increasingly used because it includes the Borrelia burg-
dorferi sensu lato complex plus the other genetically-
related Borrelia species identified in ticks and animals 
that may have the potential to cause LD in humans. LD is 
mainly prevalent in the temperate climate zone26–29. Some 
clinical manifestations of LD are shared with tick-borne 
relapsing fever (TBRF) caused by a different group of 
Borrelia species termed relapsing fever Borreliae (RFB)6, 

26, 30–34. Recent observations show that a subset of patients 
who present with symptoms of LD may in fact be infected 
with RFB and not LDB31–33, 35. These findings expand the 
possible manifestations of TBRF and underscore the need 
for reliable laboratory testing that can identify and differ-
entiate LD from TBRF. LDB and RFB, however, also have 
some distinct microbiological features36. The detection of 
serum antibodies to specific antigens of LDB is widely 
used to aid the diagnosis of LD in endemic countries11, 

23, 26, 37, 38. LD and TBRF have an overlapping geographi-
cal distribution5, 6, 26, 30–35, 39. Not testing for TBRF in LD-
endemic areas can therefore result in misdiagnosis or no 
diagnosis for patients. Hence, the use of serological tests 
specific for LD and TBRF can support a differential, and 
more complete clinical diagnosis. This article reviews re-
cent applications of recombinant proteins from LDB and 
RFB in multiplex line immunoblot (IB) tests that may help 
diagnose and distinguish LD and TBRF.

Lyme disease
Background

LD is endemic in North America where it is mainly 
caused by the LDB species Borrelia burgdorferi sensu 
stricto (Bbss)26, and sometimes B. mayonii40–41. Other 
LDB species detected in ticks and animals, including B. 
americana, B. andersonii, B. californiensis, and B. caroli-
nensis, may potentially cause LD in the US42–43. The major 
vectors that transmit LDB in the US are the blacklegged or 
deer ticks, Ixodes scapularis in northeastern, mid-Atlan-
tic and midwestern US states, and I. pacificus in the West 
coast26. LDB species established to cause LD in Europe 
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are B. afzelii, B. garinii, B. spielmanii, B. baveriensis and 
Bbss, while other LDB species may have the potential to 
do so27, 38, 44. Infections with B. afzelii and B. garinii have 
been reported in Mexico45 and there is evidence to suggest 
that such infections may extend to contiguous US states33, 

35. Borrelia garinii, B. afzelii, B. baveriensis, and poten-
tially other LDB species, are responsible for LD in Asia38, 

46–47. The well-established tick vectors of LD are I. ricinus 
and I. persulcatus in Europe, and I. persulcatus in Asia38. 
The clinical manifestations of LD in the US and Europe 
show variations that have been related to differences in 
infecting LDB species37, 48. Some of the symptoms of LD 
are shared with common illnesses as well as other tick-
borne diseases, including TBRF6, 26, 30–35, 39, 49–53. Co-infec-
tions with other tick-borne pathogens e.g., Anaplasma, 
Babesia, Ehrlichia and RFB, that can be transmitted by 
the same tick species that also transmit LDB, have been 
observed in LD32–33, 35, 52–57. These findings highlight the 
importance of accurate and complete diagnosis in tick-
borne diseases.

The US Centres for Disease Control and Prevention 
(CDC) estimated, based on commercial insurance claims 
data, that approximately 476,000 persons were treated ev-
ery year for LD in the US during the period 2010–201858. 
This is likely to over-estimate the actual number of per-
sons with LD. Cases of LD have been reported from many 
US states and Canada59–61. It is not mandatory, unlike in the 
US, to report all cases of LD to health authorities in Euro-
pean countries38. The number LD cases in western Europe 
is estimated to be >200,000 and increasing every year37.

Diagnosis of Lyme disease
An Erythema Migrans (EM) rash, with a bull’s eye-

like appearance, resulting from an infected tick blood feed 
is a recognized indicator of an acute or early localized in-
fection with LDB (sometimes termed stage 1 LD) although 
EM can be absent or not detected in some infections11, 49, 

62–64. If LD is not treated at an early stage with antibiot-
ics, patients can progress to disseminated LD that may be 
characterized by cardiac, musculoskeletal, and neurologi-
cal manifestations. Symptomatic clinical diagnosis in the 
late stages of LD can be difficult without a history of EM 
rash and tick bite, because late-stage symptoms are not 
pathognomonic. Diagnosis of early disseminated LD with 
cardiac and neurological symptoms (sometimes termed 
stage 2 LD), as well as late disseminated LD with arthri-
tis (sometimes termed stage 3 LD), therefore depends on 
ascertaining potential exposure to areas infested with the 
tick vectors (grassy, brushy and wooded locations)26 as 
well as pertinent clinical manifestations and laboratory 
confirmation of infection11, 26, 49.

Methods for detecting LDB in blood and other tissues 
by microscopy and culture isolation, or identifying LDB 
antigens, generally have limited diagnostic sensitivity 
and specificity LD11, 23, 65. This is because the concentra-
tion of bacteria and their antigens in tissues is often low, 
and culturing of LDB is a difficult time-consuming proce-
dure11, 23, 65. Nucleic acid amplification by PCR is useful for 
demonstrating LDB in EM lesions in the skin and synovial 
fluid of patients with LD arthritis, but poorly sensitive for 
detecting LDB in blood or cerebrospinal fluid11, 23, 65. Ef-
forts are being made to develop more sensitive PCR-based 
methods for detecting LDB65. One approach that first con-
centrated LDB DNA with a set of specific capture DNA 
probes followed by PCR amplification, detected 21.5% of 
LD patients who were negative by the CDC-recommend-
ed standard serological test for LD described in section 
2.3.1 below66. Advanced multiplex PCR-based molecu-
lar diagnostic tests for simultaneously detecting LDB and 
other tick-borne pathogens are also under development67.

Although the detection of antibodies to LDB in pa-
tients does not readily distinguish between active and 
resolved infections, its importance in supporting a clini-
cal diagnosis of LD is well established11, 26, 44. The variety 
of LDB species that can cause LD in different countries, 
and infections that can be acquired during overseas travel, 
however, imply that immunoassays that incorporate anti-
gens from diverse LDB species may generally be more 
advantageous for diagnosing LD in all endemic countries.

Serological tests for LD in USA
Standard two-tier test (STTT) in USA

Consideration of relevant immunoassay findings, no-
tably western blot (WB) results68–69, led the Second US 
National  Conference  on Serologic Diagnosis of  Lyme 
Disease meeting, held at Dearborn, MI in 1994, to recom-
mend a standard two-tier test (STTT) for the serological 
diagnosis of LD70. STTTs have since been widely used 
in the US for supporting a diagnosis of LD11, 70–71. The 
first tier of the STTT is an enzyme immunoassay (EIA) 
or immunofluorescence assay (IFA) on whole Bbss cell 
antigens, followed by a second-tier confirmatory WB 
on whole Bbss cell lysates for sera that give positive or 
equivocal results in the first-tier test70–71. The rationale for 
the STTT was that the first tier EIA or IFA was highly 
sensitive but inadequately specific, while the second tier 
WB was highly specific for detecting serum antibodies to 
LDB. Only Bbss cell antigens were used in STTTs because 
Bbss is the predominant cause of LD in the US. The EIA is 
more commonly used than IFA as a first-tier test. The CDC 
recommended a panel of Bbss protein antigens to be used 
for identification in the second-tier WB of a STTT70–71. 
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The CDC recommended and US Food and Drug Admin-
istration (FDA) approved criteria for a positive reaction 
in the second-tier WB with whole Bbss cell lysate in the 
STTT70–71 are (i) reaction with at least any two of the three 
antigens designated by relative molecular mass as P23 
(OspC), P39 (BmpA) and P41 (FlaB) for IgM WBs, and 
(ii) reaction with at least any five of the ten antigens P18, 
P23 (OspC), P28, P30, P39 (BmpA), P41 (FlaB), P45, 
P58, P66 and P93 for IgG WBs. A positive IgM WB result 
was considered indicative of recent infection in patients 
presenting within 30d of the onset of symptoms, and was 
not recommended by the CDC for assessing sera from 
patients with symptoms lasting longer than 30d70–71.

All ten Bbss antigens recommended for identification 
in WBs by the CDC have recently been produced as re-
combinant proteins and applied as lines on nitrocellulose 
membrane strips for detecting IgG and IgM antibodies in 
IBs72–74. The line IBs are designed to replace the cumber-
some second tier WB procedure of STTTs that requires 
growing Bbss in culture and preparing cell lysates. Line 
IBs detect antibodies reacting with purified antigens and 
do not have the disadvantage of WBs where reaction with 
a specific antigen has to be identified amongst many other 
antigens present in whole cell lysates. Several other ad-
vantages of line IBs over WBs for use in the second tier 
of STTTs have been extensively discussed elsewhere11, 

23, 72. The FDA recently approved the use of line IBs with 
recombinant Bbss proteins for replacing WBs in STTTs 
for LD73–74. The use of recombinant antigens in line IBs 
to detect antibodies in US LD patients is described later.

