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ABSTRACT

Background: Lyme borreliosis is a tick-borne zoonotic disease caused by Borrelia
burgdorferi spirochetes transmitted by Ixodes ticks. It is prevalent worldwide
and spreads within one to two weeks, potentially causing erythema migrans and
other symptoms. Diagnosing and treating Lyme borreliosis is challenging due to
varied clinical presentations and diagnostic test limitations. Diagnosis: Diagnosis
involves clinical symptoms and serological tests. Erythema migrans alone is
diagnostic without further tests. The standard two-tiered testing approach,
involving an initial ELISA followed by a confirmatory Western Blot, is commonly
used but has low sensitivity in early-stage disease. Modified two-tiered testing
aims to improve diagnostic accuracy but requires two stages for sufficient
sensitivity and specificity. New diagnostic methods include lateral flow
immunoassays, EliSpot techniques, biomarker-based approaches, pathogen
culture, and PCR with modifications like immune-PCR. The methods mentioned
each have their limitations. The lack of a gold standard method makes exploring
a valid diagnostic algorithm necessary. Treatment: Treatment primarily involves
antibiotics such as doxycycline, usually for no more than 28 days. Long-term
antibiotic therapy is not supported by evidence and is not recommended for non-
specific post-Lyme syndrome symptoms. Conclusions: In conclusion,
advancements in Lyme borreliosis diagnostics continue, but challenges remain in
developing a simple, cost-effective, and highly accurate diagnostic test. Improved
diagnostics are crucial for timely treatment, preventing complications, and

minimizing unnecessary antibiotic use.
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1. INTRODUCTION

Lyme borreliosis (LB, syn: Lyme disease) is a tick-borne, polymorphic, zoonotic disease caused by spirochetes Borrelia Burgdorferi
(Bb), which are transmitted to humans by ticks in the genus Ixodes. Distribution of the disease is mainly related to the area where ticks
are present, and most extend to North America, Europe, and Eastern Asia (Dong et al., 2022; Mead, 2022). In the human body, the
spirochetes disseminate hematogenous or via lymphatics within one to two weeks (Wormser et al.,, 2005). The spirochetes can be
eliminated by the effective immune system of the patient or remain alive and localize on the skin, causing characteristic lesions in the
form of erythema migrans (EM). Due to the variety of clinical manifestations and the limitations of diagnostic tests, diagnosis of the
disease is not always straightforward. Clinical manifestations of LB are presented in (Figure 1). The treatment method, which is most
effective in the early phases, is based on antibiotic therapy. Early initiated and effective antibiotic treatment prevents the harmful
complications of chronic LB. Our review attempts to compile knowledge on the diagnosis of LB and summarize current treatment

options.

CLINICAL MANIFESTATIONS OF LYME BORELIOSIS
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Figure 1 Clinical manifestations of Lyme borreliosis

2. METHODS

We performed an extensive literature search in the PubMed database to identify pertinent studies on the diagnosis and treatment of LB,
including articles published up to April 2024. The search terms used were "Lyme borreliosis”" OR "Lyme disease” AND "diagnosis" OR
"treatment”. Studies selected for the review had to meet specific criteria: they focused on diagnostic and therapeutic approaches or new
diagnostic methods discovered in recent years, were published in peer-reviewed journals, and were available in English. Four
reviewers independently extracted data, which included study characteristics, described diagnostic methods, test sensitivity and

specificity, and key findings about the role of these methods in the diagnostic scheme of LB. A narrative synthesis was then conducted.

Medical Science 28, €93ms3399 (2024) 20f 11



REVIEW | OPEN ACCESS

Findings were categorized according to the diagnostic issues addressed (indirect and direct diagnosis) and summarized to provide a

comprehensive overview of LB diagnosis and treatment.

3. RESULT AND DISCUSSION

Indirect diagnosis

The diagnostic requirements for LB are (i) the identification of characteristic clinical symptoms and (ii) confirmation of infection by
serological tests. Exclusively, the EM form of Lyme disease does not require any supporting tests for diagnosis. In Europe and the
United States, a two-stage diagnosis is mandatory. The first stage is a quantitative screening test, for example, enzyme-linked
immunosorbent assay (ELISA), chemiluminescence immunoassay (CLIA), and multiplex microsphere immunoassay (MMIA). A
negative outcome indicates that the patient does not require any further investigation for LB. A positive or questionable result requires
confirmation by the Western Blot (WB) test.

