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INTRODUCTION

Lyme borreliosis (LB) is the most commonly reported tick-borne infection in countries with mo-
derate climates in Europe, North America and Asia [1]. It is a multisystem disease that can cause 
local, early disseminated and late disseminated infection, and can involve different organs and/
or body parts such as skin, nervous system, heart, joints and eyes [1]. Typical erythema migrans 
(EM) lesions can be clinically diagnosed and the diagnosis of other Lyme manifestations requires 
laboratory confirmation [1]. The diagnosis of LB, however, can be challenging since clinical symp-
toms are often non-pathognomonic and a gold-standard test is lacking. The most recommended 
diagnostic tool for LB diagnostics is based on the detection of Borrelia-specific antibodies [2], but 
this method is hampered by several shortcomings, such as a low sensitivity in the early phase 
of the infection due to the kinetics of the antibody response, false-positive test results due to 
cross-reactivity, and the persistence of Borrelia-specific antibodies after a cleared infection [3]. 
Also, many different antibody assays for the diagnosis of LB are on the market. The performan-
ce characteristics of many of these assays have been studied, but results are often difficult to 
interpret due to variability in study set-up, heterogeneity among patient populations, and poor 
reporting of study characteristics [4]. Ideally, diagnostic accuracy studies should be prospectively 
planned using a cross-sectional study design in a clinical setting, where the test will be used in 
practice [4]. Yet, the number of published reports that evaluated tests to be used for LB diagnos-
tics by means of a cross-sectional study design was much lower than the number of published 
reports that evaluated tests used for LB diagnostics by means of a case-control study design (n 
= 18 and n = 57, respectively) [4]. In general, a case-control study design is easier to perform, 
but has a risk of introducing bias as such a study excludes patients who are difficult to diagnose. 

In our experience, medical specialists are frustrated with the lack of adequate diagnostic tools 
that enable them to confirm or reject with certainty the profound and rightful question of the 
patient ‘Do I suffer from LB?’. For appropriate LB diagnosis, tools are needed with high sensitivity 
and specificity, which can discriminate between active disease and a previous, yet cleared, 
infection. Triggered by these needs, the work in this thesis focused on research into LB diagnostics 
to gain more insight and improve LB diagnostics, whereby the emphasis was laid on indirect 
detection methods investigating the humoral and cellular immune response against an infection 
with Borrelia burgdorferi sensu lato. The humoral immune response was investigated as the 
detection of Borrelia-specific antibodies is the recommended and most widely used diagnostic 
tool for LB diagnosis. The cellular immune response was investigated as it was hypothesized that 
measuring a patients’ cellular immune response against an infection with B. burgdorferi s.l. may 
be of added value for those cases in which the humoral immune response falls short [5]. A lot 
of effort was put into setting up the various study populations that were used for the studies in 
this thesis, for which well-defined patients and controls were used. As clear case definitions are 
put down for European Lyme neuroborreliosis (LNB) [6], active LNB served as a proxy for active 
disease. Consequently, most of the lessons learned from the research conducted in this thesis 
are only applicable for patients suspected of LNB and do not necessarily translate to other Lyme 
manifestations.

COMBINING THE HUMORAL AND CELLULAR IMMUNE  
RESPONSE

A DIAGNOSTIC ALGORITHM FOR LNB DIAGNOSTICS SHOWS PROMISING RESULTS 
The most important finding of the research conducted in this thesis are the promising results described 
in chapter 6, as these will aid clinicians in diagnosing LNB. Therefore, this chapter will be discussed 
first, subsequently followed by those covering the humoral immune response (chapters 5 and 7, 
respectively), and those covering  the cellular immune response (chapters 4, 3 and 2, respectively).  
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In chapter 6, a cross-sectional study design was chosen to evaluate seven commercial antibody 
assays for LNB diagnostics. This cross-sectional study design comprised all consecutive patients 
from whom a cerebrospinal fluid (CSF) and serum sample was drawn in the routine clinical setting 
of our hospital during a certain timeframe, who were retrospectively included. Chapter 6 also 
included seven multiparameter analyses, one for each antibody assay under evaluation. These 
multiparameter analyses showed that for most antibody assays, the sensitivity to diagnose LNB 
could be improved by including other parameters.

The multiparameter analyses in chapter 6 also provided insight into the relative contribution 
of the included parameters for LNB diagnostics and, thus, which of those may be useful in a 
diagnostic algorithm. Of the 13 included parameters, the following parameters were most 
predictive for LNB: (i) the presence of intrathecally produced Borrelia-specific antibodies, 
preferably determined according to Reiber and Peter [7], (ii) the presence of Borrelia-specific 
serum antibodies (i.e., determined using a two-tier test strategy), (iii) an elevated level of the B-cell 
chemokine (C-X-C motif) ligand 13 (CXCL13) in the CSF, (iv) a Reibergram classification to area 3 
(i.e., a dysfunctional blood-CSF barrier together with the presence of intrathecally produced total 
antibodies (immunoglobulin [Ig]M and/or IgG)), and (v) an elevated CSF-leucocyte count (i.e., ≥5 
leucocytes/µl [pleocytosis]). Although various studies also reported the additional value of these 
parameters for LNB diagnostics [6, 8-10], our study is the first to show the relative importance 
of these parameters and, thus, the first to show which of those are most important and may be 
used in a diagnostic algorithm for LNB diagnostics. The results of our study also showed that both 
the humoral and the cellular immune response against an infection with B. burgdorferi s.l. are 
important for the diagnosis of LNB. Furthermore, the results showed that individual parameters 
can either be positive, or negative, and still be of added value at large.

Table 1 shows an example of the results of the multiparameter analysis for one of the antibody 
assays under investigation (i.e., the Serion enzyme-linked immunosorbent assay [ELISA]), which 
is currently in use at the Diakonessenhuis Hospital, Utrecht, the Netherlands. In chapter 6, 
patients were classified as either definite LNB, possible LNB or non-LNB patient using the EFNS 
guidelines and a consensus strategy for the presence of intrathecally produced Borrelia-specific 
antibodies. This consensus strategy entailed that the majority of the antibody assays tested 
on CSF-serum pairs in this study had to show a pathological Borrelia-specific (IgM and/or IgG) 
antibody index (AI) value to prove intrathecal Borrelia-specific antibody synthesis. Consequently, 
the classification of patients based on the IgM and IgG test results of a single antibody assay could 
differ from those obtained using the consensus strategy. However, the classificition of patients 
using the IgM and IgG test results of the Serion ELISA did not differ from the classificition of 
patients using the concensus strategy. The sensitivity of the Serion ELISA to diagnose definite and 
possible LNB patients was 75.0%, and this percentage increased to 100% using multiparameter 
analysis. The specificity of the Serion ELISA was 95.7%, and this slightly decreased to 94.2% 
using multiparameter analysis. Based on the results of the multiparameter analysis of the Serion 
ELISA, all definite and possible LNB patients including a limited number of non-LNB patients were 
predicted to have LNB (Table 1). 