The sensitivity of STTTs has been reported to be vari-
able and as low at 46% in patients with LD in excess of six 
weeks duration75. Sensitivities of 60-90% in early dissem-
inated stage 2 LD with neuroborreliosis and carditis prior 
to antimicrobial therapy have been observed11, 76. Sensi-
tivity was reported to be lower in early stage 1 LD with 
EM, approaching 40% before and 61% after antimicrobial 
treatment11, 76. More detailed serological investigations in 
patients with culture or PCR confirmed LD are justified to 
better assess the sensitivity of STTTs in different stages of 
LD. The specificity of STTTs was ≥99% and ≥98% when 
tests were done with control sera from healthy persons 
living respectively in LD non-endemic and endemic loca-
tions11, 76.

Modified two-tier tests (MTTTs) in USA
The Food and Drug Administration (FDA) in 2019 

additionally approved the use of several modified two-
tier tests (MTTTs) for diagnosing LD, where a positive or 
equivocal first-tier EIA test result necessitated a second 
tier EIA against a different antigen for confirmation11, 71, 77. 

One approved MTTT utilizes a first tier EIA based on the 
variable major protein-like sequence expressed (VlsE) 
present in LDB78 and a 10 amino acid C-terminal peptide 
from the LDB P23 (OspC) protein (termed the C10 pep-
tide)79, accompanied by a second tier EIA test with whole 
Bbss cell sonicate71. Another MTTT, utilising a chemi-
luminescence immunoassay for VlsE as a first-tier test, 
followed by an EIA against a 25 amino acid long invariant 
region peptide C6 of the VlsE protein80 as a second-tier 
test, reported comparable sensitivity and specificity to the 
conventional STTT in early LD81. The advantages offered 
by many MTTTs include the automated reading of EIA re-
sults and avoidance of the labour-intensive WB procedure 
that utilizes whole Bbss cell lysates.

Serological tests for LD in Europe
Infections with the LDB species B. afzelii, B. garinii, 

B. spielmanii, B. baveriensis and Bbss, and potentially 
other LDB species, cause LD in European countries23, 27, 

38, 44. This differs from the situation in the US where Bbss 
is predominantly responsible for LD26. Serological diag-
nosis of LD is more complex in Europe than in the US 
for the following reasons (i) homologous proteins from 
different infecting LDB species can elicit antibodies in 
patients that do not readily cross-react with each other, 
(ii) the clinical manifestations of LD are more variable in 
Europe, and (iii) characteristics of antibody responses to 
LDB infections in European and US patients are reported 
to differ21, 23, 37, 38, 44, 82–84. Analysis of antibodies in Euro-
pean patients reacting in WBs with proteins of relative 
molecular masses between 40 to 100 kDa from B. afzelli, 
B. garinii and Bbss showed that combinations of particu-
lar antigen reactivities for each species gave specificities 
>96% and varying sensitivities for the three species82–84. 
Based on such results, two-tier serological tests with WBs 
in the second tier, analogous to the STTTs used in the US 
but requiring the recognition of fewer antigens, and vary-
ing combinations of antigens from different LDB species, 
have been utilized in Europe44, 84.

The use of recombinant proteins from different Euro-
pean LDB species in a line IB format with the inclusion of 
additional antigens such as VlsE78 and the decorin binding 
protein A (DbpA)85 has since been reported to be diagnos-
tically superior to WBs with whole cell lysates of LDB23, 

86. Purified recombinant proteins rather than whole cell 
lysates are now preferred for the second tier of European 
LD tests, partly because LD is caused by multiple LDB 
species in Europe. The German Society for Hygiene and 
Medical Microbiology guidelines for LD recommended 
the recognition of two different antigens for seropositivity 
in both IgM and IgG LD IBs87. Reactivity with homolo-
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gous proteins from different LDB species were judged 
to be equivalent to reaction with a single antigen band87. 
As an example, a line IB study in Germany used the fol-
lowing seven antigens (i) P100, a single protein from 
B. afzelii, (ii) P58, a single protein from B. garinii, (iii) 
BmpA, where proteins from Bbss, B. afzelii and B. garinii 
were applied separately in three different lines, (iv) VlsE,  
where proteins from Bbss, B. afzelii and B. garinii were 
applied separately in three different lines, (v) P23 (OspC), 
where four proteins from Bbss, B. afzelii and two different 
isolates of B. garinii were applied separately in four differ-
ent lines, (vi) a P41 (FlaB) fragment, where two proteins 
from B. afzelii and B. garinii were applied separately as 
different lines, and (vii) DbpA, where four proteins from 
Bbss, B. afzelii and two different isolates of B. garinii were 
applied separately in four different lines86. Specificities of 
99.1% and 98.2% and sensitivities of 84.7% and 73.8% 
for IgG and IgM antibodies were respectively achieved by 
applying the German criteria, but with the following mod-
ifications (i) a strong IgM reaction with P23 (OspC) alone 
in early LD with EM and early disseminated LD with neu-
roborreliosis was considered sufficient for positivity, and 
(ii) P100 reactivity was discounted in IgM IBs86.

Except in patients with EM, a two-tier serological ap-
proach for the laboratory diagnosis of LD has generally 
been recommended in Europe, and the UK87–88. Serologi-
cal studies on European patients with LD that compared 
US STTTs with European two-tier tests found comparable 
specificities (99–100%) but lower overall sensitivity with 
US (52%) than European tests (81%)89. This difference 
was primarily attributed to lower detection sensitivities 
in the disseminated stages of LD with US STTTs89, prob-
ably due to the use of only Bbss antigens in US assays 
whereas European patients could have been infected with 
other LDB species. The use of US MTTTs with the same 
European sera, however, improved detection sensitivity 
to a level comparable to that achieved with European two-
tier tests89. A European MTTT using a first tier EIA with 
B. afzelii whole cell antigens followed by a C6 EIA in 
the second tier were reported to yield approximately 70% 
sensitivity even in early-stage LD with EM, and compa-
rable specificity to STTTs90. A 2016 meta-analysis of the 
serodiagnostic accuracy of all case-controlled studies on 
European LD reported that (i) sensitivity was lower in ear-
ly stage LD with EM than in early and late disseminated 
stages of LD, (ii) results with single-tier and two-tier tests 
were comparable, (iii) detection of IgM and IgG antibod-
ies was superior to detecting IgM or IgG alone, particu-
larly in early stage LD with EM, (iv) recombinant proteins 
were better than whole cell lysates as antigens, and (v) 
better conformity with standards for reporting diagnostic 

accuracy studies (STARD) guidelines91 was needed92.
Recombinant proteins derived from European LDB 

species are now available from several commercial sourc-
es for diagnosing LD with IBs93–95. In one example of their 
use, a screening EIA followed by line IBs based on Eu-
ropean LDB species proved helpful in diagnosing LD in 
Polish patients, although the IBs were unable to distin-
guish between co-infections with different LDB species 
or the presence of antibodies that cross-react with homol-
ogous antigens from different LDB species96. Also in Po-
land, infections with viruses such as cytomegalovirus and 
Epstein-Barr virus that cause polyclonal B cell activation, 
were reported to generate antibodies that cross-reacted in 
IBs with P41(FlaB) and P23 (OspC), as well as whole cell 
LDB antigens in the first-tier screening EIAs97.

Serological tests for LD in Asia
LDB infections in vector ticks have been reported 

not only in temperate zone Asian countries e.g., China, 
Mongolia and Japan, but also in wholly tropical Asian 
countries, e.g., Malaysia and Thailand where there is little 
information on patients with LD98. Criteria for WB posi-
tivity for LD have been suggested only in China, based on 
WBs with whole cell lysates of B. garinii, which was re-
ported as the predominant species causing LD in China99. 
A one band criterion was considered sufficient for detect-
ing IgG (73.2% sensitivity and 99.4% specificity), and 
IgM (50.6% sensitivity and 93.1% specificity) antibodies 
in Chinese patients99. Sera from patients with Treponema 
and Leptospira spirochete infections on the other hand 
were found to cross-react with B. garinii P41(FlaB), and 
was a factor that had to be taken into consideration in se-
rodiagnosis of LD in China99.

Tick-borne relapsing fever
Background

TBRF is a relatively neglected disease prevalent in 
many areas of the world39, 100–114. Borrelia hermsii, B. mi-
yamotoi, B. parkeri, and B. turicatae are principal RFB 
species that cause TBRF in USA30, 39, 60, 100, 102. Other RFB 
species may also be responsible for TBRF in USA, e.g., 
a B. johnsonii-like species previously identified in bat 
ticks103. TBRF is prevalent in Central and South Ameri-
ca39, 103. Borrelia hispanica, B. persica, and B. miyamotoi 
in Europe and Asia39, 102, 105–106, and B. hispanica, B. cro-
cidurae, and B. duttonii in Africa39, 107, are also respon-
sible for TBRF. Most RFB are transmitted by soft ticks 
of the genus Ornithodoros, typically found in mountain 
huts, caves and burrows in USA6, but B. miyamotoi can be 
transmitted by Ixodes hard ticks that also transmit LDB39, 

60, 100. Another hard tick, Amblyomma americanum, is a 
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vector of the RFB B. lonestari in southern USA102, 109. The 
distribution of LD and TBRF overlap in localities where 
their respective tick vectors are both present6, 26, 30, 32–35, 60. 
TBRF is not always considered when a patient presents 
with symptoms suggestive of LD, and serological testing 
only for LD may give negative results, risking misdiag-
nosis or a missed diagnosis of TBRF.

