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INTRODUCTION

Lyme disease, also known as Lyme borreliosis (LB), is the most common tick-borne disease in 
temperate regions of the Northern Hemisphere [1]. LB is a multisystem disease, and the most 
frequent clinical symptom is an expanding skin rash also known as erythema migrans (EM). Other 
manifestations can involve the peripheral and/or central nervous system (Lyme neuroborreliosis 
[LNB]), joints (Lyme arthritis [LA]), skin (acrodermatitis chronica atrophicans [ACA]), and rarely 
the heart (Lyme carditis) and eyes (ocular Lyme) [1]. Except for a typical EM rash, the diagnosis 
of most other manifestations can be a challenge as symptoms are often non-pathognomonic [2]. 
This introduction provides background on the epidemiology, pathology and diagnostic challenges 
of LB. At the end of the chapter, the aims of this thesis are outlined.
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THE HISTORY OF LYME BORRELIOSIS

The history of LB covers more than one century. The disease is named after the place Old Lyme 
(Connecticut, USA) where a clustered outbreak of presumed juvenile rheumatoid arthritis took 
place in the period between 1972 and 1975 [3]. Approximately one quarter of the cases reported 
an expanding skin rash currently known as EM in the weeks preceding the arthritis. In retrospect, 
this skin manifestation had already been described by Afzelius in 1910 [4] and by Lipschutz in 
1913 [5] and was linked to the bite of a tick [6]. As the disease in Old Lyme did not match other 
known causes of arthritis it was considered to represent a new disease and was consequently 
called ‘Lyme arthritis’ [3]. In 1922, the first report of an association between EM and nervous 
system complaints appeared when Garin and Bujadoux reported a painful meningoradiculitis 
after the bite of a tick [7]. This was followed by a report from Hellerström in 1930 [8], who linked 
EM with meningitis. Nervous system complaints were also described by the German neurologist 
Bannwarth in 1941 and 1944 [9, 10]. He described a manifestation, now known as Bannwarth’s 
syndrome, which was characterized by intense nerve pains that radiated to the extremities. 
Often patients also showed peripheral nervous system involvement (mainly facial nerve palsy) 
with an elevated number of lymphocytes in the cerebrospinal fluid (CSF).

A few years later, in 1948, Lennhoff [11] developed a staining technique that showed spirochetes 
in the lesions of patients with EM; however, these findings were not confirmed until 1981 when 
Burgdorfer et al. [12] discovered a new spiral-shaped bacterium (so-called spirochetes) in an 
Ixodes dammini (now: Ixodes scapularis) tick and called it Borrelia burgdorferi. He also suggested 
that this spirochete might be associated with Lyme disease as antibodies from Lyme disease 
patients bound to the bacterium. This association was confirmed in 1983 by Steere et al. [13], 
who showed that spirochetes that were isolated from ticks and Lyme disease patients had 
similar morphological and immunological features. They also showed increased levels of Lyme 
spirochete-specific immunoglobulin (Ig)M and IgG in Lyme disease patients that were absent 
in controls. Around the same time, Stiernstedt et al. [14] described 35 patients in Sweden who 
suffered from chronic meningitis, which was sometimes preceded by an EM or tick bite. Most of 
these patients had antibodies against the Lyme spirochete as well as against the Ixodes ricinus 
tick and, thus, an association between these spirochetes, a tick bite and chronic meningitis was 
demonstrated in Europe as well. Since then, numerous reports have been published on LB, which 
is now considered the most prevalent tick-borne infection with a wide geographic distribution in 
Northern America, Europe and parts of Asia [15].

THE VECTORS AND PATHOGENS OF LYME BORRELIOSIS

The genus Borrelia consists of two major phylogenetic groups: (i) the relapsing fever Borrelia 
group and (ii) the B. burgdorferi sensu lato (s.l.) complex group [16]. The genospecies which 
are part of the B. burgdorferi s.l. complex have been linked to LB and comprises at least 20 
genospecies [16]. In North America, the most important genospecies causing LB is B. burgdorferi 
sensu stricto (s.s.) [16]. In Europe, the predominant genospecies causing LB are Borrelia afzelii, 
Borrelia garinii, Borrelia bavariensis and B. burgdorferi s.s. [16].

LB is a zoonosis and B. burgdorferi s.l. is transmitted by hard-bodied ticks of the Ixodes complex 
[17, 18]. The occurrence of LB in the world is dependent on the geographical distribution of its 
vector and reservoir hosts and is, therefore, mainly found in the Northern Hemisphere [19, 20]. 
In North America, the main tick species are I. scapularis in the Northeast and Upper Midwest 
and Ixodes pacificus in the West (Figure 1) [21]. In Europe, the main vector is I. ricinus and in Asia 
Ixodes persulcatus, although I. persulcatus has also been found in Eastern Europe [21].
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Fig. 1. Global distribution of the hard-bodied ticks of the Ixodes complex that can transmit B. burgdorferi s.l.. Figure 
reprinted from The Lancet, 379(9814), Stanek G, Wormser GP, Gray J, Strle F. Lyme borreliosis, 461-73, ©2012 [21], 
with permission from Elsevier.

Ixodes ticks have a life cycle from 2 to 6 years that consists of four life stages: egg, larva, nymph 
and adult stage (Figure 2) [21]. Most tick activity is seen in spring and summer, which explains the 
seasonal incidence of LB as most cases occur between May and November [22, 23].

THE PREVALENCE OF BORRELIA GENOSPECIES IN TICKS IN THE NETHERLANDS
In the Netherlands, a study investigating questing I. ricinus ticks (n = 5570) from 22 
different study sites showed a prevalence of B. burgdorferi s.l. of 11.8%, which could be 
subdivided in B. afzelii (6.7%),  B. garinii/B. bavariensis (1.5%), Borrelia valaisiana (1.2%), B. 
burgdorferi s.s. (0.2%), and non-typeable Borrelia (2.2%) [24]. Another study investigated 
the prevalence of B. burgdorferi s.l. in 314 ticks that were obtained from 293 patients [25] in 
the Netherlands. The majority (94%) of these ticks were I. ricinus ticks, and almost one third 
(29.3%) contained B. burgdorferi s.l. DNA, which could be subdivided in B. afzelii (11.5%), B. 
garinii (3.5%), B. burgdorferi s.s. (2.2%), B. valaisiana (1.3%), and non-typeable Borrelia  
(11.5%) [25].
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Fig. 2. The life cycle of the Ixodes tick and B. burgdorferi s.l.. The adult female tick lays up to 2000 eggs (stage 
1), which will develop into six-legged larva (stage 2) [21, 26]. A blood meal is needed for development into the 
nymphal stage and this is probably the first moment the ticks may become infected with B. burgdorferi s.l. as 
transovarial transmission does not seem to occur [27, 28]. Larva typically feed on small mammals and birds and 
a blood meal normally takes 3-7 days. After the blood meal, the larva will drop off and molt into an eight-legged 
nymph (stage 3). Nymphs typically feed on medium to large-sized mammals and this is a second moment the 
tick may become infected with B. burgdorferi s.l.. After the blood meal, nymphs will drop off and molt into the 
adult stage (stage 4). Adult ticks typically seek a large animal host, such as deer, for mating and a last blood meal 
(stage 5). Since ticks cannot acquire B. burgdorferi s.l. from deer, they are called reservoir-incompetent hosts [26, 
29]. Deer are, however, important for maintaining the tick population. For all feeding stages, humans can be an 
incidental host [26]. Figure adapted by permission from Springer Nature Customer Service Centre GmbH: Springer 
Nature, Nature Reviews Microbiology. Interactions between Borrelia burgdorferi and ticks. Kurokawa C, Lynn GE, 
Pedra JHF, Pal U, Narasimhan S, Fikrig E, ©2020 [26].