Interestingly, for some of the possible LNB and non-LNB patients who were predicted to have LNB 
based on the multiparameter analysis of the Serion ELISA, the results of some of the parameters 
included in this analysis were comparable (Table 1). Consequently, further investigation is 
needed to investigate if other parameters can be found that can distinguish these patients. As 
expected, the number of parameters that was positive among definite LNB patients was higher 
than the number of positive parameters among possible LNB patients, which may be caused by 
the duration of disease, as is discussed in various sections hereafter. Due to the cross-sectional 
study design and the low annual incidence rate of LNB in the Netherlands (i.e., 2.6 per 100,000 
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in 2010 [11]), the number of definite and possible LNB patients in this chapter was limited. The 
results should therefore be confirmed in a prospective, multicenter study aiming at including 
more definite and possible LNB patients as well as controls with other proven non-LNB diseases.

Table 1. Diagnostic algoritm for the Serion ELISA using multiparameter analysis among 154 (98.7%) of the 156 study 
participants (i.e., for two patients, one definite Lyme neuroborreliose [dLNB] and one non-LNB patient, the Serion 
ELISA result was missing due to insufficient sample material). The 13 parameters included in the multiparameter 
analysis are shown in separate columns and sorted by their relative importance in predicting LNB from left (highest) 
to right (lowest). In total, 24 study participants were predicted to have LNB (panel A), including all (n = 16) dLNB and 
possible (p) LNB patients as well as 8 non-LNB patients. One-hundred thirty study participants were predicted not to 
have LNB (panel B), and these were all non-LNB patients. This resulted in a sensitivity of 100% (16/16) for predicting 
LNB, and a specificity of 94.2% (130/138) for predicting non-LNB. Black boxes indicate a positive and white boxes 
indicate a negative test result for the respective parameter.

The 13 test parameters used in the multiparameter analysis
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Relative importanceg 250 191 178 137 118 101 92 72 64 52 37 33 18

A area 3 dLNB 1
area 3 dLNB 1
area 3 dLNB 1
area 3 dLNB 1
area 3 dLNB 1
area 3 dLNB 1
area 1 dLNB 1
area 2 dLNB 1
area 2 pLNB 1
area 4 pLNB 2
area 2 dLNB 1
area 4 non-LNB 1
area 3 non-LNB 1
area 3 pLNB 1
area 1 pLNB 2
area 1 non-LNB 2
area 2 pLNB 1
area 2 non-LNB 2
area 2 non-LNB 1
area 4 non-LNB 1

Total: 24

B area 1 non-LNB 1
area 1 non-LNB 2
area 1 non-LNB 2
area 1 non-LNB 22
area 1 non-LNB 8
area 2 non-LNB 3
area 2 non-LNB 2
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area 4 non-LNB 5
area 1 non-LNB 67
area 2 non-LNB 9
area 2 non-LNB 3
area 4 non-LNB 6

Total: 130

a.	The results of the Serion ELISA were based on the combined (IgM and IgG) antibody index (AI) results.
b.	The final B-cell chemokine (C-X-C motif) ligand 1 (CXCL13) result in the cerebrospinal fluid (CSF) was based on 

the combined results of the two CXCL13 assays evaluated in chapter 4, and was considered negative when either 
one, or both assays were negative, and positive when both assays were positive.

c.	 Two-tier serology on serum was performed using the C6 ELISA as a screenings test, and positive (and equivocal) 
C6 ELISA results were confirmed using the recomLine IgM and IgG immunoblot (IB).

d.	Pleocytosis is based on a CSF cell count ≥5 leucocytes/µl.
e.	The Reibergram areas are defined as described by Reiber [12]. Reibergram area 1: a normal blood-CSF barrier 

without intrathecal total IgM and/or IgG synthesis >10%, Reibergram area 2: a dysfunctional blood-CSF barrier 
without intrathecal total IgM and/or IgG synthesis >10%, Reibergram area 3: a dysfunctional blood-CSF 
barrier with intrathecal total IgM and/or IgG synthesis >10%, Reibergram area 4: intrathecal total IgM and/or 
IgG synthesis >10% with a normal blood-CSF barrier, Reibergram area 2+3: a dysfunctional blood-CSF barrier 
irrespective of intrathecal total IgM and/or IgG synthesis >10%, Reibergram area 3+4: intrathecal total IgM and/
or IgG synthesis >10% irrespective of the functionality of the blood-CSF barrier.

f.	 The classification of patients was done based on the criteria of the European Federation of Neurological Societies 
(EFNS [6]) and consensus strategy and comprised the presence of clinical symptoms suggestive of LNB without 
another cause, pleocytosis and intrathecal Borrelia-specific antibody synthesis. The consensus strategy entailed 
that intrathecal Borrelia-specific antibody synthesis was only considered proven if the majority of the CSF-serum 
assays under investigation (see chapter 6) showed a pathological Borrelia-specific IgM and/or IgG AI value (≥1.5).

g.	 The relative importance of each predictor variable was calculated as described by Liaw and Wiener [13].

THE HUMORAL IMMUNE RESPONSE

THE EDGE EFFECT IN AN ELISA PLATE CAN INFLUENCE ANTIBODY TEST RESULTS 
The multiparameter analyses performed in chapter 6 showed that the humoral immune response 
is important in LNB diagnostics. Of the 13 parameters that were investigated in this chapter, the two 
most important ones were the detection of intrathecally produced Borrelia-specific antibodies and 
the detection of Borrelia-specific serum antibodies, with a mean rank of 1.7 and 2.4, respectively. 
In general, the detection of pathogen-specific antibodies is often done using an ELISA [3]. ELISAs, 
however, can have various shortcomings that have to be considered. One of these shortcomings is 
the presence of a so-called edge effect. The edge effect is a phenomenon in which the outer wells 
of a 96-well ELISA plate can have higher optical density (OD) values than the OD values of the inner 
wells. This this may be caused by temperature differences across the plate [14-16], or by differences 
in surface properties or unequal protein binding [16-18]. If an ELISA suffers from an edge effect, a 
patient sample can have a negative test result when tested in an inner well, and a positive test 
result when tested in an outer well. Well-to-well variations in an ELISA plate might, thus, influence 
the measurements of the antibody concentration in these wells. This has an effect on both the 
intra- as well as the interassay variation [19, 20], which negatively influences the reliability of the 
assay and can complicate the interpretation of test results. 