Louse-borne relapsing fever (LBRF) is a similar dis-
ease to TBRF caused by the RFB species B. recurrentis, 
which is transmitted by the human body louse Pediculus 
humanus humanus. LBRF is not presently endemic in 
USA and Western Europe39, 110-111, but typically prevalent 
in the Northeast Africa39, 110-111, from where it is sometimes 
introduced to European countries by travellers and mi-
grants110.

Diagnosis of tick-borne relapsing fever and importance 
of its distinction from Lyme disease

Classic descriptions of the clinical manifestations of 
TBRF include repeating weekly cycles of acute febrile 
crises followed by a rapid defervescence, often accom-
panied by hypotension. However, recent publications31, 

33, 35 have demonstrated TBRF may also present as a 
LD-like illness. Because of this, and because EM is not 
always observed in LD11, 49, 62–64 making the differential 
clinical diagnosis can be difficult in certain cases6, 26–35, 

39, 48, 63. In addition, TBRF and LD can occur in the same  
locations6, 26, 30, 39, 32–35, 60.

Antigenic variation in outer membrane proteins that 
subverts a protective antibody response is considered 
responsible for the recurring bacteremia and fever in 
TBRF115–116. The differential diagnosis of TBRF and LD 
is important because the pathology of late stage TBRF 
and LD can vary26, 30 ,49, 108, and severe Jarisch-Herxheimer 
reactions are more common in TBRF than LD following 
antibiotic treatment116.

Microscopic examination of Giemsa-stained blood 
smears is the most common laboratory diagnostic tech-
nique for TBRF with a reported sensitivity of 104-105 spi-
rochetes per ml of blood39. It is particularly useful during 
acute febrile episodes when there is a high concentration of 
spirochetes in peripheral blood. Its sensitivity is reported 
to be poor, however, in B. miyamotoi disease118. At present 
standardised methods for PCR-based detection of RFB 
are unavailable39. The use of PCR in diagnosis of TBRF, 
although highly sensitive, is therefore mainly restricted 
to well-equipped laboratories in research settings at the 
present time39. Culturing bacteria for diagnosing TBRF, 
even during high blood bacteraemia, is difficult because 
Borreliae do not readily adapt to culture11, 23, 39, 108. RFB can 
sometimes localise in the brain causing neuroborreliosis 

and making direct detection more difficult119. Serological 
methods of detection at present are poorly developed for 
TBRF39 compared with LD. Serological tests on whole 
cell lysates show considerable antigenic cross-reactivity 
between RFB and LDB due to their close genetic relation-
ship36, 120–121. Cross-reactions between recombinant FlaB 
proteins from LDB and RFB species has been demon-
strated in IBs32, 72. However, other RFB antigens have been 
reported to be useful for serodiagnosis in TBRF, and these 
include (i) glycerophosphodiester diesterase (GlpQ), a 
periplasmic enzyme122, that is also present in B. recurren-
tis123 but not in LDB32, (ii) a 70-75kDa outer membrane 
lipoprotein termed the Borrelia immunogenic protein A or 
BipA124–125, and (iii) a 20-23kDa outer membrane factor H 
binding lipoprotein or fHbp) that inhibits the alternative 
pathway of complement activation126–128. A serodiagnos-
tic test for TBRF has not yet been approved by a national 
health authority in any country21, 30. The application of line 
IBs for the detection of serum antibodies in TBRF is dis-
cussed in more detail later.

Line immunoblots utilizing antigens from multiple LDB 
species for the diagnosis of LD in USA

A method for detecting IgM and IgG antibodies in 
US LD patients with line IBs utilizing a combination of 
purified recombinant proteins derived from US and Eu-
ropean LDB species, to replace WBs with whole Bbss 
cell lysates in the second tier of the STTT, was recently 
reported72. The antigens used in this work included all ten 
Bbss target antigens recommended for assessment by the 
CDC for WBs in tier-2 of the STTT (section 2.3.1) with 
the following modifications (i) not all Bbss target antigens 
were applied as individual lines in the IB strips, (ii) a mix 
of P39 (BmpA) proteins derived from US LDB species, 
including Bbss, was applied in one line, and a mix of P39 
(BmpA) from different European LDB species in a sepa-
rate line, (iii) a mix of P41 (FlaB) from European and US 
LDB species including Bbss was applied as a single line, 
(iv) P23 (OspC) from different European and US LDB 
species including Bbss, were applied separately in dif-
ferent lines, (v) P31 (OspA), which is not on the list of 
WB antigens recommended by the CDC for tier-2 STTTs, 
from different European and US LDB species including 
Bbss, were applied separately in different lines, and (vi) 
the additional application of Bbss VlsE and its C6 peptide 
as well P34 (OspB), that are also not in the CDC list of WB 
antigens for STTTs, in separate lines72.

Illustrative published findings with LD patient and 
control human sera from the US using these investiga-
tional LD IgM and IgG IBs72 are shown in Figure 1. Sera in 
lanes 2-5 were positive and in lanes 1, 6-10 were negative 
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for IgM and IgG antibodies when the CDC criteria for pos-
itivity in tier-2 of STTTs were applied. The positive sera 
variably recognized P23 (OspC) from different LDB spe-
cies in the IBs. Three of the four positive sera recognized 
P39 (BmpA) from both US and European LDB species 
in the IgG IBs. The variable recognition of P23 (OspC) 
and P39 (BmpA) was consistent with varying antibody 
cross-reactivity after exposure to one or more LDB spe-
cies. The four positive sera also had antibodies recogniz-
ing P31 (OspA), VlsE and C6, suggesting their potential 
value for diagnosis, and particularly because antibodies to 
VlsE and its C6 domain are reported to be produced early 
in infection11.

The LD IBs as stand-alone, single tier test demon-
strated a sensitivity of 88.5% and specificity of 99.3% uti-
lizing the CDC-recommended STTT antigens, when (i) 
well-characterized external serum samples from patients 
with all stages of LD, patients with potentially confound-
ing autoimmune conditions and other infections, as well 
as healthy controls were tested (ii) the presence of either 
IgM or IgG antibodies was considered to be a positive 
reaction, (iii) the 30d limit after the onset of LD symptoms 
was not taken into consideration for IgM antibodies, and 
(iv) recognition of any one of the different P23 (OspC) 
or P39 (BmpA) proteins was considered to be a positive 
reaction for that antigen72. Furthermore, rabbit antisera 
raised against cultured whole bacteria from the two RFB 
species, B. hermsii and B. coriaceae, were shown not to 
react with antigens used in the LD IBs other than with 

P41 (FlaB)72, demonstrating the potential of LD IBs for 
differential diagnosis of LD and TBRF.

Detection of only IgM antibodies in STTTs >30d after 
possible infection is presently not recommended by the 
CDC because IgM antibodies are more prone to cross-
reaction with irrelevant antigens and robust IgG antibody 
responses are normally thought to be present by 30d11, 70–71. 
Results with IBs using recombinant proteins that demon-
strate specific IgM antibody responses to LDB72, interfer-
ence by LDB of host adaptive immune responses129, and 
instances of delayed IgM antibody production in LD130–132, 
suggest that it may be useful to re-evaluate the 30d limit 
and the target antigens for detecting IgM antibodies in LD.

Other reports have documented the use of recombi-
nant antigens in a variety of test formats, including EIAs 
and IBs, to detect IgG and IgM antibodies to LDB for 
diagnostic purposes23, 73–74, 86, 93–97. These include commer-
cially available tests in Europe93–95 and USA74. A single 
step, multiplex, serological IB test for LD that is simpler 
to use will have many advantages over the present FDA-
approved STTTs and MTTTs. However, a single tier test 
for LD has yet to be approved by the FDA for use in USA. 
The CDC has established a Lyme serum repository of 
well-characterized sera from LD patients, healthy con-
trols and patients with pertinent other illnesses, to support 
the development of improved serological tests for LD in 
the US that may help in this context76.

Line immunoblot tests utilizing antigens from multiple 
RFB species for diagnosing tick-borne relapsing fever

Multiplex IgM and IgG IB tests utilizing the recom-
binant proteins BipA, GlpQ, fHbp, and FlaB from several 
RFB species have also been explored in TBRF32. Recom-
binant proteins from five human-infecting US and Euro-
pean RFB species for BipA, four for GlpQ, two for fHbp, 
and three for FlaB were used in this investigation32.

The specificity of TBRF IBs was assessed with sera 
from patients with likely confounding non-infectious (fi-
bromyalgia, and autoimmune and allergic conditions) and 
infectious (LD, anaplasmosis, babesiosis, bartonellosis, 
ehrlichiosis and other bacterial and viral illnesses) diseas-
es, as well as healthy controls living in TBRF endemic and 
non-endemic areas32. The sensitivity determined using 
sera from patients with PCR-confirmed RFB infections32. 
The optimal criterion reported for TBRF test positivity 
was the recognition of FlaB plus at least two of the three 
antigens BipA, GlpQ and fHbp with either IgG or IgM 
antibodies32. The use of this criterion yielded a specificity 
of 99.5% and sensitivity of 70.6% in the TBRF IB tests32. 
Importantly, six rabbit antisera raised separately against 
six different cultured LDB species (Bbss, B. afzelli, B. 