THE EPIDEMIOLOGY OF LYME BORRELIOSIS

LB has a bimodal age distribution with an incidence peak in childhood (range between 5 and 15 
years) and one in adulthood (range between 50 to 75 years) [20, 30-35]. In North America, LB is a 
notifiable disease since 1991 and about 30,000 confirmed and probable LB cases are reported to 
the Centers of Disease Control (CDC) each year [35, 36]. Reported LB cases include dermatologic, 
rheumatologic, neurologic, and cardiac manifestations; the majority (70%-80%) are EM cases [35, 
36]. As the number of reported LB cases is based on passive reporting, the reported incidence 
could be an underestimation, and recent CDC estimates suggest that the actual number of LB 
cases might be 10 times higher [36]. In Asia, reports on the incidence rates of LB are limited, 
although LB cases have been reported in Korea and Japan, where LB is a notifiable disease [37], 
and also in Russia [38], China [39] and Mongolia [40]. In most European countries, LB is not 
notifiable and to gain insight into the LB incidence rates, different strategies are used. 
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For the most part, incidence rates of LB in Europe are based on positive test results obtained 
from diagnostic laboratories [41]. Other ways to obtain LB incidence rates are based on voluntary 
reporting, surveys conducted among physicians, or by hospital diagnoses [41]. It is estimated 
that LB affects around 85,000 patients in Europe each year [20], although this is also most likely 
an underestimation. The incidence rate of LB in Western Europe was estimated at 22 per 100,000 
population per year [42]. The highest incidences rates were found in Norway [32], Sweden [43], 
Switzerland [44], Austria [20], Slovenia [45] and the Netherlands [46], where the incidence rates 
ranged between 100 and 500 per 100,000 population per year. Incidence rates between 25 and 
100 per 100,000 population per year were found in Finland [47], Germany [34], Czech Republic 
[48], France [49], Belgium [50] and Lithuania [51]. The lowest incidence rates, of less than 10 per 
100,000 population per year, were found in the United Kingdom [52], Italy [53], Spain [54] and 
Iceland [55]. 

Reported incidence rates, however, should be interpreted with caution as these sometimes 
reflect only certain regions of a country or can be based on the mean incidence rate of the whole 
country. Use of non-standardized case definitions [42, 56] and unclear symptomology reporting 
[57] can also result in biased incidence rates. For EM, which is a clinical diagnosis, data might be 
lacking as not all LB cases will develop an EM or an EM remains unnoticed or unrecognized [42, 
58, 59]. When serology is part of the case definition, this can also result in biased estimates: e.g., 
under-reporting due to false-negative test results can occur in the first weeks of infection when 
antibody levels are rising, but are still undetectable at the moment of blood sampling [42]. On 
the other hand, over-reporting can occur when positive serology results are interpreted as proof 
of active disease, while these can also result from a past infection [57]. Despite these pitfalls, 
in both North America [60] and Europe [56, 61], the incidence of LB seems to increase. Factors 
contributing to this increase include climate change, expansion of ticks and reservoir hosts, 
increased human tick exposure, more awareness as well as improved monitoring, detection, and 
reporting of both ticks and LB diagnoses [20, 62].

THE EPIDEMIOLOGY OF LYME BORRELIOSIS IN THE NETHERLANDS
In the period between 1994 and 2009, the incidence of tick bite consultations and EM diagnoses 
in the general practice in the Netherlands was investigated and both showed a 3-fold increase 
(Figure 3) [63-66]. This rise is likely due to, at least in part, an increase in disease awareness. 
In 2014, the number of tick bite consultations in the Netherlands slightly decreased and the 
number of EM cases seemed to stabilize [67], and in 2017, the number of tick bite consultations 
and EM diagnoses increased again [46].

The risk of transmission of B. burgdorferi s.l. among patients that visited the general practitioner 
(GP)  for tick bites or EM in the Netherlands has been assessed in a nationwide study conducted 
in 2015 [68]. The findings indicate that the risk of developing EM after a tick bite was 2.6%, 
and synthesis of Borrelia-specific antibodies was shown in 3.2% of the tick bite cases. Analysis 
among patients who were bitten by a B. burgdorferi s.l.-positive tick showed an increased risk 
of developing EM as well as an increased risk of seroconversion (4.4% and 5.9%, respectively). 
Another Dutch study showed a similar risk of 2.6% for developing LB after a tick bite and showed 
that this was positively associated with tick attachment time, tick engorgement and the presence 
of B. burgdorferi s.l. DNA in ticks. The highest risk for developing LB was 14.4% and was linked 
to a substantially engorged B. burgdorferi s.l.-positive tick [69]. In Europe, transmission of B. 
burgdorferi s.l. by adult ticks is said to occur after at least 24 hours of tick infestation. However, in 
mouse models transmission was seen within 12 hours by nymphal ticks and this shorter infection 
time could be explained by B. burgdorferi s.l. already present in the salivary glands before a blood 
meal was initiated [70]. 
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Fig. 3. The incidence of general practitioner (GP) reported tick bite consultations and erythema migrans (EM) 
diagnoses in the general practice between 1994 and 2017 in the Netherlands (17.1 million pop. in 2017). Figure 
adapted by permission from van den Wijngaard et al. [46].

THE CLINICAL MANIFESTATIONS OF LYME BORRELIOSIS

LB is a multisystem disease that can involve skin, nervous system, joints, heart, and eyes and is 
often classified as an early localized, early disseminated, or late disseminated disease (Figure 4A) 
[2]. Dissemination of B. burgdorferi s.l. can occur by flagellum-induced motility and chemotaxis 
[71, 72], and might, in part, be dependent on the genospecies causing LB. In North America, 
dissemination via blood seems more likely given the higher rates of spirochetes in the blood 
of patients from North America [73, 74]. In Europe, dissemination via peripheral nerves seems 
more likely, at least among patients with meningoradiculitis, which is most often caused by B. 
garinii [75, 76]. Patients with meningoradiculitis also have a higher frequency of EM located on 
the head, neck or torso compared to EM patients without neurological involvement and for the 
majority of these cases (79%), the location of the EM matched the location of the radicular pain 
[77]. 