Table 1. Continued.
The 13 test parameters used in the multiparameter analysis
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For the detection of intrathecally produced Borrelia-specific antibodies, the presence of an edge 
effect may, thus, have an impact, as the CSF and serum of a patient presumed to have LNB, and 
which are used to calculate a CSF/serum quotient, must be tested simultaneously in different 
wells of the same ELISA plate. As was shown in chapter 5, the commercial Enzygnost Lyme link 
variable major protein-like sequence, expressed (VlsE)/IgG ELISA, which was one of the antibody 
assays that was evaluated in chapter 6, indeed suffers from an edge effect. By simulation, of the 
149 study participants who were all part of the slightly larger study population used in chapter 6 
(and 4), and from whom CSF and serum was tested using the Enzygnost Lyme link VlsE/IgG ELISA, 
the edge effect could have resulted in 15 (10.1%) false-positive and two (1.3%) false-negative 
Borrelia-specific IgG AI results. It was also shown that by a slight adjustment in the standard 
protocol of the manufacturer, using only wells with a similar location (i.e., outer wells only, 
or inner wells only), these erroneous results can be prevented. As the detection of pathogen-
specific antibodies plays an important role in the diagnosis of many infectious diseases, these 
results underline the importance of a thorough validation of such assays before use in routine 
diagnostics as is also required, e.g., by the ISO 15189 accreditation [21].

Besides variations in the measurement of antibody concentrations using the same antibody 
assay due to the presence of an edge effect, different antibody assays can also vary in sensitivity 
[4, 22], as was shown in chapter 6. Differences in sensitivity between antibody assays are most 
likely caused by variations in the antigen composition of these assays. Antigens in the antibody 
assay may not always match the antigens expressed by the Borrelia burgdorferi s.l. strain causing 
disease, and this can be caused by the intra- and interspecies heterogeneity of B. burgdorferi 
s.l. [9, 23-27] and/or the antigenic variation that the bacterium can apply during the course of 
disease [28]. 

The difference in sensitivity between various antibody assays can also be caused by antibiotic 
treatment prior to blood sampling, as antibiotics have been shown to impede or reduce the 
activated immune response [29-33]. These effects seem to be antibody-specific, as C6 antibodies 
appear to wane faster than antibodies against whole-cell lysates [34, 35] or p39 [34]. 

ANTIBIOTIC TREATMENT INFLUENCES THE ANTIBODY RESPONSE
In chapter 7 it was shown that antibiotic treatment has an effect on the antibody response. A 
high degree of concordance was found between the test results of the two screening ELISAs (i.e., 
the C6 and the Serion ELISA) among untreated LNB patients and untreated healthy individuals. 
Similarly, a high degree of concordance was found between the test results of the confirmation 
test (i.e., the recomLine immunoblot) performed on equivocal and positive test results of both 
screening ELISAs among untreated LNB patients and untreated healthy individuals. In contrast, 
less concordance was seen between these test results among treated LNB patients and treated 
healthy individuals and this lower concordance was shown to be associated with antibiotic 
treatment. Discordant test results were explained by the faster waning of antibodies directed 
against the C6 peptide than those directed against whole-cell lysates of B. burgdorferi s.l.. These 
results are in line with those that have been reported by others [34, 35]. Interestingly, Peltomaa 
et al. [34] suggested that a decline in C6 antibody titers after antibiotic treatment might be 
associated with a shorter duration of disease, and warrants further investigation. Most of the 
discordant test results in our study were linked to the presence of IgM against outer surface 
protein (Osp)C, and for some cases also against p41 flagellin, as published previously [36, 
37]. Overall, the results from this study as well as those in chapter 5 underline the difficulties 
surrounding the interpretation of antibody test results, and these difficulties should be taken into 
consideration when serology is performed.
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THE CELLULAR IMMUNE RESPONSE

THE POTENTIAL OF CSF-CXCL13 FOR LNB DIAGNOSTICS 
The multiparameter analyses in chapter 6 also showed that the cellular immune response, 
by measuring CXCL13 levels in the CSF, is important in LNB diagnostics. Of the 13 parameters 
investigated in this chapter, determining the CSF-CXCL13 level was ranked third, with a mean 
rank of 2.6. This rank was just slightly higher than the mean rank of 2.4 found using two-tier 
serology on serum. In the last two decades, many studies have reported elevated levels of 
CXCL13 in the CSF of patients with early LNB compared to other neurological diseases, including 
Guillain Barré syndrome and Bell’s palsy [38-40]. One of the difficulties, however, is the large 
range of cutoff values that have been reported, ranging from 18 pg/ml to 1,229 pg/ml [41-47], 
which might be caused by a number of reasons, such as differences in methodology, the use of 
different platforms or the use of different calculation methods [41]. Yet, different cutoff values 
were also found using the same assay [42-47]. This suggests that other mechanisms are involved 
as well, such as differences in the study set-up and, consequently, the groups used to determine 
the cutoff levels. Differences in sample handling [10], the inter- and intraspecies heterogeneity 
of B. burgdorferi s.l. and/or host genetic factors [48, 49] may also play a role. The CSF-CXCL13 
results used in chapter 6 were based on the combined results of the two CXCL13 assays (i.e., the 
Quantikine CXCL13 ELISA and the recomBead CXCL13 assay) that were evaluated in chapter 4. 
In this chapter, both CXCL13 assays showed different cutoff values, and these cutoff values also 
differed from those found in the literature using the same assays [41, 42]. Therefore, further 
investigation is warranted to elucidate the causes of these differences and raises the question of 
whether an international reference standard for CXCL13 in the CSF could be established. 

THE POTENTIAL OF CSF-CXCL13 AMONG POSSIBLE LNB PATIENTS 
The determination of CSF-CXCL13 levels seems especially useful among possible LNB patients. 
The production of CXCL13 in the CSF preceded the humoral immune response in three of the 
eight possible LNB patients in chapter 4, all of whom had pleocytosis. This is in line with the 
suggestion made by some that possible LNB patients with pleocytosis represent early LNB 
cases for whom the antibody response is building up, but is still too low to be detected at the 
moment of sampling CSF and/or blood, and that possible LNB patients with intrathecal Borrelia-
specific antibody synthesis most likely have had a previous LNB, or another disease [42, 50]. 
The diagnosis of early LNB for these three patients was supported by the Reibergram analyses 
showing a dysfunctional blood-CSF barrier and intrathecal total-IgM synthesis in the absence of 
intrathecal total-IgG synthesis [8, 51]. For the three possible LNB patients with pleocytosis and 
a positive CSF-CXCL13 result, and for whom intrathecally produced Borrelia-specific antibodies 
were not detected using the IDEIA LNB assay, the presence of these antibodies was shown by at 
least two other antibody assays evaluated on CSF-serum pairs in chapter 6. This suggests that 
the sensitivity of the IDEIA LNB assay used in the current study is lower in the early stages of LNB, 
as was reported before [52, 53]. The diagnosis of early LNB for these three possible LNB patients 
was also supported by the results of the multiparameter analysis of the Serion ELISA (Table 1) 
and the results of the six other multiparameter analyses in chapter 6 (individual data not shown), 
as these patients were all predicted to have LNB.