Fig. 1: Representative A. IgM and B. IgG LD IBs. P - positive con-
trol, C - threshold control, and N - negative control. Controls 
1 and 2 indicated addition of conjugated second antibody 
and human serum. Positions of target antigens used in the IB 
strips are shown. P39 EU - A mix of P39 (BmpA) from Euro-
pean LDB species, P39 US - A mix of P39 (BmpA) from US 
LDB species including BBss. P23 (OspC) and P31 (OspA) 
from different LDB species were applied as separate lines. 
Fig. 1 is reproduced with permission under the creative com-
mons licence from reference 72.
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californiensis, B. garinii, B. spielmanii, and B. valaisi-
ana) reacted only with RFB-derived FlaB and not with 
BipA, GlpQ and fHbp, while three rabbit sera similarly 
raised against three cultured RFB species of widely dif-
ferent origins (human B. hermsii, bovine B. coriaceae and 
tortoise B. turcica) gave positive reactions in the TBRF 
IBs32. These findings demonstrated the potential of TBRF 
IBs to help diagnose TBRF and differentiate it from LD.

Potential of IBs for the differential diagnosis of LD and 
TBRF

The parallel use of LD and TBRF IBs for differential 
diagnosis has been investigated in patients with clinical 
symptoms LD from Australia, Ukraine and USA32, and in 
another study from Mexico and the adjoining US state of 
California35. Both studies reported three types of IB test 
results, viz., positive reactions in (i) TBRF IBs only, (ii) 
LD IBs only, and (iii) both TBRF and LD IBs. Representa-
tive examples of the three types of reactions from one of 
the two studies32 are reproduced in Figure 2. Sera of both 
patients in lanes 1 and 2 were only positive in TBRF IBs. 
Serum in lane 3 was positive in both TBRF and LD IBs. 
Serum in lane 4 was negative in both IBs. Serum in lane 5 
was only positive in LD IBs.

Findings from two studies suggest that patients with 
LD-like symptoms in different parts of the world may have 
been solely exposed to, or else infected with, either LDB 
or RFB, and in other cases with both types of Borreliae32, 

35. The parallel use of LD and TBRF IBs can therefore help 

identify which pathogen or pathogens are responsible for 
causing the LD-like clinical symptoms, some of which 
are shared with TBRF6, 26–35, 39, 48, 63. Further IB studies with 
PCR-characterized patient samples from multiple loca-
tions will help to corroborate these early findings.

Infection with B. duttonii and B. crocidurae in Africa 
causes TBRF with intermittent high fevers, hepatomegaly, 
splenomegaly, and anemia, and because such symptoms 
are also characteristic of malaria133, antimalarial drugs are 
sometimes inappropriately administered134. TBRF IBs 
may therefore be useful in parts of the world where ma-
laria and TBRF are co-endemic. In a related context, the 
applicability of TBRF IBs for the serodiagnosis of LBRF 
caused by B. recurrentis also merits investigation.

IBs in the diagnosis of other tick-borne diseases
Serodiagnosis has an important role in the diagnosis 

of other tick- borne diseases, e.g., babesiosis, ehrlichiosis, 
anaplasmosis, and rickettsiosis, as well as bartonellosis 
transmitted by fleas5–10. Several tick-borne diseases are 
transmitted by the same ticks that transmit LDB, and are 
not easily distinguished by clinical signs and symptoms 
from LD5–10. The causative pathogens, like in LD, are 
difficult to isolate and detect in direct tests. IFA tests for 
IgM and IgG antibodies are commonly applied in the se-
rodiagnosis of babesiosis, bartonellosis, ehrlichiosis, ana-
plasmosis, and rickettsiosis7. IFA tests have been used to 
help differentiate human infections with Babesia duncani 
and Babesia microti in the US and other countries135–136. 
However, IB tests based on purified recombinant protein 
antigens, analogous to LD and TBRF IBs, have recently 
become available for the serodiagnosis of babesiosis and 
bartonellosis7. Detection of serum antibodies to specific 
pathogen antigens is also important for the diagnosing 
tick-and flea-borne diseases that afflict domestic and farm 
animals137. IB tests, analogous to those discussed here for 
LD and TBRF, can be helpful for this purpose.

CONCLUSION 

Recombinant proteins have many advantages as tar-
get antigens in serological diagnosis of infectious diseas-
es, and have been employed in multiple assay formats in 
different diseases, e.g., lateral flow immunochromatogra-
phy in syphilis138; lateral flow immunochromatography, 
EIA and IB in lymphatic filariasis139; and EIA in Chagas’ 
disease140. The utilization of recombinant proteins in IBs 
for the serodiagnosis of LD and TBRF therefore builds on 
well-established precedence.

The detection of antibodies is an indirect method for 
diagnosing infections. Finding serum antibodies in IB 

Fig. 2: Representative TBRF and LD IgM and IgG IBs with five 
sera from patients with LD-like symptoms. M: positive con-
trol (rabbit antiserum for TBRF IBs and human serum for LD 
IBs); N: negative control (human sera for TBRF and LD IBs); 
C1 and C2: controls for confirming addition of conjugated 
secondary antibody and human serum respectively. The po-
sitions of the different target antigens used in the IB strips 
are indicated. Fig. 2 is reproduced with permission under the 
creative commons license from reference 32.

TBRF IgM IB          TBRF IgG IB                             LD IgM IB            LD IgG IB
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tests at a single point in time does not readily distinguish 
between active infection, convalescence after antibiotic 
therapy or a past resolved infection because antibodies 
continue to be produced by bone marrow resident plasma 
cells long after the resolution of infection141. IB tests there-
fore need to be always used in conjunction with clinical 
signs and symptoms in diagnosing LD and TBRF. Repeat-
ing IB tests at a later time can provide pertinent informa-
tion e.g., in distinguishing active and past infections as 
well as ensuring early infections with nascent antibody 
responses are not missed. Testing for both IgG and IgM 
antibodies is reported to be necessary for optimal diagnos-
tic sensitivity in both LD and TBRF11, 23, 32, 70–72.

Protein antigens applied on nitrocellulose strips for 
the IB tests are stable at ambient temperature for several 
months. The IB strips are readily manufactured to yield 
reproducible results. The alkaline phosphate substrate 
5-bromo-4-chloro-3-indolyl phosphate nitro-blue tetra-
zolium produces a visible IB band that is stable at ambi-
ent temperature for several months32, 72 - a property which 
enables the IB results to be re-assessed if needed. The IB 
procedure as well as the reading of reactive antigen bands 
by densitometry for greater objectivity, can be readily au-
tomated. These properties make IB tests attractive for the 
serodiagnosis of LD and TBRF as well as potentially other 
tick-borne diseases for medical and veterinary medical 
purposes under the One Health concept137.

The development and validation of single-step se-
rodiagnostic tests for LD and TBRF that can also help 
differentiate the two diseases, similar to that described 
in here, will be an important diagnostic advance. Addi-
tional investigations, e.g., the use of a weighting score for 
individual antigens142–143, and further selection of target 
antigens, may help optimize LD and TBRF IB tests in 
this regard. Determining clinical diagnostic parameters 
of the LD and TBRF IB tests with serum samples from 
patients with PCR-confirmed infections at different stages 
of the two diseases and appropriate control sera in differ-
ent clinical settings is also important.

It is relevant that LD has been reported in widely dif-
ferent parts of India144–146. TBRF has also been observed in 
India147–148. The development of sensitive and specific LD 
and TBRF IB tests can therefore contribute to differentiat-
ing the two diseases and establishing their epidemiology 
in the country.

ABBREVIATIONS

Bbss - Borrelia burgdorferi sensu stricto; Bip A - Bor-
relia immunogenic protein A; BmpA - Borrelia burgdor-
feri basic membrane protein A; CDC - US Centres for 

Disease Control and Prevention; EM - erythema migrans; 
EIA - enzyme immunoassay; FDA - US Food and Drug 
Administration; fHbp - factor H binding protein; FlaB - 
flagellin B; GlpQ - glycerophosphodiester diesterase; IB 
- immunoblot; IFA - immunofluorescence assay; LBRF 
- louse-borne relapsing fever; LD - Lyme disease; LDB - 
Lyme disease Borreliae; MTTT - modified two-tier test; 
OSP - outer surface protein; PCR - polymerase chain re-
action; RFB - relapsing fever Borreliae; STARD - stan-
dards for reporting diagnostic accuracy studies; STTT - 
standard two-tier test; TBRF - tick-borne relapsing fever; 
VlsE - variable major protein-like sequence expressed; 
WB - western blot;

Ethical statement: Not applicable

Conflict of interest: ID-FISH and IGeneX Inc., to 
which the authors are affiliated, develop and apply sero-
logical and nucleic acid tests for diagnosing tick-borne 
and many other infectious diseases

REFERENCES

1.	 Turgeon ML. Immunology and Serology in Laboratory Medi-
cine, 4th ed.; Mosby Elsevier: St. Louis, MO, USA, 2009; pp. 
1–525.