The different Lyme manifestations (Figure 4B) might, in part, be explained by the different 
genospecies, which are linked to different tissue tropisms: e.g., B. afzelii is associated with skin 
manifestations, B. burgdorferi s.s. with joint manifestations, and B. garinii and B. bavariensis with 
nervous system manifestations [15, 16, 75, 78, 79]. The difference in clinical presentation might 
also be explained by the different genospecies as the EM of patients in North America, which is 
caused by B. burgdorferi s.s., expands more rapidly and is more often accompanied with other 
symptoms than EM in European patients, which is mainly caused by B. afzelii or B. garinii [73, 80]. 
Intra-species variation and host genetic factors have also been linked to differences in disease 
severity. For instance, in North America, B. burgdorferi s.s. outer surface protein (Osp)C type A 
in LA patients with a polymorphism in toll-like receptor 1 is associated with more inflammation 
and more severe LA [81, 82]. In Northeastern America, 65% of 291 strains isolated from EM 
lesions were attributable to four B. burgdorferi s.s. OspC types (A, B, I and K), and in the upper 
Midwest, B. burgdorferi s.s. OspC type H was mostly found (18.5% of 65 strains) [83]. In Europe, 
only certain B. burgdorferi s.l. sequence types (based on eight housekeeping genes) are found to 
cause LB in humans [79]. 
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Fig. 4. The classification (panel A) and manifestations (panel B) of Lyme borreliosis seen in Europe and North 
America. Figure adapted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, 
Nature Reviews Disease Primers. Lyme borreliosis. Steere AC, Strle F, Wormser GP, Hu LT, Branda JA, Hovius JW, Li 
X, Mead PS, ©2016 [80]. 

Asymptomatic infections occur as well and in Europe, these seem to be as common as symptomatic 
infections [25, 84]. In North America, however, asymptomatic infections are less common than 
symptomatic infections as was shown by Steere et al. [85], who reported that clinical symptoms 
were absent in less than 7% of the participants who showed seroconversion to B. burgdorferi. 

ERYTHEMA MIGRANS 
EM is the most prevalent LB manifestation and occurs in about 70% to 95% [2, 31, 34, 36, 50] 
of all LB cases. It is the only manifestation of early localized LB and occurs several days to weeks 
(typically 7 to 14 days) after the tick bite, when a skin rash appears that expands over time 
[16, 86]. This expanding skin rash is caused by the centrifugal migration through the skin of B. 
burgdorferi s.l. from the site of the tick bite [87]. A skin lesion that is equal to or more than 5 cm 
in diameter is often needed for a clinical diagnosis [21, 88]. Smaller lesions may be considered 
as EM when at least 2 days have past and the lesion is expanding. The most typical EM feature is 
a bull’s-eye rash, but central clearing in EM lesions may not always occur (Figure 5) [21]. Other 
symptoms that can occur in approximately 50% of the patients are itching, burning or pain at the 
site of the EM, and, less often, fatigue, headache, malaise, arthralgias and myalgias [2]. In most 
areas of Europe, EM is caused by B. afzelii (70% to 90%), and less frequently by B. garinii (10% to 
20%), except in Northeastern Europe where B. garinii predominates [2]. In North America, EM 
patients more often experience fever and lymphadenopathy than European EM patients [2, 89], 
and central clearing of EM is more often seen in Europe [16, 89]. If an EM remains unnoticed or 
unrecognized and left untreated, B. burgdorferi s.l. can spread to other body parts, and cause 
(early) disseminated LB.
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Fig. 5. A classical bull’s-eye rash (left panel) and a non-typical EM lesion (right panel). Photos from private collection.

MULTIPLE ERYTHEMA MIGRANS
The occurrence of multiple EM lesions at the time of presentation is found in 4% to 50% of the 
EM patients in Europe [86, 90] and in 20% to 40% of the EM patients in North America [91, 92]. 
In general, multiple EM lesions are smaller than single EM lesions and often lack the indurated 
center seen in single EM lesions [2]. The number of EM lesions in European patients often ranges 
between two to six lesions, which is lower than the number of EM lesions seen in patients from 
North America (>20 lesions) [93].

BORRELIAL LYMPHOCYTOMA
Borrelial lymphocytoma is mainly observed in Europe and occurs in less than 8% of LB cases [31, 
44]. It is often caused by B. afzelii and, consistent with the geographical spread of the bacterium, 
not seen in North America [89]. Borrelial lymphocytoma appears as a painless small swelling of 
the skin that slowly enlarges to a diameter of up to several centimeters and is seen more often in 
children (1.5% to 7%) than in adults (0.5% to 2%) and is mostly located on the earlobe or areola 
mammae [2].

LYME CARDITIS
Heart involvement leading to Lyme carditis occurs in 0.3% to 4% of LB cases in Europe and in 
approximately 1% of LB cases in the U.S. [94], and mostly starts within 2 months after the onset 
of infection [2]. Lyme carditis most commonly involves conduction system disturbances of the 
atrioventricular (AV) node resulting in various degrees of AV block, but other beat disturbances, 
endomyocarditis and pericarditis have also been reported [1]. It is often preceded by an EM and 
can include symptoms of the nervous system or joints [1]. 

OCULAR LYME 
Ocular manifestations have been reported during the early and later stages of disseminated LB. In 
the first few weeks, conjunctivitis has been reported in up to 10% of patients, and keratitis, uveitis 
and vitritis have also been reported [95]. Involvement of the eyes can also occur in conjunction 
with other Lyme manifestations, such as LA [96], and cause symptoms such as keratitis or uveitis. 
In patients with LNB, palpebral diastasis, blurred vision, strabismus and diplopia can occur [97]. 
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LYME ARTHRITIS 
LA is more commonly found among LB cases in North America (25%) [98] than in Europe (2% to 
7%) [31, 34, 44]. Most patients have intermittent or persistent attacks of swelling and pain in one 
joint, most often the knee, although other large or small joints may also be affected, such as the 
ankle, hip, shoulder, elbow, or wrist [99, 100]. LA is seen as an early and late Lyme manifestation 
and in North America, and the onset of disease can range from 4 days to 2 years, with a mean of 
6 months. In Europe, the onset of disease can range from 10 days to 16 months, with a mean of 
3 months [2].

ACRODERMATITIS CHRONICA ATROPHICANS 
ACA is a chronic skin manifestation, which occurs in 1% to 6% of European LB cases [31, 44, 101]. It 
is observed more often among women and rarely occurs among children [2]. ACA is mostly caused 
by B. afzelii, although infections caused by B. garinii and B. burgdorferi s.s. are also observed [2]. 
The affected skin mostly comprises the distal parts of the extremities and is characterized by a red 
or bluish-red discoloration with or without swelling that can become atrophic over time [2]. In 
contrast to EM and borrelial lymphocytoma, ACA is not self-limiting, and a substantial number of 
ACA patients develop a sensory peripheral neuropathy when left untreated [2].

THE CLINICAL MANIFESTATIONS OF LYME BORRELIOSIS IN THE NETHERLANDS 
In 2010, the incidence rate of EM and disseminated LB was assessed by conducting a nationwide 
survey among GPs, company physicians, and medical specialists involved in LB diagnosis 
[68]. Based on the results of this study, the estimated number of EM cases was 22,000 and 
the estimated number of disseminated LB cases was 1,300. The majority of disseminated LB 
cases either had LNB or LA (34% and 39%, respectively). Other reported disseminated Lyme 
manifestations included ACA, borrelial lymphocytoma, Lyme carditis and ocular Lyme (16%, 
8%, 1% and 1%, respectively). Based on the incidence rates of all LB cases in 2010, the relative 
proportion of patients with EM was 91%, with LA 2.1%, with LNB 1.8%, and with ACA 0.8% [67, 
68]. A similar GP survey carried out in 2017 showed that the estimated number of EM cases had 
increased to 25,500, and that of disseminated LB to 1,500 cases nationwide (cf. Figure 3) [46].