Standard two-tiered testing and modified two-tiered testing

Up-to-date recommendations for diagnosing LB include serologic tests, such as indirect diagnosis (Miraglia, 2016). Considering the
limitations of serologic diagnosis in detecting early localized LB, early disseminated LB, or late-stage LB, typically proposed schemes
include a standard two-tiered testing approach (CST). ST sensitivity, despite its recommendations, is poor in early localized infection
(less than 50%), but in the late stages of infection, sensitivity approaches 100% (Waddell et al., 2016). In STTT, an ELISA test is
performed first, and if the result is borderline or positive, a confirmatory WB test is required (Mead et al., 2019). The diagnostic

algorithm based on STTT is presented in (Figure 2). The novel approaches for diagnosis of Lyme boreliosis is mentioned in (Table 1).

typical clinical symptoms of
Lyme disease

1. test: ELISA or CLIA or MMIA

positive or indeterminate

negative
- Szg(‘)pctigmss typical borreliosis
y symptoms <30 days
2. test alternative retesting

diagnosis
western blot
only IgG

Figure 2 Diagnostic algorithm based on the standard two-tiered testing approach.

The ELISA method, commonly used in diagnostics, provides detection of immunoglobulin G (IgG) and, or immunoglobulin M
(IgM). Antigens specific for Bb are coated on a plate, and patient serum samples are tested to identify these antigens. Products of the
reaction induce a change in color or fluorescence, which is measured by the suitable detection system. The ELISA's reliability varies
according to the antigen and its preparation. The first generation of ELISAs was based on spirochete lysates obtained by sonication, and
its sensitivity was limited. Moreover, the first generation of ELISAs did not cover many antigens, such as VISE or OspC (Kumaran et al.,
2001; Nyman et al., 2006). The second generation of ELISAs uses purified, synthetic or recombinant antigens, such as the surface
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lipoproteins OspC, OspA or VIsE, which are highly immunogenic and improve sensitivity (Kaiser and Rauer, 1999; Van-Burgel et al.,
2011a). If a positive or borderline result is observed, WB is commonly performed. However, the method of this test is similar to the
ELISA test. WB is usually based on Bb cell lysates and, or recombinant antigens.

The result is the detection of antibodies produced in response to infection by Bb. Separation of Bb antigens by SDS-PAGE, with a
characteristic migration profile before detection, confirms the result, which increases specificity and validates the diagnosis (Mavin et
al.,, 2009). However, sensitivity and specificity are the foremost considerations for this approach. Wojciechowska-Koszko et al. pointed
out that actual testing generates many false-positive results, leading to misdiagnosis and unnecessary treatment. Authors tested the
reactivity of sera from patients with Epstein-Barr virus or cytomegalovirus infection against Borrelia antigens used in serological tests.
Several false-positive results have been obtained, probably related to the cross-reactivity of antibodies produced in response to the
presence of viral superantigens (Wojciechowska-Koszko et al., 2022). Also, false-positive ELISA test results are possible due to cross-
reactive antibodies to antigens common to other diseases i.e. Helicobacter pylori (Zdka et al., 2021).

Additional factors affecting the sensitivity and specificity of serological tests that should be considered are related to patients with
early-stage LB. Generally, tests present a lower sensitivity than tests on patients with late-stage LB, because of the shorter time to
develop an adequate antibody response. Effective antibiotic treatment in early-stage LB may also suppress the development of an
antibody response, reducing the possibility of positive serological tests. In contrast, patients with late-stage LB, such as Lyme arthritis
or neuroborreliosis, commonly present with a strong antibody response in serological tests (Quintero et al., 2021). A new concept for
the diagnosis of LB is MTTT. It is suggested to replace WB with tests that can overcome the issues discussed previously (Branda et al.,

2018). However, two-tier testing is still necessary as no test provides sufficient sensitivity and specificity.