2.	 Shah JS, Ramasamy R. Fluorescence in situ hybridization 
(FISH) tests for identifying protozoan and bacterial pathogens 
in infectious diseases. Diagnostics 2022; 12(5):1286.

3.	 Tuddenham S, Hamill MM, Ghanem KG. Diagnosis and treat-
ment of sexually transmitted infections: a review. JAMA 2022; 
327(2): 161–172.

4.	 Kumar V, Abbas AK, Aster JC. Robbins and Cotran Pathologic 
Basis of Disease. 10th ed.; Elsevier, Philadelphia, USA, 2017; 
ISBN 9780323353175.

5.	 Boulanger N, Boyer P, Talagrand-Reboul E, Hansmann Y. Ticks 
and tick-borne diseases. Med Mal Infect 2019; 49(2): 87–97.

6.	 Centers for Disease Control and Prevention. Tickborne Diseas-
es of the United States. Available online: https://www.cdc.gov/
ticks/tickbornediseases/overview.html (Accessed on December 
16, 2022).

7.	 IGeneX Inc. Tick-Borne Disease Testing. Available online: 
https://igenex.com/tick-borne-disease-testing (Accessed on De-
cember 16, 2022).

8.	 Nathavitharana RR, Mitty JA. Diseases from North America: 
focus on tick-borne infections. Clin Med (Lond) 2015; 15(1): 
74–77.

9.	 Bajer A, Beck A, Beck R, Behnke JM, Dwu,żnik-Szarek D, 
Eichenberger RM, et al. Babesiosis in Southeastern, Central and 
Northeastern Europe: An emerging and re-emerging tick-borne 
disease of humans and animals. Microorganisms 2022; 10: 945.

10.	 Springer A, Glass A, Probst J, Strube C. Tick-borne zoonoses 
and commonly used diagnostic methods in human and veteri-
nary medicine. Parasitol Res 2021; 120(12): 4075–4090.

11.	 Branda, JA, Steere AC. Laboratory diagnosis of Lyme borrelio-
sis. Clin Microbiol Rev 2021; 34(2): e00018–19.

12.	 Maurin M. Francisella tularensis, tularemia and serological di-

D
ow

nloaded from
 http://journals.lw

w
.com

/jvbd by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

1y0abggQ
Z

X
dgG

j2M
w

lZ
LeI=

 on 12/27/2023



 361

agnosis. Front Cell Infect Microbiol 2020; 10: 512090.
13.	 Yoshii K. Epidemiology and pathological mechanisms of tick-

borne encephalitis. J Vet Med Sci 2019; 81(3): 343–347.
14.	 Fatmi SS, Zehra R, Carpenter DO. Powassan virus-a new re-

emerging tick-borne disease. Front Public Health 2017; 5: 342.
15.	 Blanco JR, Oteo JA. Human granulocytic ehrlichiosis in Eu-

rope. Clin Microbiol Infect 2002; 8(12): 763–772.
16.	 Ismail N. Bloch KC, McBride, JW. Human ehrlichiosis and ana-

plasmosis. Clin Lab Med 2010; 30(1): 261–292.
17.	 Baranton G, Postic D, Saint Girons I, Boerlin P. Piffaretti JC, 

Assous M, et al. Delineation of Borrelia burgdorferi sensu stric-
to, Borrelia garinii sp. nov., and group VS461 associated with 
Lyme borreliosis. Int J Syst Bacteriol 1992; 42(3): 378–383.

18.	 Canica MM, Nato F, du Merle L, Mazie JC, Baranton G, Postic 
D. Monoclonal antibodies for identification of Borrelia afzelii 
sp.nov. associated with late cutaneous manifestations of Lyme 
borreliosis. Scand J Infect Dis 1993; 25: 441–448.

19.	 Ord RL. Lobo CA. Human babesiosis: Pathogens, prevalence, 
diagnosis and treatment. Curr Clin Microbiol Rep 2015; 2: 
173–181.

20.	 Shah JS, Caoili E, Patton MF, Tamhankar S, Myint MM, Poruri 
A, et al. Combined immunofluorescence (IFA) and fluorescence 
in situ hybridization (FISH) assays for diagnosing babesiosis in 
patients from the USA, Europe and Australia. Diagnostics 2020; 
10(10): 761.

21.	 Brouqui P, Bacellar F, Baranton G, Birtles RJ, Bjoërsdorff A, 
Blanco JR, et al. Guidelines for the diagnosis of tick-borne bac-
terial diseases in Europe. Clin Microbiol Infect 2004; 10(12): 
1108–1132.

22.	 Figoni J, Chirouze C, Hansmann Y, Lemogne C, Hentgen V, 
Saunier A, et al. Lyme borreliosis and other tick-borne diseases. 
Guidelines from the French Scientific Societies (I): prevention, 
epidemiology, diagnosis. Med Mal Infect 2019; 49(5): 318–334.

23.	 Wilske B, Fingerle V, Schulte-Spechtel U. Microbiological and 
serological diagnosis of Lyme borreliosis. FEMS Immunol Med 
Microbiol 2007; 49(1): 13–21.

24.	 Burgdorfer W, Barbour AG, Hayes SF, Benach JL, Grunwaldt, 
E, Davis JP. Lyme disease-a tick-borne spirochetosis? Science 
1982; 216(4552): 1317–1319.

25.	 Benach JL, Bosler EM, Hanrahan, JP, Coleman JL, Habicht 
GS, Bast TF, et al. Spirochetes isolated from the blood of two 
patients with Lyme disease. N Engl J Med 1983; 308(13): 740–
742.

26.	 Centers for Disease Control and Prevention. Lyme disease. 
Centers for Disease Control and Prevention, Atlanta, GA. 2021. 
Available online: https://www.cdc.gov/lyme/ (Accessed on De-
cember 16, 2022).

27.	 Stanek G, Wormser GP, Gray J, Strle F. Lyme borreliosis. Lan-
cet 2012; 379: 461–473.

28.	 Schotthoefer AM, Frost HM. Ecology and epidemiology of 
Lyme borreliosis. Clin Lab Med 2015; 35: 723–766.

29.	 Stone BL, Tourand Y, Brissette CA. Brave new worlds: the ex-
panding universe of Lyme Disease. Vector Borne Zoonotic Dis 
2017; 17(9): 619–629.

30.	 Centers for Disease Control and Prevention. Relapsing fever. 
Centers for Disease Control and Prevention, Atlanta, GA. 2015. 
Available online: https://www.cdc.gov/relapsing-fever/index.
html (Accessed on July 29, 2022).

31.	 Krause PJ, Fish D, Narasimhan S, Barbour AG. Borrelia miya-
motoi infection in nature and in humans. Clin Microbiol Infect 
2015; 21(7): 631–639.

32.	 Shah JS, Liu S, Du Cruz I, Poruri A, Maynard, R, Shkilna M, 

et al. Line immunoblot assay for tick-borne relapsing fever and 
findings in patient sera from Australia, Ukraine and the USA. 
Healthcare 2019; 7(4): 121.

33.	 Middelveen MJ, Shah JS, Fesler MC, Stricker RB. Relapsing 
fever Borrelia in California: A pilot serological study. Int J Gen 
Med 2018; 11: 373–382.

34.	 Cutler SJ. Relapsing fever Borreliae: a global review. Clin Lab 
Med 2015; 35(4): 847–865.

35.	 Fesler MC, Shah JS, Middelveen MJ, Du Cruz I, Burrascano 
JJ, Stricker RB. Lyme Disease: Diversity of Borrelia species in 
California and Mexico detected using a novel immunoblot as-
say. Healthcare 2020; 8: 97.

36.	 Bergström S, Normark J. Microbiological features distinguish-
ing Lyme disease and relapsing fever spirochetes. Wien Klin 
Wochenschr 2018; 130(15-16): 484–490.

37.	 Marques AR, Strle F, Wormser GP. Comparison of Lyme dis-
ease in the United States and Europe. Emerg Infect Dis 2021; 
27(8): 2017–2024.

38.	 Steinbrink A, Brugger K, Margos G, Kraiczy P, Klimpel S. The 
evolving story of Borrelia burgdorferi sensu lato transmission 
in Europe. Parasitol Res 2022; 121(3): 781–803.

39.	 Jakab, Á, Kahlig P, Kuenzli E, Neumayr A. Tick borne relapsing 
fever - a systematic review and analysis of the literature. PLoS 
Negl Trop Dis 2022; 16(2): e0010212.

40.	 Pritt BS, Mead PS, Johnson D, Neitzel DF, Respicio-Kingry 
LB, Davis JP, et al. Identification of a novel pathogenic Bor-
relia species causing Lyme borreliosis with unusually high spi-
rochaetaemia: a descriptive study. Lancet Infect Dis 2016; 16: 
556–564.

41.	 Pritt BS, Respicio-Kingry LB, Sloan LM, Schriefer M, Replo-
gle AJ, Bjork J, et al. Borrelia mayonii sp. nov., a member of the 
Borrelia burgdorferi sensu lato complex, detected in patients 
and ticks in the upper midwestern United States. Int J Syst Evol 
Microbiol 2016; 66(11): 4878–4880.

42.	 Lin T, Oliver JHJr, Gao L, Kollars TMJr, Clark KL. Genetic 
heterogeneity of Borrelia burgdorferi sensu lato in the southern 
United States based on restriction fragment length polymor-
phism and sequence analysis. J Clin Microbiol 2001; 39(7): 
2500–2507.