THE CLINICAL MANIFESTATIONS OF LYME NEUROBORRELIOSIS
LNB is seen in <1% to 16% of LB cases in Europe [2, 31, 34, 44, 50, 102] and in approximately 
12.5% of confirmed LB cases in North America [35]. Most LNB patients (90% to 95%) are classified 
as early LNB (symptom duration of less than 6 months) [103-105]. In Europe, less than 60% of 
the LNB patients noticed a tick bite and/or EM [76, 106-109]. For patients with early LNB, both 
the peripheral nervous system as well as the central nervous system can be affected. In Europe, 
the most common manifestation of LNB among adults is a lymphocytic meningoradiculitis 
(Bannwarth’s syndrome), which presents as a severe sharp neuropathic pain of the skin that 
intensifies at night [76, 107, 109]. The radicular pain is often located at the site of the tick bite 
or EM [77], and is the only symptom present in almost half of the patients [107]. Approximately 
40% of the patients have cranial nerve involvement comprising the facial nerve (nerve VII), 
that can result in either a unilateral or a bilateral (<30% of cases) paresis [76, 105, 107, 109]. 
Other cranial nerves that are less frequently involved include the abducens nerve (nerve VI), 
and the oculomotor nerve (nerve III), and rarely other cranial nerves [105, 107, 109, 110]. Limb, 
phrenic, abdominal wall, and bladder paresis have also been reported in a limited number of 
cases [105, 111-114]. Other frequently reported symptoms among adult LNB patients include 
meningitis, headache, sleep disturbance, fatigue, malaise, arthralgia, myalgia, paraesthesia, 
and concentration and/or memory disturbance [76]. Less common peripheral nervous system 
manifestations involve plexus neuritis and mononeuritis multiplex [115] or brachial plexopathy 
[116]. In less than 5% of the early LNB cases, central nervous system manifestations occur, such 
as encephalitis, myelitis and cerebral vasculitis [103]. 
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If symptom duration is longer than 6 months, patients are classified as late LNB [117]. For 
late LNB cases in Europe, peripheral nervous system involvement include symptoms such as 
radiculopathy [105], mono- and polyneuropathy [103]. Polyneuropathy is caused by axonal 
degeneration involving the sensory nerves and has been observed in patients with ACA [103]. 
Central nervous system involvement among late LNB cases include symptoms such as myelitis, 
encephalitis [105], encephalomyelitis and cerebral vasculitis [103]. In some cases, a stroke or 
transient ischaemic attacks was reported [103]. 

The most common manifestations of LNB among children in Europe are facial nerve palsy and 
lymphocytic meningitis [118, 119]. Other frequently reported symptoms among European 
children include fatigue, headache, fever, loss of appetite, neck pain/stiffness, vertigo, radicular 
pain and EM and/or lymphocytoma (range between 20% to 75%) [108]. 

In North America, facial palsy is the most common manifestation of LNB (9%), followed by 
radiculoneuropathy (4%) and meningitis and/or encephalitis (3%) [120].

THE PATHOGENESIS OF LYME BORRELIOSIS

When a blood meal is taken from an infected reservoir host, B. burgdorferi s.l. will enter the Ixodes 
tick and migrate to the midgut and remain there until the next tick stage. When an infected tick 
takes another blood meal, B. burgdorferi s.l. multiplies and changes the expression of proteins 
located on the outer surface. In the midgut, B. burgdorferi s.l. expresses OspA, which binds to 
the tick receptor for OspA that is located on the epithelial cells in the midgut [71, 121]. Through 
temperature and pH changes during the blood meal, OspA will be downregulated and OspC will 
be upregulated [71, 122]. Consequently, B. burgdorferi s.l. will migrate to the salivary glands 
[21, 71], where OspC binds to the tick salivary gland protein (Salp)15. With the tick saliva, B. 
burgdorferi s.l. can enter the skin of the mammalian host [71]. Salp15 as well as other substances 
within the tick saliva have immunomodulatory properties to interfere with the hosts’ innate and 
adaptive immune response and protect B. burgdorferi s.l. from complement- and antibody-
mediated killing and reduce chemotaxis of immune cells [71, 123-125]. 

B. burgdorferi s.l. also has various mechanisms to evade the hosts’ innate and adaptive immune 
response [71, 125, 126]. One of the mechanisms to evade the innate immune response is 
the expression of surface proteins that can interfere with the complement system, such as 
the fibronectin-binding lipoprotein BBK32 or the CD59-like complement inhibitory molecule 
[71, 125-130]. B. burgdorferi s.l. has also shown to be resistant to antimicrobial peptides (i.e., 
cathelicidin) [131, 132] and antimicrobial proteins (i.e., lactoferrin, proteinase 3, azurocidin) 
[133], that are part of the host immune response [125]. In addition, B. burgdorferi s.l. elicits the 
production of anti-inflammatory cytokines by mononuclear cells, such as IL-10, which suppresses 
phagocytosis and reduces the production of other pro-inflammatory mediators [71, 125, 126, 
134]. Furthermore, B. burgdorferi s.l. has mechanisms to evade the immune system by hiding 
in phagocytic cells or in the extracellular matrix [71, 125, 126]. In the extracellular matrix, B. 
burgdorferi s.l. can attach to several proteins such as decorin, which is part of the connective 
tissue and enables the dissemination of B. burgdorferi s.l. and promotes its survival [71]. B. 
burgdorferi s.l. is also suggested by some to be pleomorphic, capable of forming biofilm-like 
structures [125, 135, 136], or exhibit conformational changes (i.e., round bodies, L-form bacteria, 
or microcolonies), which may play a role in escaping the immune system [125, 137].

To evade the adaptive immune response, B. burgdorferi s.l. can use antigenic variation resulting in 
the differential expression of surface proteins on the outer membrane [71, 125, 126], such as that 
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seen in the variable major protein-like sequence, expressed (VlsE) protein [138, 139]. Through 
recombination events in the Vls locus, the VlsE can change phenotypically. Consequently, this 
new VlsE protein cannot be recognized by the antibodies already formed. The adaptive immune 
response is also disabled through invasion of B. burgdorferi s.l. into the lymph nodes, as this may 
disrupt the formation of germinal centers, which are required for the formation of long-lived 
plasma cells and memory B cells [125, 140]. Furthermore, the strong and sustained IgM response 
suggests a failure of B cells to undergo a class switch from IgM to IgG [125, 140]. 

As B. burgdorferi s.l. does not have genes encoding toxins [141, 142], most of the clinical 
symptoms are expected to result from the tissue invasion of B. burgdorferi s.l. and the effects of 
the hosts’ innate and adaptive immune response [2].