Antibody-based diagnostic tests

There is an opening alternative for a simple screening test that can be performed simply on its own without the need for specialized
laboratory equipment. The technology is called lateral flow immunoassay (LFIA), which is rapid, user-friendly, simple to interpret, and
can be performed outside the laboratory. The premise of the test is similar to the ELISA method. The sample and migration buffer is
applied to a paper carrier. After the sample migrates through the detection membrane, it reacts with antibodies directed against human
IgG or IgM. Forming the complex provides a visible line, allowing the result to be interpreted - similar to the techniques used in
screening tests during the COVID-19 pandemic. Commercial tests based on this technology for Lyme IgM or IgG antibodies are
available, but they have varying sensitivity (30-100%) and specificity (38-100%) (Smit et al., 2015; Dickeson et al., 2016). However,
current guidelines do not recommend them for routine diagnostic use, as they do not achieve a level of sensitivity and specificity

comparable to traditional two-level tests (Eldin et al., 2019).

EliSpot as a potential new approach

Various studies indicate that Bb can enter endothelial cells and macrophages. In the same way as in viral infections, the activation of
type I interferons intracellularly has an essential impact on infection by Bb (Livengood and Gilmore, 2006; Woitzik and Linder, 2021).
Spirochete infection initiate an immune response via the release of cytokines and interferon y (IFN-y), and subsequently leads to an
elevated expression of IL-4 by Th1 lymphocytes, which is associated with the non-chronic consequences of LB. However, persistent
expression of IFN-y may contribute to chronic manifestations of the LB (Oksi et al., 1996). Consequently, IFN-y release can detect the
presence of Bb antigens using EliSpot techniques - a quantitative test to determine the number of T cells producing IFN-y. The
sensitivity of this method is considerably higher than the ELISA test (Lehmann and Zhang, 2012). However, unlike conventional

serology, EliSpot tests do not differentiate active from past infection (Van-Gorkom et al., 2018).

Biomarker-based assessment approach

Using transcriptomics, metabolomics, and inflammatomics approaches could help identify biomarkers or biosignatures of LB. Recent
studies have shown that several molecules associated with the immune response can be used as biomarkers for diagnosis (Badawi,
2017). Chemokines and cytokines have a crucial role in the inflammatory process and the regulation of immune cells. At the diagnosis
of Lyme neuroborreliosis (LNB), inflammatory changes in the cerebrospinal fluid (CSF), such as pleocytosis, blood-brain barrier

damage, and increased immunoglobulin synthesis, can be expected. Laboratory diagnosis is based on measuring the antibody index by
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comparing antibody levels in CSF and serum. Laboratory diagnosis is based on measuring the antibody index by comparing antibody
levels in CSF and serum (Stanek and Strle, 2018).

CXCL13, a chemokine secreted by antigen-presenting cells, may be a promising diagnostic marker due to its high levels in CSF and
rapidly decreasing levels after antibiotic treatment. However, CXCL13 is detectable before antibodies, whose levels can be deficient in
the early stages of LNB (Senel et al., 2010; Yang et al., 2017). Also, its levels drop rapidly after antibiotic treatment, while pleocytosis in
the CSF remains elevated, and antibody levels remain positive for years after treatment (Senel et al., 2010). Multiple methods can detect
and quantify levels of this chemokine, with varying levels of sensitivity and specificity (Wagner et al., 2018; Van-Gorkom et al., 2021).
Determination of CXCL13 levels as a marker of LNB can help make the diagnosis. However, CXCL13 is non-specific for LNB. Elevated
CSF values have also been observed in patients with different neuro infections Dersch et al., (2015), as well as in patients who are

immunocompromised or have an autoimmune disease (Van-Burgel et al., 2011b).

Direct diagnosis
Direct diagnosis to identify the pathogen for many infectious diseases is the gold standard for diagnosing the acute form of infection.
Currently, it can be based on methods such as pathogen culture, microscopic observation, xenodiagnosis, pathogen DNA/RNA

detection, and amplification.