43.	 Rudenko N, Golovchenko M, Grubhoffer L, Oliver JH. Updates 
on Borrelia burgdorferi sensu lato complex with respect to pub-
lic health. Ticks Tick Borne Dis 2011; 2(3): 123–128.

44.	 Wilske B. Diagnosis of Lyme borreliosis in Europe. Vector 
Borne Zoonotic Dis 2003; 3(4): 215–227.

45.	 Gordillo-Pérez G, García-Juárez I, Solórzano-Santos F, Cor-
rales-Zúñiga L, Muñoz-Hernández O, Torres-López J. Sero-
logical evidence of Borrelia burgdorferi infection in Mexican 
patients with facial palsy. Rev Invest Clin 2017; 69(6): 344–348.

46.	 Hao Q, Hou X, Geng Z, Wan K. Distribution of Borrelia burg-
dorferi sensu lato in China. J Clin Microbiol 2011; 49(2): 647–
650.

47.	 Ni XB, Jia N, Jiang BG, Sun T, Zheng Y, Huo QB, et al. Lyme 
borreliosis caused by diverse genospecies of Borrelia burg-
dorferi sensu lato in northeastern China. Clin Microbiol Infect 
2014; 20(8): 808–814.

48.	 Talagrand-Reboul E, Raffetin A, Zachary P, Jaulhac B, Eldin 
C. Immunoserological diagnosis of human borrelioses: current 
knowledge and perspectives. Front Cell Infect Microbiol 2020; 
10: 241.

49.	 Centers for Disease Control and Prevention. Lyme Disease (Bor-
relia burgdorferi) 2022 case definition. Available online: https://
ndc.services.cdc.gov/case-definitions/lyme-disease-2022/ (Ac-

Shah et al: Tick-borne borreliosis

D
ow

nloaded from
 http://journals.lw

w
.com

/jvbd by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

1y0abggQ
Z

X
dgG

j2M
w

lZ
LeI=

 on 12/27/2023



 J Vector Borne Dis 60, December 2023362

cessed on December 16, 2022).
50.	 Aguero-Rosenfeld ME, Wormser GP. Lyme disease: Diagnostic 

issues and controversies. Expert Rev Mol Diagn 2015; 1: 1–4.
51.	 Hsieh YF, Liu HW, Hsu TC, Wei JC, Shih CM, Krause PJ, et 

al. Serum reactivity against Borrelia burgdorferi OspA in pa-
tients with rheumatoid arthritis. Clin Vaccine Immunol 2007; 
14: 1437–1441.

52.	 Krause PJ, McKay K, Thompson CA, Sikand VK, Lentz R, 
Lepore T, et al. Disease-specific diagnosis of co-infecting tick-
borne zoonoses: Babesiosis, human granulocytic ehrlichiosis, 
and Lyme disease. Clin Infect Dis 2002; 34: 1184–1191.

53.	 Marcus LC, Steere AC, Duray PH, Anderson AE, Mahoney EB. 
Fatal pancarditis in a patient with coexistent Lyme disease and 
babesiosis. Demonstration of spirochetes in the myocardium. 
Ann Intern Med 1985; 103(3): 374–376.

54.	 Benach JL, Coleman JL, Habicht GS, MacDonald A, Grunwaldt 
E, Giron JA. Serological evidence for simultaneous occurrenc-
es of Lyme disease and babesiosis. J Infect Dis 1985; 152(3): 
473–477.

55.	 DeMartino SJ, Carlyon JA, Fikrig E. Coinfections with Borrelia 
burgdorferi and the agent of human granulocytic ehrlichiosis. N 
Engl J Med 2001; 345: 150–151.

56.	 Nadelman RB, Horowitz HW, Hsieh TC, Wu JM, Aguero-
Rosenfeld ME, Schwartz I, Nowakowski J, et al. Simultaneous 
human granulocytic ehrlichiosis and Lyme borreliosis. N Engl J 
Med 1997; 337(1): 27–30.

57.	 Stricker RB, Harris NS, Yong DC, Winger EE. Clinical and se-
roepidemiologic characteristics of Babesia WA-1 coinfection in 
patients with Lyme disease in California. J Investig Med 2003; 
51(Suppl. 1): S145.

58.	 Kugeler KJ, Schwartz AM, Delorey MJ, Mead PS, Hinckley AF. 
Estimating the frequency of Lyme disease diagnoses, United 
States, 2010-2018. Emerg Infect Dis 2021; 27(2): 616–619.

59.	 Centers for Disease Control and Prevention. Reported cases 
of Lyme disease by state or locality, 2009–2019. Centers for 
Disease Control and Prevention, Atlanta, GA. 2021. Available 
online: https://www.cdc.gov/lyme/stats/tables.html. (Accessed 
on June 10, 2022).

60.	 Krause PJ, Carroll M, Fedorova N, Brancato J, Dumouchel C, 
et al. Human Borrelia miyamotoi infection in California: Sero-
diagnosis is complicated by multiple endemic Borrelia species. 
PLoS One 2018; 13(2): e0191725.

61.	 Ogden NH, Bouchard C, Badcock J, Drebot MA, Elias SP, 
Hatchette TF, et al. What is the real number of Lyme disease 
cases in Canada? BMC Public Health 2019; 19(1): 849.

62.	 Stanek G, Strle F. Lyme borreliosis-from tick bite to diagnosis 
and treatment. FEMS Microbiol Rev 2018; 42(3): 233–258.

63.	 Steere AC, Strle F, Wormser GP, Hu LT, Branda JA, Hovius JW, 
et al. Lyme borreliosis. Nat Rev Dis Primers 2016; 2:16090.

64.	 Nadelman RB. Erythema migrans. Infect Dis Clin North Am 
2015; 29(2): 211–239.

65.	 Schutzer SE, Body BA, Boyle J, Branson BM, Dattwyler RJ, 
Fikrig E, et al. Direct diagnostic tests for Lyme disease. Clin 
Infect Dis 2019; 68(6): 1052–1057.

66.	 Shah JS, D’ Cruz I, Ward S, Harris NS, Ramasamy R. Devel-
opment of a sensitive PCR-dot blot assay to supplement sero-
logical tests for diagnosing Lyme disease. Eur J Clin Microbiol 
Infect Dis 2018; 37(4): 701–709.

67.	 Garcia K, Weakley M, Do T, Mir S. Current and future mo-
lecular diagnostics of tick-borne diseases in cattle. Vet Sci 2022; 
9(5): 241.

68.	 Engstrom SM, Shoop E, Johnson RC. Immunoblot interpreta-

tion criteria for serodiagnosis of early Lyme disease. J Clin Mi-
crobiol 1995; 33(2): 419–427.

69.	 Dressler F, Whalen JA, Reinhardt BN, Steere AC. Western blot-
ting in the serodiagnosis of Lyme disease. J Infect Dis 1993; 
167(2): 392–400.

70.	 Centers for Disease Control and Prevention. Notice to readers: 
Recommendations for test performance and interpretation from 
the second national conference on serologic diagnosis of Lyme 
Disease. Morb Mortal Wkly Rep 1995; 44: 590–591.

71.	 Association of Public Health Laboratories (AHPL). Suggested re-
porting language, interpretation and guidance regarding Lyme dis-
ease serologic test results. 2021. Available from:https://www.aphl.
org/aboutAPHL/publications/Documents/ID-2021-Lyme-Disease-
Serologic-Testing-Reporting.pdf (Accessed on June 11, 2022).

72.	 Liu S, Cruz ID, Ramos CC, Taleon P, Ramasamy R, Shah J. 
Pilot study of immunoblots with recombinant Borrelia burgdor-
feri antigens for laboratory diagnosis of Lyme disease. Health-
care 2018; 6(3): 99.

73.	 Theel ES, Sorenson M, Granger D. Evaluation of a novel micro-
array immunoblot assay for detection of IgM- and IgG-class an-
tibodies to Borrelia burgdorferi. J Clin Microbiol 2018; 56(11): 
e00992–18.

74.	 Gold Standard Diagnostics. Lyme line immunoblots. Available from: 
www.gsdx.us/confirmation-testing (Accessed on June 15, 2022).

75.	 Stricker RB, Fesler MC. Chronic Lyme disease: a working case 
definition. Am J Infect Dis 2018; 14(1): 1–44.

76.	 Molins CR, Sexton C, Young JW, Ashton LV, Pappert R, Beard 
CB, et al. Collection and characterization of samples for estab-
lishment of a serum repository for lyme disease diagnostic test 
development and evaluation. J Clin Microbiol 2014; 52(10): 
3755–3762.

77.	 Mead P, Petersen J, Hinckley A. Updated CDC recommendation 
for serologic diagnosis of Lyme disease. MMWR Morb Mortal 
Wkly Rep 2019; 68(32):703.

78.	 Bankhead T. Role of the VlsE lipoprotein in immune avoidance 
by the Lyme disease spirochete Borrelia burgdorferi. Forum 
Immunopathol Dis Therap 2016; 7(3-4): 191–204.