THE PATHOGENESIS OF LYME NEUROBORRELIOSIS
In 1984, B. burgdorferi s.l. was isolated from the CSF of a patient with meningoradiculitis for the 
first time [143]. Since then, B. burgdorferi s.l. has been detected in the CSF of LNB patients by 
culture and PCR [144]. The presence of B. burgdorferi s.l. in the CSF and subsequent activation of 
local immune cells results in lymphocytic pleocytosis (i.e., an increased number of lymphocytes 
in the CSF [normal cell count: <5 leucocytes per µl of CSF]), which comprises T cells, B cells, 
plasma cells and NK cells [145]. The exact location of B. burgdorferi s.l. in the central nervous 
system is unknown; however, using nonhuman primate models, B. burgdorferi s.l. has been 
localized in the leptomeninges, nerve roots, and dorsal root ganglia, but not in the parenchyma 
[146]. These findings were consistent with the pathological findings among LNB patients with 
Bannwarth’s syndrome [114]. In the peripheral nervous system, B. burgdorferi s.l. was found in 
the endoneurium and in connective tissues of peripheral nerves and muscles using nonhuman 
primate models [146]. 

As mentioned previously, B. burgdorferi s.l. can enter the CSF via hematogenous dissemination 
[71], or via dissemination along the peripheral nerves [71, 76], as suggested by several studies 
which showed that radicular pain is often located in the region of the tick bite and/or EM [76, 
147]. Ackermann et al. [148], however, reported no such association. The exact mechanisms that 
lead to the clinical symptoms found among LNB patients are not entirely clear. In mouse models, 
B. burgdorferi s.l. can bind to glial and neuronal cells, which could be affected by mechanisms 
such as (in)direct cytotoxicity, or autoimmune reactivity via molecular mimicry causing glial and 
neuronal cell death [72, 149, 150]. In nonhuman primate models, pro-inflammatory cytokines 
play a fundamental role in the pathogenesis of LNB [149, 151]. Studies on primary cells of the 
nervous system and tissue biopsies have shown that the neurotropism of B. burgdorferi s.l. 
and its binding to (but not invasion of) neuronal cells results in the production of inflammatory 
mediators, which can cause neurological damage [152-155].

THE LABORATORY DIAGNOSIS OF LYME BORRELIOSIS

The diagnosis of LB is mainly based on the presence of clinical findings or symptoms, and, for 
most Lyme manifestations, laboratory tests are used to support and confirm the clinical diagnosis. 
For EM, a clinical diagnosis is deemed sufficient to initiate treatment in case of typical lesions, 
otherwise, laboratory tests must be used to support the diagnosis [2, 156]. Laboratory tests for 
LB diagnosis can either be based on the direct detection of B. burgdorferi s.l., or on the indirect 
detection of its presence, by demonstrating a host immune response against B. burgdorferi s.l.. 
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DIRECT DETECTION METHODS 
Direct detection methods include microscopy, culture and PCR. Microscopy in blood or other 
infected tissues is difficult due to the often low numbers of spirochetes [157]. It is sometimes 
used for skin, cardiac and synovial tissue examination together with serology; however, for blood 
and CSF microscopy is not useful [157]. 

Culture is not routinely used for LB diagnostics due the long growth time, the need of complex 
media, and the low yield [156, 158, 159]. The yield is best for patients with early, untreated EM and 
the sensitivity of culture using skin biopsies from EM patients ranges between 40% and 90% [157, 
159]. Skin biopsies are mostly taken from the edge of the EM lesion, but can also be taken from 
the center of the EM lesion as well as from the clinically normal perilesional site of the EM lesion 
[87, 159, 160]. The sensitivity of skin biopsies of borrelial lymphocytoma amounts to a maximum 
of 35%, and that of ACA to a maximum of 40% [156, 161, 162]. Blood cultures are mostly positive 
in the early phase of the infection consistent with the hematogenous spreading of the bacterium 
at that time, and results are best when large volumes of plasma are used (≥9 ml) [157]. In North 
America, the sensitivity of plasma culture ranges between 40% and 50%, while in Europe the 
sensitivity is below 10% [156, 157]. This could be related to the lower rate of multiple simultaneous 
EM manifestations in Europe [93]. The sensitivity of blood culture of disseminated LB cases and of 
CSF culture of LNB cases is low in both North America and Europe (<10% and <15%, respectively) 
[156, 157], and culture of synovial fluid of LA patients has not been successful [157]. This suggests 
that the bacterium can only be readily detected in early Lyme manifestations, excluding ACA. For all 
these direct diagnostic approaches, specialized personnel is needed.

PCR can be used to diagnose LB, especially in the early phase of infection, prior to antibody 
synthesis and antibiotic treatment [159, 163]. Many studies have investigated the use of PCR 
detection of B. burgdorferi s.l. for LB diagnostics, and reported sensitivities varied extensively 
[159]. This might be explained by the PCR method, the target genes and primers used, and the 
clinical presentation [159]. Furthermore, much attention should be paid to the sample collection, 
sample transport and sample processing, as incorrect handling can negatively influence the 
sensitivity of the PCR [159]. The interpretation of PCR results can be complicated as a negative 
PCR result does not exclude LB [164], and due to the high sensitivity of PCR, false-positive PCR 
results may incidentally occur as well [164, 165]. In general, the sensitivity of PCR detection of B. 
burgdorferi s.l. in skin biopsies of EM and ACA patients is high, with a median of 69% (range: 36% 
to 88%) and 76% (range: 54% to 100%), respectively [159]. An equally high sensitivity was found 
for PCR detection of B. burgdorferi s.l. in synovial fluid of LA patients (median: 78% [range: 42% 
to 100%]) [159]. The sensitivity of PCR detection of B. burgdorferi s.l. in CSF of LNB patients is 
much lower (median: 38% [range: 12% to 100%]) and the best results are obtained for very early 
LNB cases [159, 166]. In the presence of lymphocytic pleocytosis, the sensitivity of PCR detection 
of B. burgdorferi s.l. in CSF is usually higher [163, 167]. PCR detection of B. burgdorferi s.l. in 
blood has the lowest sensitivity (median: 14% [range: 0% to 100%]), and is hampered by the low 
spirochetemia (estimated to approximately 0.1 spirochetes/ml of whole blood) [168] and the 
dissemination of B. burgdorferi s.l. in the tissues of joints, heart and the central nervous system 
[159, 163]. The specificity of PCR detection of B. burgdorferi s.l. was very high (approximately 
100%) for all Lyme manifestations [159].

INDIRECT DETECTION METHODS 
Indirect detection methods are based on the immune response of the host against B. burgdorferi 
s.l.. The most widely used tests in routine clinical practice to support the diagnosis of LB are based 
on the detection of Borrelia-specific antibodies in blood [169]. Most guidelines recommend the 
use a two-tier test strategy [86, 156]. This two-tier test strategy aims to improve the diagnostic 
performance of laboratory tests by combining a highly sensitive first test (i.e., a screening test) 
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with a highly specific second test (i.e., a confirmation test) to confirm equivocal and positive test 
results obtained in the first test [169-171]. The screening test often comprises an enzyme-linked 
immunosorbent assay (ELISA), and the confirmation test is based on either a western blot (North 
America) or an immunoblot (Europe) [169]. In North America, a modified two-tier test strategy 
has been approved by the Unites States Food and Drug Administration in which the western blot 
is substituted for a second ELISA [172, 173]. This modified two-tier test strategy has shown to 
be at least as sensitive as the conventional two-tier test strategy in diagnosing LB without a loss 
in specificity [174, 175]. Among patients with EM and early LNB, a single-tier test strategy using 
an ELISA based on the C6 peptide, which is derived from the immunodominant invariable region 
6 of VlsE, has also proven to be effective [176]. The origin, type and number of antigens used 
in the various antibody assays may differ. These antigens can be based on whole-cell lysates, or 
on one or several purified native antigen(s), recombinant antigen(s), synthetic peptide(s) or a 
mixture of these [169]. As different B. burgdorferi s.l. genospecies are known to cause human 
disease in Europe, many European ELISAs use antigens derived from these different pathogenic 
genospecies [169].