THE ABSENCE OF ELEVATED CSF-CXCL13 LEVELS AMONG POSSIBLE LNB PATIENTS 
Negative CSF-CXCL13 results were found for five (37.5%) of the eight possible LNB patients in 
chapter 4. Four of them had pleocytosis in the absence of intrathecally produced Borrelia-specific 
antibodies, and even though CSF-CXCL13 results were negative for these four patients, we 
believe that they represent early LNB patients based on the rationale mentioned in the previous 
paragraph. Interestingly, all suffered from cranial neuropathy of either the seventh (n = 3) or 
sixth (n = 1) nerve. One of them (nerve VII paresis) had a dysfunctional blood-CSF barrier and 
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CSF-CXCL13 levels were elevated in both assays (53 pg/ml using the CXCL13 ELISA and 103 pg/ml 
using the recomBead CXCL13 assay); however, these levels were below the assay-specific cutoff 
value. This patient had noticed a tick bite approximately 3 weeks before the LP, and symptoms had 
started 5 days prior to the LP and the facial palsy for this patient resolved with antibiotic therapy. 
Two other patients (nerve VII paresis, both) reported a short duration of symptoms (8 and 13 
days, respectively), and one of them had a dysfunctional blood-CSF barrier. The other patient had 
intrathecal Borrelia-specific IgM synthesis detected using one of the other antibody assays (i.e., 
the Enzygnost ELISA) evaluated on CSF-serum pairs (chapter 6). For both patients, the facial palsy 
resolved with antibiotic therapy. The fourth possible LNB patient (nerve VI paresis) had symptoms 
for 39 days, and these symptoms also resolved with antibiotic therapy. The diagnosis of early LNB 
for these four possible LNB patients is further supported by the results of the multiparameter 
analysis of the Serion ELISA (Table 1) as well as by the results of most of the other multiparameter 
analyses in chapter 6 (individual data not shown). One possible LNB patient (i.e., the one with 
nerve VII paresis, a tick bite, and symptom duration of 5 days, who responded well to antibiotic 
treatment for LNB) was predicted not to have LNB in the multiparameter analysis of the IDEIA 
LNB assay and the recomLine immunoblot. Another possible LNB patient (i.e., the one with nerve 
VI paresis and a symptom duration of 39 days, which resolved with antibiotic therapy for LNB) 
was predicted not to have LNB in the multiparameter analysis of the C6 ELISA. 

The fifth possible LNB patient had intrathecal Borrelia-specific antibody synthesis detected using 
the IDEIA LNB assay in the absence of pleocytosis (chapter 4). This patient suffered from peripheral 
neuropathy and had symptoms for almost 300 days. The absence of a positive CSF-CXCL13 result 
for this patient is in line with the hypothesis that possible LNB patients with intrathecal Borrelia-
specific antibody synthesis most likely have had a previous LNB [42, 50]. In chapter 6, this patient 
was predicted to have LNB in all multiparameter analyses (individual data not shown), except for 
the analysis that included Serion ELISA (Table 1). Gubanova et al. [54] also reported the absence 
of a positive CSF-CXCL13 result in a patient suffering from peripheral neuropathy, but this patient 
had a short duration of symptoms and in the CSF from a second lumbar puncture (LP) almost two 
months later an elevated CSF-CXCL13 level was found. 

As mentioned above, the majority of the possible LNB patients with pleocytosis and a negative 
CSF-CXCL13 result suffered from cranial neuropathy. This suggests that these patients represent 
a subgroup of patients who exhibit a different immune response and this is in line with a recent 
publication of Ogrinc et al. [55]. Consequently, a negative CSF-CXCL13 result, in our opinion, does 
not rule out (possible) LNB and underscores the plethora of clinical presentations and immune 
responses in LNB and should be taken into account when interpreting CSF-CXCL13 test results. 

Even though CXCL13 is a non-specific marker [45, 46, 56-63], it is more specific than the CSF-
leucocyte count, and, dependent on the antibody assay used, more sensitive than the detection 
of intrathecally produced Borrelia-specific antibodies (chapter 6). Still, the added value of CXCL13 
in CSF should be investigated further as the number of definite LNB and possible LNB patients 
was limited. This was due to the cross sectional study design that was chosen combined with the 
low annual incidence rate of LNB in the Netherlands (i.e., 2.6 per 100,000 in 2010 [11]). Like in 
chapter 6, the results in chapter 4 should be confirmed in a prospective study aiming at including 
more definite and possible LNB patients as well as controls with other proven non-LNB diseases. 
Still, other non-specific CSF changes can also aid in the diagnosis of LNB such as elevated protein 
levels, a dysfunctional blood-CSF barrier, and intrathecal synthesis of total IgM and/or total IgG 
[8, 51]. Indeed, some of these parameters can be helpful, as an association was seen between 
elevated CSF-CXCL13 levels, a dysfunctional blood-CSF barrier, and intrathecal total-antibody 
synthesis, especially among definite LNB patients (chapters 4 and 6). Elevated CSF-CXCL13 levels, 
however, were also seen among definite LNB patients who neither had a dysfunctional blood-
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CSF barrier nor intrathecal total-antibody synthesis, and among definite LNB patients who had a 
dysfunctional blood-CSF barrier without intrathecal total-antibody synthesis (chapters 4 and 6). 
This, again, underlines the potential of a diagnostic algorithm for (optimized) LNB diagnostics.

THE (IM)POSSIBILITIES OF THE IFN-γ ELISPOT ASSAY FOR LNB DIAGNOSTICS
Other tests that focus on the cellular immune response are interferon-gamma (IFN-γ) release 
assays (IGRAs). These assays can either measure the amount of IFN-γ produced ex vivo by T cells, 
or count the number of T cells that produce IFN-γ after isolating and subsequently stimulating 
peripheral blood mononuclear cells (PBMCs) with pathogen-specific antigens [64]. The research 
in this thesis focused on the latter of these two methods by evaluating two enzyme-linked 
immunospot (ELISpot) assays. An IFN-γ based assay was chosen as IFN-γ is important in infectious 
diseases due to its various immunomodulatory effects, both on the innate as well as on the 
acquired immune response [65, 66]. IFN-γ is a strong activator of macrophages and can enhance 
the processing and subsequent presentation of antigens in both class I and class II pathways 
as well as induce the secretion of pro-inflammatory cytokines [65, 66]. IFN-γ can also induce 
chemotaxis, apoptosis and the production of antimicrobial (and antiviral) mediators, regulate 
antibody production and enhance opsonization [65, 66]. Consequently, IFN-γ has been studied 
in various bacterial (Mycobacteria, Salmonella, Listeria or Staphylococcus), viral (Varicella Zoster 
Virus, Hepatitis C virus, cytomegalovirus or severe acute respiratory syndrome coronavirus 2) and 
parasitic (Leishmania) infections [66-71]. IFN-γ has also been used to monitor the effectiveness 
of vaccines to induce cell-mediated immunity [72], as has been done in case of measles virus 
[73] and varicella zoster virus [74]. For diagnostic purposes, IFN-γ based assays have mostly been 
used for tuberculosis (TB) [75]. For LB diagnostics, robust validations of IFN-γ based assays on 
well-defined study populations are lacking [76-82]. Nonetheless, various laboratories offer these 
assays for the diagnosis of LB, and patients may even receive prolonged courses of antibiotics 
assuming that a positive test result for LB is indicative for active disease [82].