79.	 Izac JR, Camire AC, Earnhart CG, Embers ME, Funk RA, Bre-
itschwerdt EB, et al. Analysis of the antigenic determinants of 
the OspC protein of the Lyme disease spirochetes: Evidence that 
the C10 motif is not immunodominant or required to elicit bac-
tericidal antibody responses. Vaccine 2019; 37(17): 2401–2407.

80.	 Liang FT, Steere AC, Marques AR, Johnson BJ, Miller JN, 
Philipp MT. Sensitive and specific serodiagnosis of Lyme dis-
ease by enzyme-linked immunosorbent assay with a peptide 
based on an immunodominant conserved region of Borrelia 
burgdorferi vlsE. J Clin Microbiol 1999; 37(12): 3990–3996.

81.	 Branda JA, Strle K, Nigrovic LE, Lantos PM, Lepore TJ, Damle 
NS, et al. Evaluation of modified 2-tiered serodiagnostic testing 
algorithms for early Lyme disease. Clin Infect Dis 2017; 64(8): 
1074–1080.

82.	 Hauser U, Lehnert G, Lobentanzer R, Wilske B. Interpretation 
criteria for standardized Western blots for three European spe-
cies of Borrelia burgdorferi sensu lato. J Clin Microbiol 1997; 
35(6): 1433–1444.

83.	 Hauser U, Lehnert G, Wilske B. Diagnostic value of proteins of 
three Borrelia species (Borrelia burgdorferi sensu lato) and im-
plications for development and use of recombinant antigens for 
serodiagnosis of Lyme borreliosis in Europe. Clin Diagn Lab 
Immunol 1998; 5(4): 456–462.

84.	 Hauser U, Lehnert G, Wilske B. Validity of interpretation cri-
teria for standardized Western blots (immunoblots) for serodi-

D
ow

nloaded from
 http://journals.lw

w
.com

/jvbd by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

1y0abggQ
Z

X
dgG

j2M
w

lZ
LeI=

 on 12/27/2023



 363

agnosis of Lyme borreliosis based on sera collected throughout 
Europe. J Clin Microbiol 1999; 37(7): 2241–2247.

85.	 Fischer JR, Parveen N, Magoun L, Leong JM. Decorin-binding 
proteins A and B confer distinct mammalian cell type-specific 
attachment by Borrelia burgdorferi, the Lyme disease spiro-
chete. Proc Natl Acad Sci U S A 2003; 100(12): 7307–7312.

86.	 Goettner G, Schulte-Spechtel U, Hillermann R, Liegl G, Wilske 
B, Fingerle V. Improvement of Lyme borreliosis serodiagnosis 
by a newly developed recombinant immunoglobulin G (IgG) 
and IgM line immunoblot assay and addition of VlsE and DbpA 
homologues. J Clin Microbiol 2005; 43(8): 3602–3609.

87.	 Wilske B, Zoller L, Brade V, Eiffert H, Gobel UB, Stanek G, et 
al. MIQ 12, Lyme-Borreliose. In Mauch H, Lutticken R. (eds), 
Qualitatsstandards in der mikrobiologisch-infektiologischen 
diagnostik. Urban & Fischer Verlag, Munich, Germany. 2009, 
pp1-59.

88.	 Eldin C, Raffetin A, Bouiller K, Hansmann Y, Roblot F, Raoult 
D, et al. Review of European and American guidelines for the 
diagnosis of Lyme borreliosis. Med Mal Infect 2019; 49(2): 
121–132.

89.	 Branda JA, Strle F, Strle K, Sikand N, Ferraro MJ, Steere AC. 
Performance of United States serologic assays in the diagnosis 
of Lyme borreliosis acquired in Europe. Clin Infect Dis 2013; 
57(3): 333–340.

90.	 Baarsma ME, Schellekens J, Meijer BC, Brandenburg AH, 
Souilljee T, Hofhuis A, et al. Diagnostic parameters of modified 
two-tier testing in European patients with early Lyme disease. 
Eur J Clin Microbiol Infect Dis 2020; 39(11): 2143–2152.

91.	 Bossuyt PM, Reitsma JB, Bruns DE, Gatsonis CA, Glasziou PP, 
Irwig LM, et al. Standards for reporting of diagnostic accuracy. To-
wards complete and accurate reporting of studies of diagnostic ac-
curacy: the STARD initiative. Brit Med J 2003; 326(7379): 41–44.

92.	 Leeflang MM, Ang CW, Berkhout J, Bijlmer HA, Van Bortel W, 
Brandenburg AH, et al. The diagnostic accuracy of serological 
tests for Lyme borreliosis in Europe: a systematic review and 
meta-analysis. BMC Infect Dis 2016; 16: 140.

93.	 Busson L, Reynders M, Van den Wijngaert S, Dahma H, Decol-
venaer M, Vasseur, L, et al. Evaluation of commercial screen-
ing tests and blot assays for the diagnosis of Lyme borreliosis. 
Diagn Microbiol Infect Dis 2012; 73(3): 246–251.

94.	 Euroimmun, Lubeck, Germany. Differentiated Borrelia diag-
nostics. Available online: www.euroimmun.com/documents/In-
dications/Infections/Borrelia/HI_2132_I_UK_C.pdf (Accessed 
on March 31,2022).

95.	 Mikrogen, Neuried, Germany. Available online: www.mikro-
gen.de/english/products/product-overview/testsystem/borrelia-
igg-1.html (Accessed on August 14, 2022).

96.	 Wojciechowska-Koszko I, Mnichowska-Polanowska M, Kwi-
atkowski P, Roszkowska P, Sienkiewicz M, Dołegowska B. Im-
munoreactivity of Polish Lyme disease patient sera to specific 
Borrelia antigens—Part 1. Diagnostics 2021; 11: 2157.

97.	 Wojciechowska-Koszko I, Kwiatkowski P, Sienkiewicz M, 
Kowalczyk M, Kowalczyk E, Dołęgowska B. Cross-reactive 
results in serological tests for borreliosis in patients with active 
viral infections. Pathogens 2022; 11: 203.

98.	 Ji Z, Jian M, Yue P, Cao W, Xu X, Zhang Y, et al. Prevalence 
of Borrelia burgdorferi in Ixodidae tick around Asia: A system-
atic review and meta-analysis. Pathogens 2022; 11(2): 143.

99.	 Jiang Y, Hou XX, Geng Z, Hao Q, Wan KL. Interpretation cri-
teria for standardized Western blot for the predominant species 
of Borrelia burgdorferi sensu lato in China. Biomed Environ Sci 
2010; 23(5): 341–349.

100.	Centers for Disease Control and Prevention. Borrelia miyamo-
toi. 2019. Available online: www.cdc.gov/ticks/miyamotoi.html 
(Accessed on July 29, 2022).

101.	Cutler, S. Relapsing fever—a forgotten disease revealed. J Appl 
Microbiol 2010; 108: 1115–1122.

102.	Talagrand-Reboul E, Boyer PH, Bergström S, Vial L, Boulanger 
N. Relapsing fevers: Neglected tick-borne diseases. Front Cell 
Infect Microbiol 2018; 8: 98.

103.	Kingry LC, Anacker M, Pritt B, Bjork J, Respicio-Kingry L, 
Liu G. et al. Surveillance for and discovery of Borrelia species 
in US patients suspected of tick-borne illness. Clin Infect Dis 
2018; 66: 1864–1871.

104.	Lopez JE, Krishnavahjala A, Garcia MN, Bermudez S. Tick-borne 
relapsing fever spirochetes in the Americas. Vet Sci 2016; 3: 16.

105.	Palma M, Lopes de Carvalho I, Figueiredo M, Amaro F, Boinas 
F, Cutler SJ, et al. Borrelia hispanica in Ornithodoros erraticus, 
Portugal. Clin Microbiol Infect 2012; 18: 696–701.

106.	Elbir H, Larsson P, Normark J, Upreti M, Korenberg E, Lars-
son C, et al. Genome sequence of the Asiatic species Borrelia 
persica. Genome Announc 2014; 2: e01127–13.

107.	Elbir H, Raoult D, Drancourt M. Relapsing fever Borreliae in 
Africa. Am J Trop Med Hyg 2013; 89: 288–292.

108.	Dworkin MS, Schwan TG, Anderson DEJr, Borchardt SM. Tick-
borne relapsing fever. Infect Dis Clin N Am 2008; 22: 449–468.

109.	Burkot TR, Mullen GR, Anderson R, Schneider BS, Happ CM, 
Zeidner NS. Borrelia lonestari DNA in adult Amblyomma amer-
icanum ticks, Alabama. Emerg Infect Dis 2001; 7: 471–473.

110.	Centers for Disease Control and Prevention. Louse-Borne Relaps-
ing Fever (LBRF). Centers for Disease Control and Prevention, 
Atlanta, GA. 2022. Available online: https://www.cdc.gov/relaps-
ing-fever/resources/louse.html (Accessed on July 29, 2022).

111.	Cutler S. Refugee crisis and re-emergence of forgotten infec-
tions in Europe. Clin Microbiol Infect 2016; 22: 8–9.

112.	Cutler SJ, Ruzic-Sabljic E, Potkonjak A. Emerging borreliae—
expanding beyond Lyme borreliosis. Mol Cell Probes 2017; 31: 
22–27.