The antibody response against B. burgdorferi s.l. is considered to be slow and delayed [177, 
178]. The initial response is based on IgM against early antigens, such as p41, OspC, and BBK32 
(Table 1), which are expressed by the bacterium in the initial stage to establish an infection [169]. 
Generally, IgM is detectable within 2 to 4 weeks after the start of infection and peaks after 6 to 8 
weeks and then declines [169]. Persistence of IgM, however, also occurs [179-181], and may, at 
least in part, be explained by cross-reactive auto-antigens or antigens from other microorganisms 
or environmental factors [182]. The IgG response generally becomes detectable 2 to 6 weeks 
after the start of infection and peaks after 4 to 6 months and can remain elevated for years [183, 
184]. The IgG response often starts with antibodies against VlsE, p41, OspC and BBK32, and is 
followed by antibodies against p18, p39 and p58 and later by p83/p100 [169].

Table 1. The expression of immunodominant Borrelia antigens during various stages of human infection. Table 
adapted from Talagrand-Reboul et al. [169]. This is an open-access article distributed under the terms of the 
Creative Commons Attribution License (CC BY). Full terms at https://creativecommons.org/licenses/by/4.0/.
Early antigens Early/late antigens Late antigens
•	 OspC (p21-p25, outer surface 

(lipo)protein C)
•	 VlsE (p34-35, variable major protein-like 

sequence, expressed)
•	 p83/100

•	 Flagellin (p41) •	 DbpA (p17-p18, decorin-binding protein A) •	 OspA (p31, outer surfa-
ce (lipo)protein A)

•	 BBK32 (fibronectin-binding 
protein)

•	 BmpA (p39, Borrelia membrane protein A) •	 p30

•	 OppA-2 (p58, oligopeptide-binding protein) •	 p66
•	 p14 •	 p93
•	 p28
•	 p43
•	 p45

Serology is not recommended for EM patients presenting with an expanding, annular, skin rash 
that is characterized by a bull’s-eye rash, as this is pathognomonic. However, if the rash is atypical, 
the detection of Borrelia-specific antibodies can be helpful for diagnosis of LB. In Europe, the 
sensitivity of the two-tier test strategy among EM patients is moderate (~55%, 95% confidence 
interval [CI]: 32% to 77%) [169, 185, 186]. The sensitivity of the two-tier test strategy among LNB 
patients using serum is higher than that seen among EM patients (~87%, 95% CI: 60% to 98%), 
and among LA and ACA patients, the sensitivity of the two-tier test strategy is highest (~93%, 
95% CI: 68% to 100%, and 100%, 95% CI: 77% to 100%, respectively) [169, 185, 186]. In North 
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America, the sensitivity of the two-tier test strategy is comparable to that in Europe and is ~46% 
(95% CI: 39% to 54%) for localized LB, ~90% (95% CI: 78% to 95%) for early disseminated LB, and 
~99% (95% CI: 96% to 100%) for late disseminated LB [169, 187]. The specificity of the two-tier 
test strategy is very high (>98%) [169, 185, 187].

THE INTERPRETATION OF SEROLOGY RESULTS 
The interpretation of serology results can be complicated. False-negative test results can be 
obtained in case the antigens present in the assay do not match the antigens expressed by the strain 
causing disease. This discrepancy can be explained by the intra- and interspecies heterogeneity of 
B. burgdorferi s.l. and/or the antigenic variation used by B. burgdorferi s.l. during the course of 
disease [71, 81, 82, 125, 126, 139, 188-190]. The composition of the expressed antigens in whole-
cell lysates of cultured strains also depends on the environment in which these strains were cultured, 
as some antigens are only expressed in vivo or are lost during multiple culture passages [191, 192]. 
Consequently, a discrepancy can occur between the antigens applied in the antibody assay and 
those expressed during an active infection against which the antibodies are formed [159, 193]. As 
was shown in the previous paragraph, the sensitivity of antibody assays is positively correlated with 
disease stage. The sensitivity also seems positively correlated with the number of antigens applied 
in the assay [194, 195], although only to a certain extend [196]. Another complicating factor is the 
low sensitivity of antibody assays in the very early phase of the infection, which has a biological 
cause as the antibody response must be build up (Figure 6) [159]. Seroconversion occurs after 2 
to 4 weeks and, in case of a negative test result at the initial disease phase, serology is advised 
to be repeated on a second blood sample taken 2 to 4 weeks later if symptoms persist [159]. As 
antibiotics can preclude or diminish the activation of the immune response, false-negative test 
results can be obtained, or a seroconversion from IgM to IgG might not occur if treatment starts 
before the moment of blood sampling [157, 197-200]. In mice, for instance, an abrogated immune 
response has been linked to the development of short-lived germinal centers incapable of forming 
memory B cells and long-lived plasma cells [201]. Absence of Borrelia-specific antibodies might also 
be caused by humoral immunodeficiency as was shown in some case reports [202, 203]. 

Fig. 6. Antibody response in Lyme borreliosis over time. Figure adapted from Studies in Health Technology and 
Informatics, Volume 116: Connecting Medical Informatics and Bio-Informatics, Hejlesen OK, Olesen KG, Dessau R, 
Beltoft I, Trangeled M., Decision Support for Diagnosis of Lyme Disease, 205 – 210, ©2016 [183], with permission 
from IOS Press. The publication is available at IOS Press through https://ebooks.iospress.nl/volume/connecting-
medical-informatics-andbio-informatics.

False-positive test results might be explained by the use of epitopes that are shared by other 
related spiral micro-organisms, such as Treponema pallidum, the causative agent of syphilis [204-
206] and various other Treponema species [207], or relapsing fever Borrelia [208, 209]. False-
positive test results have also been reported among patients infected with Epstein-Barr virus 
[206, 210], cytomegalovirus [206], or Helicobacter pylori [206]. Other mechanisms known to 
cause false-positive (IgM) results are the presence of interfering substances such antinuclear 
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antibodies or rheumatoid factor [206], cross-reactive auto-antigens or environmental factors 
[182], or overreading of weak-positive immunoblot bands [211]. Another factor that complicates 
the interpretation of serology results is the persistence of antibodies after a cleared LB; thus, 
positive test results do not necessarily indicate active disease [179, 212]. In the literature, 
reported seroprevalences mostly range between 1% and 20% [213-219], but can be higher 
in certain regions and among certain risk groups [218, 220-222]. In the Netherlands, an IgG 
seroprevalence of 9% (regional range: 2% to 17%) was found among blood donors, and an IgG 
seropositivity of 15% (regional range: 10% to 29%) has been reported among risk groups such 
as owners of hunting dogs [223] of whom the majority (94%) were asymptomatic. Likely, such 
seropositivity represents a past infection, and has no (treatment) consequences.