Culture of Borellia burgfoderi

The culture of Bb is challenging on many points. Non-invasive blood, urine or skin biopsy sampling with EM may not be satisfactory
and CSF, synovial membrane or myocardium may be required for culture (Trevisan et al., 2020). Furthermore, Borrelia culture is a
long-term process, which makes this approach unsuitable for rapid detection of the pathogen. Culture of the Bb requires a specific and
highly nutritious medium, i.e. Barbour-Stoenner-Kelly (BSK) - II or BSK-H supplemented with rabbit serum or modified Kelly-
Pettenkofer (MKP) (Ruzi¢-Sablji¢ et al., 2014). The growth rate varies from 8 to 12 hours at the appropriate temperature (30 to 35 °C),
meaning it takes approximately 24 days for the pathogen to be detected in blood cultures and skin biopsy samples (Coulter et al., 2005).
In addition, using a nutrient-rich medium makes the culture more sensitive to contamination by fast-growing bacteria.

To prevent bacterial contamination, an antibiotic is required. In addition, Borrelia culture requires long-term storage of samples for
at least 8 to 12 weeks to confirm a negative result (Aguero-Rosenfeld et al.,, 2005). As mentioned earlier, despite Bb culture being
considered the gold standard with a specificity close to 100%, the sensitivity of this method remains considerably low, depending on
the clinical stage of the disease, the origin of the sample and the genogene responsible for LB (Kullberg et al., 2020). Samples frequently
contain low numbers of viable bacteria, sometimes below measurable levels, and the authors highlighted the considerable variability in
the amount of Bb collected in samples (Wormser et al., 2001). Consequently, a bacterial culture is a process exceeding the possibilities of

most clinical laboratories and is, therefore, not suitable for routine diagnosis.

Microscopic observation

Direct microscopic observation of Bb is limited by the low concentration of bacteria in systemic fluids. This low concentration makes
detection by light microscopy impractical, excluding its routine use in the diagnostic process. Additionally, the specificity of this
method is moderate, as artifacts can lead to false-positive results, even with an experienced diagnostician. The study by Aase et al.,
(2016) showed that 85% of blood samples from a control group of healthy individuals were positive. In comparison, only 66% of those
with Lyme disease were detected, making this approach impractical for diagnosis (Aase et al., 2016). Alternatively, the presence of
infection can be determined by xenodiagnosis. This method involves placing and biting a patient suspected of being infected by an
uninfected tick. The tick is then used to check for the presence of Bb using a polymerase chain reaction (PCR) test. Studies have been
carried out on mouse models or rhesus macaques (Bockenstedt et al., 2002; Embers et al., 2012).

Tests based on antigen detection

Tests designed to detect the antigens have the same limitations as microscopic observation. There are few diagnostic tests for detecting
Bb antigen Coyle et al., (1993), and their reliability in clinical practice is limited (Lohr et al., 2018). Considering the low concentration of
bacteria in system fluids, depending mainly on the sample type and the severity of the disease, many methods have been developed to

improve Bb antigens detection. These methods consider antigen concentrations, increasing the volume of the sample and improving
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the binding activity of antibodies or peptides. Centrifugation increases the concentration of membrane proteins after bacterial lysis,
allowing their detection even at low concentrations (Cheung et al., 2015). Other methods to increase antigen concentration are available,
such as Nanotrap Magni et al., (2015) or hydrogel microparticle technology (Douglas et al., 2011). However, there is still a lack of
appropriately sensitive and specific tests to introduce antigen-based assays into daily clinical practice.

Polymerase chain reaction tests

PCR is a well-known in vitro method for DNA amplification and detection. Due to the complexity of the Bb genome, multiple genes
can be selected as target fragments of detected DNA (Lager et al., 2017). The sensitivity of the testing varies depending on the sample.
The importance of early detection of Bb by PCR directly at the bite site has been demonstrated using a new non-invasive sampling
device based on a micro-needle patch (Kight et al., 2022). However, one of the significant limitations of PCR testing is the difficulty in
distinguishing between active infection and chronic LB, because Bb DNA remains present for a long time after antibiotic therapy (Lager
et al., 2021). Consequently, the PCR method is not suitable for assessing the efficacy of treatment.