113.	Cameron DJ, Johnson LB, Maloney EL. Evidence assessments 
and guideline recommendations in Lyme disease: The clini-
cal management of known tick bites, erythema migrans rashes 
and persistent disease. Expert Rev Anti-Infect Ther 2014; 12: 
1103–1135.

114.	Dworkin, MS, Anderson DEJr, Schwan TG, Shoemaker PC, 
Banerjee SN, Kassen BO, et al. Tick-borne relapsing fever in 
the northwestern United States and southwestern Canada. Clin 
Infect Dis 1998; 26: 122–131.

115.	Stoenner, HG. Antigenic variation of Borrelia hermsii. J Exp 
Med 1982; 156: 1297–1311.

116.	Barbour, AG, Dai Q, Restrepo BI, Stoenner HG, Frank SA. 
Pathogen escape from host immunity by a genome program for 
antigenic variation. Proc Natl Acad Sci USA 2006; 103: 18290–
18295.

117.	Butler T. The Jarisch-Herxheimer reaction after antibiotic treat-
ment of spirochetal infections: a review of recent cases and 
our understanding of pathogenesis. Am J Trop Med Hyg 2017; 
96(1): 46–52.

118.	Telford SR, Goethert HK, Molloy PJ, Berardi V. Blood smears 
have poor sensitivity for confirming Borrelia miyamotoi dis-
ease. J Clin Microbiol 2019; 57: e01468–18.

119.	Cadavid D, Barbour AG. Neuroborreliosis during relapsing fe-
ver: review of the clinical manifestations, pathology, and treat-
ment of infections in humans and experimental animals. Clin 
Infect Dis 1998; 26(1): 151–164.

Shah et al: Tick-borne borreliosis

D
ow

nloaded from
 http://journals.lw

w
.com

/jvbd by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

1y0abggQ
Z

X
dgG

j2M
w

lZ
LeI=

 on 12/27/2023



 J Vector Borne Dis 60, December 2023364

120.	Magnarelli LA, Anderson JF, Johnson RC. Cross-reactivity in 
serological tests for Lyme disease and other spirochetal infec-
tions. J Infect Dis 1987; 156: 183–188.

121.	Rath PM, Rögler G, Schönberg A, Pohle HD, Fehrenbach FJ. 
Relapsing fever and its serological discrimination from Lyme 
borreliosis. Infection 1992; 20(5): 283–286.

122.	Schwan TG, Schrumpf ME, Hinnebusch BJ, Anderson DEJr. 
Konkel ME. GlpQ: An antigen for serological discrimination 
between relapsing fever and Lyme borreliosis. J Clin Microbiol 
1996; 34: 2483–2492.

123.	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. J Clin Microbiol 2000; 38: 3561–3571.

124.	Lopez, JE, Schrumpf ME, Nagarajan V, Raffel SJ, McCoy BN, 
Schwan TG. A novel surface antigen of relapsing fever spiro-
chetes can discriminate between relapsing fever and Lyme Bor-
reliosis. Clin Vaccine Immunol 2010; 17: 564–571.

125.	Lopez, JE, Wilder HK, Boyle W, Drumheller LB, Thornton JA, 
Willeford B, et al. Sequence analysis and serological responses 
against Borrelia turicatae BipA, a putative species-specific an-
tigen. PLoS Negl Trop Dis 2013; 7: e2454.

126.	Hovis KM, Schriefer ME, Bahlani S, Marconi RT. Immunologi-
cal 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.

127.	Schott M, Grosskinsky S, Brenner C, Kraiczy P, Wallich R. Mo-
lecular characterization of the interaction of Borrelia parkeri 
and Borrelia turicatae with human complement regulators. In-
fect Immun 2010; 78: 2199–2208.

128.	Röttgerding F, Wagemakers A, Koetsveld J, Fingerle V, 
Kirschfink M, Hovius JW, et al. Immune evasion of Borrelia mi-
yamotoi: CbiA, a novel outer surface protein exhibiting comple-
ment binding and inactivating properties. Sci Rep 2017; 7: 303.

129.	Tracy KE, Baumgarth N. Borrelia burgdorferi manipulates in-
nate and adaptive immunity to establish persistence in rodent 
reservoir hosts. Front Immunol 2017; 8: 116.

130.	Craft JE, Fischer DK, Shimamoto GT, Steere AC. Antigens of 
Borrelia burgdorferi recognized during Lyme disease. Appear-
ance of a new immunoglobulin M response and expansion of 
the immunoglobulin G response late in the illness. J Clin Invest 
1986; 78(4): 934–939.

131.	Steere, AC, McHugh G, Damle N, Sikand VK. Prospective 
study of serologic tests for Lyme disease. Clin Infect Dis 2008; 
47(2): 188–195.

132.	Weiss MF. Re: “Seroprevalence of Borrelia IgM and IgG Anti-
bodies in healthy individuals: a caution against serology misin-
terpretations and unnecessary antibiotic treatments” by Strizova 
et al. Vector Borne Zoonotic Dis 2020; 20(10): 803.

133.	Ramasamy R. Molecular basis for immune evasion and patho-

genesis in malaria. Biochim. Biophys. Acta Tropica 1998; 1406: 
10–27.

134.	Nordstrand A, Bunikis I, Larsson C, Tsogbe K, Schwan TG, 
Nilsson M, et al. Tickborne relapsing fever diagnosis obscured 
by malaria, Togo. Emerg Infect Dis 2007; 13: 117–123.

135.	Shah JS Mark O, Caoili E, Poruri A, Horowitz RI, Ashbaugh 
AD, et al. A Fluorescence in situ hybridization (FISH) test for 
diagnosing babesiosis. Diagnostics 2020; 10(6): 377.

136.	Shah JS, Caoili E, Patton MF, Tamhankar S, Myint MM, Poruri 
A, et al. Combined immunofluorescence (IFA) and fluorescence 
in situ hybridization (FISH) assays for diagnosing babesiosis in 
patients from the USA, Europe and Australia. Diagnostics 2020; 
10(10): 761.

137.	Springer A, Glass A, Probst J, Strube C. Tick-borne zoonoses 
and commonly used diagnostic methods in human and veteri-
nary medicine. Parasitol Res 2021; 120: 4075–4090.

138.	Wang, LN, Yang L, Zheng HY. Clinical evaluation of four re-
combinant Treponema pallidum antigen-based rapid tests in the 
diagnosis of syphilis. Chin Med Sci J 2007; 22(4): 250–253.

139.	Pastor AF, Silva MR, Dos Santos WJT, Rego T, Brandão E, de-
Melo-Neto OP, et al. Recombinant antigens used as diagnostic 
tools for lymphatic filariasis. Parasit Vectors 2021; 14(1): 474.

140.	Umezawa ES, Bastos SF, Coura JR, Levin MJ Gonzalez A, Ran-
gel-Aldao R, et al. An improved serodiagnostic test for Chagas’ 
disease employing a mixture of Trypanosoma cruzi recombinant 
antigens. Transfusion 2003; 43(1): 91–97.

141.	Manz RA, Thiel A, Radbruch A. Lifetime of plasma cells in the 
bone marrow. Nature 1997; 388(6638): 133–134.

142.	Porwancher R, Landsberg L. Optimizing use of multi-antibody 
assays for Lyme disease diagnosis: A bioinformatic approach. 
PLoS One 2021; 16(9): 0253514.

143.	Kadkhoda K, Gretchen A. Higher sensitivity of the recomLine 
Borrelia IgG immunoblot kit than of the standard Lyme IgG im-
munoblot kit according to CDC testing criteria. J Clin Microbiol 
2018; 56(8): e00527–18.

144.	Sharma B, Paul M, Panagariya A, Dubey P. Neuroborreliosis 
in India - A diag-nostic challenge and a great mimicker: a case 
series. J Assoc Physicians India 2022; 70(5): 11–12.

145.	Vinayaraj EV, Gupta N, Sreenath K, Thakur CK, Gulati S, 
Anand V, et al. Clinical and laboratory evidence of Lyme dis-
ease in North India, 2016-2019. Travel Med Infect Dis 2021; 
43: 102134.

146.	Babu K, Murthy KR, Bhagya M, Murthy PR, Puttamallesh VN, 
Ravi V. Sero-prevalence of Lymes disease in the Nagarahole 
and Bandipur forest areas of South India. Indian J Ophthalmol 
2020; 68(1): 100-105.

147.	Kaul S. Relapsing Fever-Tick-Borne. Account of an outbreak in 
J.&K. Force, India. Ind Med Gaz 1949; 84(10): 433–440.

148.	Aher AR, Shah H, Rastogi V, Tukaram PK, Choudhury RC. A 
case report of relapsing fever. Indian J Pathol Microbiol 2008; 
51(2): 292–293.

Correspondence to: 		 Ranjan Ramasamy, ID-FISH Technology Inc., 556 Gibraltar Drive, Milpitas, CA 95035, USA. 
	 E-mail: rramasamy@idfishtechnology.com

Received: 17 December 2022 		 Accepted in revised form: 30 May 2023

D
ow

nloaded from
 http://journals.lw

w
.com

/jvbd by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

1y0abggQ
Z

X
dgG

j2M
w

lZ
LeI=

 on 12/27/2023