Knowledge regarding the prevalence of LB and the performance characteristics of antibody 
assays is important in the use of serology for diagnostic purposes (Figure 7) [171]. In general, 
when serology is performed in a low endemic area, the probability of a positive test result (i.e., 
the positive predictive value [PPV]) being indicative of active LB is lower than in a high endemic 
area. In contrast, the probability of a negative test result (i.e., the negative predictive value [NPV]) 
excluding active LB is lower in a high endemic area than in a low endemic area.

Fig. 7. The relationship between the pre-test probability and the positive- (PPV) and negative predictive value (NPV) 
of a test used to diagnose a disease [171]. Predictive values are shown using a test with a sensitivity (SE) of 80% 
(green and blue lines) and 95% (orange and red lines), and a specificity (SP) of 80% (dotted lines) and 95% (solid 
lines).

THE LABORATORY DIAGNOSIS OF LYME NEUROBORRELIOSIS
To diagnose LNB, clinicians seek to confirm clinical symptoms presumptive for LNB by the findings 
of (non-) specific immunological changes in the CSF. Non-specific changes in the CSF of LNB cases 
usually constitute a lymphomonocytic pleocytosis [224], although in a limited number of cases 
the absence of pleocytosis has been reported [105, 225]. Other non-specific changes in the CSF of 
LNB patients usually constitute the presence of oligoclonal IgG, the demonstration of intrathecal 
synthesis of total IgM and/or total IgG, elevated protein levels, and/or a dysfunctional blood-
CSF barrier [226, 227]. A dysfunctional blood-CSF barrier is characterized by an increased CSF to 
serum ratio of albumin compared to the age-related CSF to serum ratio of albumin and reflects a 
reduced turnover rate of CSF [228]. An increased CSF to serum ratio of albumin can also implicate 
blood admixture of CSF and can be differentiated from a reduced CSF turnover rate via differential 
cell counts [228]. A dysfunctional blood-CSF barrier often intensifies during the course of disease 
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[227], and both the CSF leucocyte count and the blood-CSF barrier functionality will improve 
when symptoms resolve. Intrathecal synthesis of total IgM and/or total IgG, however, can remain 
present for a longer period of time [227, 229]. Low CSF glucose levels, which can be indicative for 
bacterial meningitis, are mostly seen in patients with chronic LNB [230]. Specific changes in the 
CSF of LNB cases comprise the presence of intrathecally produced Borrelia-specific antibodies. 
Normal CSF findings, however, do not exclude LNB and have been reported in very early cases 
of LNB and might be linked to an infection with B. afzelii [75, 144, 231]. Normal CSF findings are 
also observed in patients with ACA-associated polyneuropathy in Europe [232] or in patients with 
chronic neuropathy in North America [233].

The European Federation for Neurological Societies (EFNS) have constructed guidelines for the 
diagnosis and subsequent classification of LNB patients in definite or possible LNB [115]. A definite 
LNB patient must fulfill the following three criteria: (i) clinical symptoms suggestive of LNB (such 
as meningo-radiculitis, unilateral or bilateral facial palsy, other cranial neuropathies, meningitis, 
encephalitis, myelitis, or vasculitis) in the absence of another explanation for these symptoms, 
(ii) CSF pleocytosis, and (iii) intrathecal Borrelia-specific antibodies synthesis. A possible LNB 
patient must have clinical symptoms suggestive of LNB and either one of the other two criteria. 
In the absence of intrathecally produced Borrelia-specific antibodies, a possible LNB patient 
must have Borrelia-specific serum antibodies detectable 6 weeks post infection. If symptom 
duration is less than 6 weeks, then a positive PCR or culture may be supportive. Patients with late 
polyneuropathy (symptom duration of more than 6 months) can only be classified as a definite 
LNB patient if they have peripheral neuropathy, ACA and Borrelia-specific serum antibodies. In all 
other cases, patients are classified as non-LNB patient. 

In North America, guidelines recommend that the diagnosis of LNB should be supported by the 
presence of Borrelia-specific serum antibodies (in case of peripheral or central nervous system 
involvement) and/or intrathecal synthesis of Borrelia-specific antibodies (in case of central 
nervous system involvement) [234]. In case the central nervous system is involved, pleocytosis 
can also support the diagnosis [234].

THE DETECTION OF INTRATHECALLY PRODUCED BORRELIA-SPECIFIC ANTIBODIES 
In the absence of a gold standard test, the detection of intrathecally produced Borrelia-specific 
antibodies (IgM and IgG) is currently recommended for the diagnosis of LNB [115]. This is 
based on the measurement of the relative amounts of Borrelia-specific antibodies in CSF and 
serum and the subsequent calculation of a Borrelia-specific CSF/serum antibody index (AI) [115, 
234]. For LNB diagnostics, one of two methods is often used. The first method is based on the 
calculation of a Borrelia-specific AI by determining the fraction of Borrelia-specific antibodies 
in the CSF and serum as part of the total amount of antibodies in the CSF and serum using the 
capture ELISA principle as described by Hansen and Lebech [235]. The second method is based 
on the calculation of a Borrelia-specific AI as described by Reiber and Peter [228]. Recently, the 
detection of Borrelia-specific antibodies in CSF only has also been evaluated [236-238]. 

Ideally, the presence of intrathecally produced Borrelia-specific antibodies is determined using 
methods that consider the functionality of the blood-CSF barrier and discriminate between 
blood-derived and brain-derived Borrelia-specific antibodies in the CSF [227]. Furthermore, 
methods are preferred that can correct for a poly-specific immune response [227]. Irrespective of 
the method used (i.e., a capture ELISA [235] or the method described by Reiber and Peter [228]), 
the calculation of the Borrelia-specific AI is complicated, and much attention must be paid to the 
individual measurements of the Borrelia-specific antibodies in the tested CSF/serum pairs, and 
consequently, to the CSF/serum pair to be used for determining the Borrelia-specific AI (Figure 
8). When using the method described by Reiber and Peter [228], the relative amounts of total 
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antibodies in CSF and serum are also determined, and special attention is required with regard to 
the total antibody CSF/serum quotient to prevent false-negative AI results due to a poly-specific 
immune response [228]. 

Fig. 8. The relationship between the optical density (OD) values (plotted on the y-axis) and the (log-transformed) 
concentrations (plotted on the x-axis) of serum and cerebrospinal fluid (CSF) is described by a sigmoid-shaped (S) 
curve [239]. Ideally, for an antibody index (AI) calculation, the concentrations of both serum and CSF are located 
in the middle (linear) part of the S-curve. When the OD values of CSF and serum are both located in the lower left 
corner (or both located in the upper right corner) of the S-curve, small differences between the OD values will 
result in larger differences between the corresponding concentrations, as is reflected by the almost horizontal lines 
in the S-curve in both corners [239]. Thus, when the OD values of CSF and serum are both located in the lower 
left part or upper right part of the curve on the horizontal line, and the serum-OD value is lower than the CSF-OD 
value, the difference in concentration will be larger, which will result in an increased CSF/serum quotient as well as 
an increased AI. This can lead to false-positive tests [239]. In contrast, when the serum-OD value is higher than the 
CSF-OD value, the difference in concentration will be smaller, which will result in a decreased CSF/serum quotient 
as well as a decreased AI. This can lead to false-negative test results [239]. Therefore, AI test results should be 
interpreted with care.