Improving traditional PCR techniques is an essential area of research in LB diagnosis. Studies have shown that a simple
modification of the PCR procedure can enhance the sensitivity of tests, for example, by using a centrifugation step to concentrate the
bacteria in the sample, using cDNA as a matrix, and eliminating erythrocytes (Lager et al., 2021). A novel method termed immuno-PCR
(iPCR) allows to increase in the detection limit of conventional ELISA tests by up to 100-10,000- times (Adler et al., 2003). For LB
diagnosis, this method uses a recombinant Bb protein antigen conjugated to magnetic beads to capture Bb-specific antibodies produced
by the patient. This method, proposed by Halpern et al., (2013), Halpern et al., (2014) shows greater sensitivity than the traditional
STTT method.

Potential co-infections should also be considered in the background of the PCR approach. The prevalent cases of co-infection
reported include infection with more than one Borrelia species, as well as co-infection with Rickettsia spp. or Babesia spp. Raileanu et
al. described the occurrence of more than one pathogen in 64.5 % of tested ticks 33 (Moniuszko et al., 2014; Raileanu et al., 2017). Co-
infections can modify symptom severity and treatment outcomes. There is a need for multiplex testing for different strains of Borrelia
and all tick-borne diseases. In this context, the development of multiplex PCR is crucial to increase the utility of this method in clinical

practice and to ensure appropriate treatment.

Table 1 Key findings and novel approaches for diagnosis of Lyme boreliosis.

Diagnosis of Lyme borreliosis

Indirect diagnosis Direct diagnosis

o . . . Lyme culture is a complicated procedure which makes it
Guidelines recommend serological diagnosis schemes based o . . . .

difficult to apply this method in daily routine (Coulter et al.,
2005).

Guidelines do not recommend antibody-based tests in routine | Microscopic observation is not sufficiently sensitive and

on standard two-tiered testing (Miraglia, 2016).

use - insufficient in sensitivity and specificity (Eldin et al., specific to be used in the LB diagnostic scheme (Aase et al.,
2019). 2016).

New approaches, such as the Elispot, demonstrate excellent Antibody-based diagnosis is problematic because of the low
sensitivity but are limited in differentiating between the early concentration of antigens in blood samples. However, new
and late forms of LB (Van-Gorkom et al., 2018). research is in progress (Lohr et al., 2018).

. . o PCR offers the potential for precise diagnosis but has
The potential for accurate diagnosis is offered by the use of o . .
] ) ) numerous limitations. The improvement of traditional PCR
biomarkers, but still requires further research (Van-Gorkom et

techniques is an area of research in LB diagnostics (Lager et al.,
al,, 2021).

2017).

Treatment
Treatment of LB is based on the selection of appropriate antibiotic therapy. For many years, treatment options consisted of doxycycline,

amoxicillin, cefuroxime axetil, ceftriaxone, cefuroxime, cefotaxime, penicillin G, and azithromycin. The choice of antibiotic and duration
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of treatment is determined by many factors, i.e., the clinical presentation of the disease and of the patient’s age. The first-choice
antibiotic recommended for all forms of the disease is doxycycline. It is not recommended that the duration of antibiotic therapy
exceeds 28 days. There is no evidence for the efficacy of chronic (multi-month) therapy or antiprotozoal drugs (Carriveau et al., 2019).

The use of antibiotics is not recommended for patients treated for LB who experience non-specific symptoms such as fatigue, pain,
impaired memory, and concentration (post-Lyme syndrome). Comparative studies between this group of patients receiving antibiotics
and the placebo group showed no benefit from antibiotic therapy (Fallon et al., 2008). For patients presenting with symptoms that
suggest disease and positive serological results but without a precise diagnosis, oral antibiotic therapy may be considered. However, it
is essential to remember that the effects may result from a placebo effect or a non-specific antibacterial effect of antibiotics (Leite et al.,
2011; Lantos et al., 2021).

4. CONCLUSIONS

Being the most common tick-borne disease, diagnosis and treatment of LB remains a considerable challenge in daily practice. Despite
multiple new approaches, the diagnosis pathway of this multidisciplinary disease is still suboptimal. Research on a simple, cheap, and
effective diagnostic test is still being developed. With a highly sensitive and specific test, prompt and accurate diagnosis can be
ensured, resulting in appropriate and early implemented treatment, therefore preventing patients from developing harmful
complications. Furthermore, a precise diagnosis will reduce the rate of unnecessary antibiotic use, a global objective of responsible

antibiotic use.
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