THE IFN-γ ELISPOT ASSAY IS NOT USEFUL FOR LNB DIAGNOSTICS 
In this thesis, an in-house Borrelia ELISpot assay (chapters 2 and 3), and the commercial LymeSpot 
assay (chapter 3) were evaluated for LNB diagnostics. The commercial LymeSpot assay is widely 
used, for example in Germany [76, 77, 79], even though a proper validation is lacking as the 
manufacturer of this assay did not have access to well-defined patient populations. Therefore, 
they greeted our effort to validate the LymeSpot assay. Using a case-control design, both active 
and treated Lyme neuroborreliosis patients (classified according to the EFNS guidelines [6]), as 
well as treated and untreated healthy individuals were included. The research in both chapters 
showed that the IFN-γ ELISpot assay cannot be used to diagnose active LNB, irrespective of 
which assay was used. Both assays showed that the IFN-γ ELISpot reactivity (i.e., the numbers 
of Borrelia-specific IFN-γ producing T cells, or spot forming cells [SFC]) was comparable between 
active LNB patients, treated LNB patients and treated healthy individuals and that this reactivity 
was more pronounced than the reactivity seen among untreated healthy individuals. These 
results were confirmed using receiver operating curve (ROC) analysis, as, irrespective of the 
IFN-γ ELISpot assay and irrespective of the stimulating antigens, the areas under the curve all 
resembled a random predictor. In chapter 2, it was also shown that more than half of the treated 
LNB patients reported non-specific symptoms, and these symptoms could not be linked to IFN-γ 
ELISpot reactivity. IFN-γ ELISpot reactivity among treated healthy individuals could also not be 
linked to symptoms, as healthy individuals were only included when they did not report any 
complaints. Similarly, no association was found between the presence of symptoms and IFN-γ 
ELISpot reactivity as determined by the commercial LymeSpot assay in chapter 3. Therefore, 
it was concluded that the IFN-γ ELISpot reactivity among both treated groups is most likely 
explained by a previous, yet cleared, LB, and that the IFN-γ ELISpot assay seems to differentiate 
between Borrelia-naïve and Borrelia-infected individuals. The findings in chapters 2 and 3 are 
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in line with those found using the IFN-γ ELISpot assay for TB as this assay cannot discriminate 
between active and latent TB [75].

FACTORS INFLUENCING THE LIMITED REACTIVITY OF THE IFN-γ ELISPOT ASSAY 
AMONG ACTIVE LNB PATIENTS 
Overall, the IFN-γ ELISpot assay suffered from a low or even absent IFN-γ ELISpot reactivity among 
active LNB patients. Several factors may influence the limited reactivity of the IFN-γ ELISpot assay 
among patients with active LNB, such as: (i) the type and number of antigen(s) or strain(s) and/
or the antigen concentration used to stimulate the PBMCs, (ii) the inflammatory marker that is 
being measured after stimulation of the PBMCs, or (iii) the patient sample (whole blood versus 
CSF) used to isolate the PBMCs from. All these factors will be discussed below.

CHOOSING THE ANTIGEN(S)
The first factor that may explain the limited reactivity of the IFN-γ ELISpot assay is the antigen 
used to stimulate the PBMCs. Both the type and number of antigen(s) and/or strain(s) as well as 
the antigen concentration used to stimulate the PBMCs can influence the IFN-γ ELISpot reactivity. 
A low or absent IFN-γ ELISpot reactivity can be found if the antigens used to stimulate the PBMCs 
do not match the antigens expressed by the strain causing disease. When a whole-cell lysate is 
used, the composition of the expressed antigens of a cultured strain can differ from the antigens 
expressed in humans during active disease, as some antigens are only expressed in vivo or are 
lost during multiple culture passages [83, 84]. Consequently, a discrepancy can occur between 
the expressed antigens of a (cultured) whole-cell lysate that is used in the IFN-γ ELISpot assay and 
the antigens expressed during active disease and against which the T-cell immune response is 
directed. Also, different Borrelia species can cause LNB, and these can also differ in the antigens 
that are expressed [25]. 

One of the antigens used in the IFN-γ ELISpot assays under investigation in this thesis is a whole-
cell lysate of Borrelia burgdorferi s.s. strain B31 (hereafter: B. burgdorferi B31). This strain is 
isolated from an Ixodes dammini (now: Ixodes scapularis) tick in North America [85]. In Europe, 
as well as in the Netherlands, LNB is mainly caused by Borrelia garinii and Borrelia bavariensis 
(previously known as B. garinii OspA type 4 [86]), and less frequently by Borrelia afzelii and 
Borrelia burgdorferi s.s. [85, 87-91]. Therefore, it could be hypothesized that the strain used 
in the IFN-γ ELISpot assay is not capable of inducing a T-cell response when the patient is 
infected with another B. burgdorferi s.l. strain. This hypothesis might be endorsed by two studies 
investigating the QuantiFERON ELISA, an IFN-γ assay that also uses B. burgdorferi B31. The first 
study, conducted in North America, showed a sensitivity of approximately 70% [92] for this assay 
among EM patients, and this sensitivity was much higher than the sensitivity found among LB 
patients in the second study, which was performed in the Netherlands (i.e., the sensitivity did 
not exceed 10%) [93]. 

Speaking against this hypothesis are the results of a pilot study performed in our laboratory, of 
which the results have not been published. In this pilot study, whole-cell lysates of B. garinii, B. 
afzelii, and B. burgdorferi B31 were evaluated using the in-house Borrelia ELISpot assay. In total, 
49 cases (one active LNB patient, 15 treated LNB patients, eight healthy individuals treated for 
an early (mostly cutaneous) manifestation of LB in the past and 25 untreated healthy individuals) 
were included. For most of the cases who showed increased IFN-γ ELISpot reactivity, the results 
using whole-cell lysates of B. garinii and B. afzelii were inferior compared to that of a whole-cell 
lysate of B. burgdorferi B31. Nordberg et al. [94] also evaluated the use of Osps derived from a 
B. garinii strain in an IFN-γ ELISpot assay using CSF instead of blood, and found a sensitivity of 
36% and a specificity of 82%. They concluded that the IFN-γ ELISpot on CSF is not useful for LNB 
diagnostics. Widhe et al. [95] also evaluated the IFN-γ ELISpot assay using different (overlapping) 
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peptides of B. garinii OspA on CSF and blood and showed that CSF, which was superior to blood, 
had moderate sensitivities (range: 38% to 50%). Forsberg et al. [96] evaluated the IFN-γ ELISpot 
assay using different fractions of B. afzelli on CSF and blood. They showed that CSF was superior 
to blood, that the Osp fraction (OspA and OspB) was superior compared to the flagellar fraction, 
and that a more heterogeneous sonicated fraction was reactive among both LNB patients and 
controls. The choice of antigen, thus, appears to be important. This is in line with the results 
found in this thesis, as the Osp-mix, consisting of a pool of 9-mer to 11-mer peptides of Osp-A (B. 
burgdorferi, B. afzelii and B. garinii), native Osp-C (B. afzelii) and recombinant p18, was inferior 
to B. burgdorferi B31 (chapters 2 and 3). Despite the aforementioned difficulties, it is expected 
that a whole-cell lysate of B. burgdorferi B31 will induce a T-cell response in LNB patients, even 
if these patients are infected with a different B. burgdorferi s.l. strain and/or different antigens 
are expressed in vitro versus in vivo. A measurable T-cell response is expected given the high 
degree of similarity between the various Borrelia genospecies that can cause LNB, and given 
the number of different antigens that can elicit an immune response. The antigens expressed 
by the B. burgdorferi B31 that was used will, therefore, most likely be cross-reactive with those 
expressed by the infecting strain.

As mentioned previously, the use of a whole-cell lysate of B. burgdorferi B31 in the IFN-γ 
ELISpot assay is superior to the use of an Osp-mix (chapters 2 and 3). This may be caused 
by a mismatch of the antigens present in the Osp-mix with those expressed by the infecting 
strain. It may also be caused by the (limited) number of antigens present in the Osp-mix, and/
or the antigen concentration in this mix, which may be too low. The difference in IFN-γ ELISpot 
reactivity using the Osp-mix (lower) or B. burgdorferi B31 (higher) may, thus, reflect a positive 
correlation between the number of antigens used to stimulate the PBMCs and the level of IFN-γ 
ELISpot reactivity, which is in line with other reports [97, 98]. However, if the concentration of 
the antigens in the Osp-mix is too low, these antigens may fail to elicit an immune response, 
a phenomenon that is also seen in antibody assays. In another pilot study conducted in our 
laboratory, culture supernatants of the in-house Borrelia ELISpot assay, which had been stored 
at -80°C after the overnight stimulation of PBMCs with B. burgdorferi B31 and/or the Osp-mix, 
were investigated for the presence of other inflammatory markers that may have been produced. 
Indeed, other inflammatory markers were elevated among patients with LNB. The level of these 
markers, however, were much lower in the Osp-mix-stimulated wells than in the B. burgdorferi 
B31-stimulated wells. This suggest that the concentration of antigens in the Osp-mix indeed is 
too low and should be increased. This hypothesis is supported by a study from Kaiser et al. [99], 
who showed that increasing the concentration of antigens in an antibody assay that is based 
on a limited number of antigens indeed was effective and increased the sensitivity of the assay. 
One could also increase the number of different recombinant antigens that is currently present 
in the Osp-mix in order to increase the IFN-γ ELISpot reactivity, which has also been effective 
in antibody assays [100, 101]. Several recombinant antigens to consider, as they have proven 
beneficial in the serodiagnosis of LNB, are decorin binding protein (Dbp)A and VlsE, which are 
only expressed in vivo, and BBK32 [100-103]. Especially VlsE would be interesting, as this antigen 
is the most sensitive antigen for the detection of IgG [101] and warrants further investigation.

What is also important to consider is the ability of the Borrelia bacterium to change its 
surface antigens, or its ability to escape or suppress the immune system, as this may also 
explain the absence of IFN-γ ELISpot reactivity among active LNB patients [104-106]. 
However, as mentioned above, the number of antigens that can elicit an immune response 
using a whole-cell lysate is numerous. Therefore, this hypothesis does not seem likely, also 
since the sensitivity of detecting Borrelia-specific antibodies in serum of patients with active 
LNB using a whole-cell lysate is very high as was shown in chapter 7. In this chapter, all 
active LNB patients (all of them were also part of the study population used in chapter 2)  
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had Borrelia-specific antibodies in serum for which a screening test based on a whole-cell lysate 
(with recombinant VlsE added to the IgG ELISA) was used and confirmation was done using an 
immunoblot based on multiple recombinant antigens.

CHOOSING THE MARKER(S) 
A second factor that may explain the limited reactivity of the IFN-γ ELISpot assay is the possibility 
that IFN-γ may not be the best marker to measure the activity of the cellular immune response 
upon infection with B. burgdorferi s.l.. It would be worth investigating if other makers are more 
suitable. Preliminary results from our previously ment﻿ioned pilot study on culture supernatants 
of the in-house Borrelia ELISpot assay, which were investigated for the presence of other 
inflammatory markers, seem promising. Some of the investigated markers, including the B-cell 
chemokine (C-X-C motif) ligand 13 (CXCL13), differed between active LNB patients and controls 
and warrants further investigation. In the literature, the potential role for LNB diagnostics of other 
cytokines and/or chemokines in blood [107, 108], CSF [10, 106, 109-111] or both [112] has been 
shown. During the course of our studies, the manufacturer of the commercial LymeSpot assay 
has adapted their assay by adding the detection of interleukin (IL)-2, which has shown promising 
results in TB diagnostics [113-115]. However, at the time of writing, no data are available yet with 
regard to the diagnostic performance of this modified LymeSpot assay.

CHOOSING THE PATIENT SAMPLE 
A third factor that may explain the limited reactivity of the IFN-γ ELISpot assay is the patient sample 
that is chosen to isolate the PBMCs from. The immune response against B. burgdorferi s.l. among 
LNB patients is suggested to be compartmentalized within the central nervous system (CNS) [95, 
116, 117]. This is in line with several reports that suggest that B. garinii disseminates into the CSF 
via migration along the peripheral nerves [105, 118]. This so-called compartmentalization within 
the CNS might explain the much lower IFN-γ ELISpot reactivity in blood among LNB patients than 
the IFN-γ ELISpot reactivity in blood among patients with TB, cytomegalovirus, or Q-fever using 
an IFN-γ ELISpot assay for these respective diseases [119-122]. Indeed, several reports showed 
that more IFN-γ ELISpot reactivity was seen in the CSF than in the blood of LNB patients [95, 
96], as was mentioned previously. Yet, at the start of our research project in 2011, a pilot study 
was performed using the in-house Borrelia ELISpot assay on CSF of LNB patients, which was 
unsuccessful as the CSF-leucocyte count was often too low to be used in the IFN-γ ELISpot assay 
(i.e., <100,000 PBMCs), even in active LNB patients. This precluded the use of CSF with this assay 
as no, or limited, IFN-γ ELISpot reactivity was seen, even in proven cases. After several try outs, it 
was decided that the use of CSF would not work, and the focus was directed on performing the 
in-house Borrelia ELISpot assay on blood instead of putting more effort in miniaturizing the IFN-γ 
ELISpot assay for application with CSF-leucocyte counts that are too low to be used in this assay. 
As the majority of the LNB patients in this thesis developed Borrelia-specific antibodies in blood, 
we do not believe that the immune response against Borrelia is solely located in the CNS. This 
hypothesis is further supported by the results of our pilot study on culture supernatants of the 
in-house Borrelia ELISpot assay mentioned previously. Furthermore, the potential role for LNB 
diagnostics of other cytokines and/or chemokines in blood has also been reported in literature 
[107, 108, 112].

FACTORS INFLUENCING THE REACTIVITY OF THE IFN-γ ELISPOT ASSAY AMONG 
CONTROLS 
Besides the limited reactivity of the IFN-γ ELISpot assay among active LNB patients, increased 
IFN-γ ELISpot reactivity was seen among two of the three control groups in chapters 2 and 3. In 
both chapters, the IFN-γ ELISpot reactivity was more pronounced among treated LNB patients 
and treated healthy individuals than among untreated healthy individuals. The B-cell response, 
however, was comparable between the three control groups (i.e., the presence of Borrelia-
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specific serum antibodies in these groups ranged from 12% to 18% [chapter 2], and from 8% to 
40% [chapter 3]). Indeed, IFN-γ ELISpot reactivity in each of the three control groups could not 
be linked to seropositivity. Several arguments could underlie these findings. 

Firstly, IFN-γ ELISpot reactivity in the absence of Borrelia-specific antibodies among controls can 
suggest an active, asymptomatic infection. Greissl et al. [123] showed that the cellular immune 
response preceded the antibody response in more than one-third of patients (n = 211) with early 
LB. These results are in line with a report from Dattwyler et al. [29], who also found a strong 
proliferative T-cell response against B. burgdorferi s.l. in the absence of Borrelia-specific serum 
antibodies among 17 Lyme patients. Thus, IFN-γ ELISpot reactivity in the absence of Borrelia-
specific antibodies among treated LNB patients, treated healthy individuals and untreated 
healthy individuals in our study may reflect an active, asymptomatic infection. Perhaps this is 
most likely among (un)treated healthy individuals, as they were invited to participate if they 
engaged in recreational activities in high-risk areas for tick bites. For some of the (un)treated 
healthy individuals in chapter 2, a second blood sample had been drawn at a later time point 
(data not shown). In total, 17 (un)treated healthy individuals who were seronegative at inclusion 
in the study, were also seronegative using the follow-up sample (median number of days between 
both samples was 700 (range 113-741 days) (data not shown in chapter 2). Interestingly, for most 
of them, the IFN-γ ELISpot reactivity seen at inclusion in the study, had considerably decreased 
at this later time point (median B. burgdorferi B31-specific SFC-count: 13.6 [range: 1.0 to 97], 
and 4.3 [range: 0.0 to 53], respectively) (data not shown in chapter 2), and warrants further 
investigation.

Secondly, IFN-γ ELISpot reactivity in the absence of Borrelia-specific antibodies among controls 
can also be explained by cross-reactivity. The B. burgdorferi B31 whole-cell lysate that was used 
in both IFN-γ ELISpot assays evaluated in this thesis contains epitopes that are shared by other 
related spirochaetal micro-organisms. For serology, false-positive test results have been found 
in patients infected with treponemes [124-128], leptospires [128], relapsing fever Borrelia [128-
130], or Helicobacter pylori [126]. Limited data are available with regard to false-positive test 
results using IFN-γ ELISpot assays [131]. In chapter 2, we discussed that one of four patients 
with potential cross-reacting diseases (either leptospirosis (n=2) or neurosyphilis (n=2)) had 
increased IFN-γ ELISpot reactivity and this patient was diagnosed with active leptospirosis. The 
T-cell response among controls may, therefore, also be explained by cross-reactivity.

Thirdly, IFN-γ ELISpot reactivity in the absence of Borrelia-specific antibodies may imply that 
the Borrelia-specific B-cell response wanes faster than the Borrelia-specific T-cell response. 
Most (30/36; 83.3%) of the treated LNB patients in chapter 2, for instance, all of whom were 
seropositive when diagnosed with LNB in the past, had seroreverted at the time of inclusion in 
the study. Similar results were found by Greissl et al. [123], who reported a faster decline of the 
antibody response than that of the cellular immune response using T-cell receptor sequencing on 
blood from patients treated for early Lyme disease. 

THE IFN-γ ELISPOT ASSAY MIGHT HAVE A POTENTIAL ROLE FOR DIAGNOSING 
POSSIBLE LNB PATIENTS
Even though the IFN-γ ELISpot assay does not seem useful for LNB diagnostics, it might still be 
of added value among possible LNB patients. In chapter 2, one quarter (8/33) of the active LNB 
patients were classified as possible LNB patient based on the presence of pleocytosis and the 
absence of intrathecally produced Borrelia-specific antibodies [6]. Half of them (n = 4) showed a 
marked IFN-γ ELISpot reactivity (i.e., the B. burgdorferi B31-specific SFC-counts ranged between 
13 and 34, with a median SFC-count of 6.0 [interquartile range: 0.5 to 14]) (data not shown in 
chapter 2). For these four cases, the cellular immune response might have preceded the humoral 
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response, although this could not be confirmed, as a second LP was never done. It is, however, 
supported by a negative correlation between the level of IFN-γ ELISpot reactivity and the level of 
intrathecally produced Borrelia-specific IgM among active LNB patients with a positive Borrelia-
specific IgM AI result. 

As was mentioned earlier, it has also been postulated that possible LNB patients with pleocytosis 
represent early LNB cases and that possible LNB patients with intrathecal Borrelia-specific antibody 
synthesis most likely have had a previous LNB or another disease [42, 50]. The four possible LNB 
patients with pleocytosis and a marked IFN-γ ELISpot reactivity, therefore, most likely had early 
LNB. For two of them, the CSF-CXCL13 levels had also been determined as they were also part of 
the study population described in chapter 4. One of them had a positive CSF-CXCL13 result in both 
CXCL13 assays; the other patient had elevated CSF-CXCL13 levels in both assays; however, these 
levels were below the assay-specific cutoff value. This patient was the one who had paresis of 
the VIIth nerve, reported a tick bite 3 weeks earlier, had symptoms for 5 days, and responded well 
to antibiotic treatment for LNB. Therefore, it can be assumed that the CSF-CXCL13 concentration 
for this patient was building up at the moment of the LP. Based on the IFN-γ ELISpot reactivity 
among some of the possible LNB patients with pleocytosis in the absence of detectable levels of 
intrathecally produced Borrelia-specific antibodies, the IFN-γ ELISpot could be of added value in 
diagnosing active LNB, although the IFN-γ ELISpot reactivity should be interpreted with care as 
reactivity was also seen among controls (chapters 2 and 3) [94, 132, 133].

CORRELATION OF THE ABSENCE OF A TICK BITE AND MALE GENDER WITH LNB 
In chapter 2, it was shown that patients who did not report a tick bite were 2.9 times more likely 
to have LNB, which was significant (P = 0.029), and males were 2.1 times more likely to have LNB, 
which was not significant (P = 0.106). As expected, considering the results of the ROC analysis, 
IFN-γ ELISpot reactivity did not contribute at all. The overrepresentation of the male gender 
amongst LNB patients is in line with various published reports showing a male predominance 
ranging from 56% to 65% [134-139]. The increased odds of having LNB in the absence of a tick 
bite also seems reasonable, as not noticing a tick bite may increase the chances of developing 
disseminated LB. Also, it is expected that individuals who do notice a tick bite are more keen on 
developing LB symptoms. Consequently, these individuals will more likely seek medical advice if 
they do develop such symptoms. They are, therefore, less likely to develop disseminated LB. In 
general, the report of a recent tick bite often contributes to the diagnosis of LB [140]. However, 
the absence of a tick bite clearly does not rule out LB, especially in endemic regions or when 
displaying risk behavior, and should be taken into consideration, especially among cases with 
presumed symptoms of disseminated LB. This observation stresses the importance of carefully 
inspecting the body for ticks after outdoor activities.

FUTURE PERSPECTIVES

Much of the research conducted in this thesis was possible due to setting up the T-cell response 
in Lyme (TRIL)-study in 2011. This study has been set up in order to investigate the T-cell response 
to Borrelia-specific antigens using the IFN-γ ELISpot assay among patients with LB; however, 
other parts of the immune system that involve the T- and B-cell response are also investigated. In 
addition, all participants are asked to fill in two questionnaires: (i) a Lyme-specific questionnaire, 
including questions regarding tick bites, presence of EM, antibiotic treatment for LB and (self-
reported) complaints at the moment of inclusion and during possible earlier episodes of LB, and 
(ii) the 36-item Short-Form Health Survey (RAND-36) covering the physical and mental health by 
investigating eight health domains [141]. All active LB patients are currently followed for up to 48 
months after first inclusion in the TRIL-study at the moment of active disease. Chapters 2 and 3,  
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in which two ELISpot assays were evaluated for use in LNB diagnostics, are the first published 
articles using data obtained within the framework of this study.

At the start of the TRIL-study, our focus was on the inclusion of active LNB patients, as active LNB 
served as a proxy for active disease. As it is difficult to extrapolate the results found among active 
LNB patients to other Lyme manifestations, active Lyme arthritis patients have been asked to 
participate in the TRIL-study since 2015, and patients with acrodermatitis chronica atrophicans 
since 2020. A major component of the TRIL-study is that patients are followed in time for 4 years 
to gather data on the immune response and perceived health status. Using these data, we hope 
to gain more knowledge about the T- and B-cell response among LB cases at the moment of 
active disease as well as over time. Furthermore, we hope to gain insight into the circumstances 
that lead to the persistence of symptoms among a subset of patients treated for active LB by 
relating reported symptoms with the T- and B-cell immunity as well as with host-genetic factors. 

At present, the IFN-γ ELISpot assay cannot be used in routine clinical practice for LNB diagnostics. 
More research is necessary and the results of the VICTORY study initiated with funding from the 
Government by the instigated Lyme expertise center [142], in which a large cohort of patients 
with a variety of Lyme manifestations are tested using different cellular assays including two IFN-γ 
assays, are to be expected soon. The results of our studies described in chapters 2 and 3 suggest 
that IFN-γ may not be the best marker to diagnose active LNB. It would be interesting to investigate 
whether other cytokines and/or chemokines could improve the performance of the IFN-γ ELISpot 
assay, especially since the clinical symptoms of LNB for a large part seem to be attributable to the 
effects of the hosts’ innate and adaptive immune response [143]. For TB, IFN-γ release assays cannot 
differentiate between active and latent TB [144, 145], but when other cytokines are included, such 
as tumor necrosis factor (TNF)-α, a difference between active and latent TB was seen [146]. A 
recent publication also showed that both of these disease stages can be characterized by a certain 
immunological signature consisting of various cytokines, chemokines and enzymes [147]. Just 
recently, Ogrinc et al. [55] showed that LNB patients with meningoradiculoneuritis and LNB patients 
with peripheral facial palsy varied in innate and adaptive immune response. Based on the results of 
our pilot study on the culture supernatants of the in-house Borrelia ELISpot assay, and supported 
by several reports in the literature [10, 107-112, 148], other cytokines and/or chemokines might 
be more suitable for LNB diagnostics, and an expansion of our pilot study is already planned for the 
near future. Furthermore, it will be interesting to characterize the B. burgdorferi s.l. strain causing 
LNB in individual cases as different B. burgdorferi s.s. OspC types are associated with more severe 
inflammation and disease in case of Lyme arthritis [48]. Likewise, it is interesting to investigate 
host genetic factors as certain polymorphisms in human genes have also been associated with 
excessive immune responses and more symptomatic disease [49, 55]. Finally, metabolomics might 
be a useful tool to differentiate patients that recover following antibiotic treatment from those that 
experience longer lasting symptoms [149].

Furthermore, a large prospective, multicenter study should be conducted to evaluate the 
diagnostic algorithm found in chapter 6, especially since the number of LNB patients included in 
this study was limited due to the cross-sectional study design that was chosen. Such a multicenter 
study should aim at including more LNB patients in a joint effort to provide a robust diagnostic 
tool, with high sensitivity and specificity, that should - ideally - be universally applicable. The 
main focus for this multicenter study should be on including early LNB patients, as these patients 
are more difficult to diagnose with current available tests [3, 22], as was also shown in this thesis. 
The inclusion of early LNB patients may be challenging as the immune response of these patients 
is building up, and is often too low to be measurable. Expansion of the diagnostic algorithm with 
other (new) markers, which may be detected in the culture supernatants of the in-house Borrelia 
ELISpot assay, should also be investigated. 
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The sole use of the direct detection of (non-specific) inflammatory markers for LB diagnostics 
may not be sufficient, and Borrelia-specific tests should always be part of the diagnostic work-up. 
Ideally, tests should be easy to perform and have high sensitivity and specificity. T-cell receptor 
sequencing has shown promising results for use in diagnostics of various other diseases [150-
152] and is worth investigating in future studies as well. The potential role of CSF-CXCL13 has 
already been shown, but more research is warranted to decipher the underlying causes of 
different cutoff values and on investigating the possibilities of defining an international reference 
standard and/or a setting-specific cutoff value that - preferably - is independent of the assay 
used. 

CONCLUSION 

To return to the aims of this thesis and the challenges medical specialists have to face surrounding 
LNB diagnostics, we believe that the results in this thesis are promising, and that the construction 
of a diagnostic algorithm that includes different aspects of the immune system (innate and 
adaptive, B- and T-cell response) will help to solve some of these challenges and more clearly 
discriminates active disease from a past infection. 
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