Overall, the detection of intrathecally produced Borrelia-specific antibodies requires a considerate 
amount of experience. Therefore, not all diagnostic laboratories are capable to perform such 
analysis. Furthermore, the interpretation of Borrelia-specific AI results is challenging for the 
same reasons as those encountered with interpreting the serology results performed on blood. 
Hence, a negative Borrelia-specific AI result does not exclude LNB, and a positive Borrelia-specific 
AI result is not an indication of active disease.

THE CELLULAR IMMUNE SYSTEM 
Many studies have investigated the usefulness of measuring changes in the cellular immune 
response for the diagnosis of LB. Some of the diagnostic tools that were studied included the 
interferon-gamma (IFN-γ) based enzyme-linked immunospot (ELISpot) assay, the lymphocyte 
proliferation test (LTT), and the B-cell chemokine (C-X-C motif) ligand 13 (CXCL13) ELISA.

Changes in the cellular immune response can be detected by measuring the inflammatory 
response of the cellular immune system after exposure to pathogen-specific antigens. One of the 
inflammatory markers is IFN-γ, and for tuberculosis, a number of commercial IFN-γ release assays 
are available for use in diagnostics [240], among which the IFN-γ ELISpot assay [241]. In this assay, 
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peripheral blood mononuclear cells from patients are stimulated with antigens derived from 
Mycobacterium tuberculosis, which leads to the production of various inflammatory markers 
such as IFN-γ by T cells, which can be measured in vitro [242, 243]. For Q-fever, a research group 
in our hospital has shown the potential of using the cellular immune response in the diagnosis of 
this disease using an in-house IFN-γ ELISpot assay measuring the antigen-specific T-cell response 
induced by antigens derived from Coxiella burnetii [244], the causative agent of Q-fever. In both 
tuberculosis and Q-fever, T-cell assays can demonstrate whether a patient is infected; however, 
differentiation between active disease and a past infection is – as of yet – not possible. Whether 
this is any different for LB remains to be elucidated. 

Before the start of our research into LB diagnostics in 2011, various studies had already shown 
that the cellular immune response against B. burgdorferi s.l. is characterized by a strong T helper 
(Th)1 response, in which IFN-γ is produced in the blood of patients with LNB and LA [245], in 
skin lesions of EM patients [246], in synovial fluid of LA patients [247], and in the CSF of LNB 
patients [248]. Similarly, by using an IFN-γ ELISpot assay, increased numbers of IFN-γ producing 
Borrelia-specific T cells were found in patients with early, late or chronic LB [249-251]. Increased 
numbers of IFN-γ producing Borrelia-specific T cells, however, were also found in seropositive, 
asymptomatic individuals [252, 253]. Furthermore, it has been put forward that the immune 
response in LNB patients is mainly localized in the CSF [249, 250, 254, 255], therefore suggesting 
that the investigation of CSF might be more suitable than that of blood. For LB, however, there 
are inconsistencies with regard to the results obtained with the IFN-γ ELISpot assay in the studies 
conducted thus far [256]. Studies often lack cutoff values [256], use different [251, 253, 255, 
257], or unknown [258] Borrelia antigens and different study populations [256] leading to a large 
variability in results [253, 256, 257]. Most studies, however, did show that IFN-γ was associated 
with exposure to Borrelia [256].

Other studies reported the use of LTTs for the diagnosis of LB in which the proliferation of T 
cells is measured upon stimulation with Borrelia-specific antigens [259-263]. LTTs for diagnostic 
purposes are complex in their execution as these often require the use of radioactive substances, 
prolonged incubation times up to 5 days, and highly specialized personnel. Furthermore, LTTs 
are less sensitive and less specific than serology [259, 262, 263], although positive LTT results 
have been found among seronegative patients [259, 260, 263], which might be explained by the 
(antigen-composition of the) antibody assay used to detect the Borrelia-specific antibodies [259, 
262]. Overall, studies on LTT showed a large variation in results and lacked clear performance 
characteristics and LTT is, therefore, not recommended in most LB guidelines [86, 256].

Despite the lack of published studies on clinically validated cellular assays using well-defined study 
populations, different laboratories offer commercial LTTs or IFN-γ based assays for the routine 
diagnosis of LB [264-270]. Despite the lack of a robust validation of these tests, patients may be 
offered prolonged courses of antibiotics assuming that a positive test result for LB is indicative 
for active disease [270]. This underlines the importance of a thorough clinical validation of these 
assays using a well-defined study population before implementation in routine diagnostics.

CXCL13 is considered a promising marker for the diagnosis of LNB as elevated levels of this 
chemokine have been found in the CSF of patients with early LNB, and CSF-CXCL13 levels rapidly 
decline after antibiotic treatment [271-274]. As illustrated in Figure 9, CXCL13 is produced by 
mononuclear cells upon entering of B. burgdorferi s.l. into the CSF and attracts B cells [71, 275]. 
Indeed, pleocytosis seen in LNB patients is characterized by a relatively large fraction of B cells 
[71, 145, 275, 276]. These B cells will mature into plasma cells and subsequently produce Borrelia-
specific antibodies [71]. This hypothesis is supported by the detection of elevated CSF-CXCL13 
levels prior to intrathecal Borrelia-specific antibody synthesis [271, 277], thereby showing its 
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potential for diagnosing early LNB cases. Furthermore, as CSF-CXCL13 levels rapidly decrease 
after antibiotic therapy, it is a potential marker for measuring disease activity [71, 271-274]. An 
international reference standard for the use of CXCL13 in CSF is lacking and a broad range of CSF-
CXCL13 cutoff levels, ranging from less than 100 to more than 1229 pg/ml, have been published 
[271, 273, 274, 278, 279]. Thus, appropriate cutoff levels are warranted when CXCL13 is to be 
implemented for routine LNB diagnostics. However, since elevated CSF-CXCL13 levels are also 
found in other central nervous system diseases (infectious and non-infectious), results should be 
interpreted with care [273, 274, 280, 281]. 

Fig. 9. The antibody response in the CSF in response to a Borrelia infection. B. burgdorferi s.l. enters the CSF and 
is recognized by antigen presenting cells (1). These cells subsequently produce CXCL13 (2), which attracts B cells 
(3). Consequently, B cells migrate into the CSF (4) and mature into plasma cells (5). Plasma cells will, then, produce 
Borrelia-specific antibodies (6) leading to the killing of B. burgdorferi s.l. (7). Figure adapted from Rupprecht et al. 
[71]. This article is published under license to BioMed Central Ltd.. This is an Open Access article distributed under 
the terms of the Creative Commons Attribution License. Full terms at https://creativecommons.org/licenses/
by/2.0.

AIMS OF THIS THESIS

LB is the most commonly reported tick-borne infection and is mainly seen in the temperate 
regions of the Northern Hemisphere [1]. LB, caused by spirochetes belonging to the B. burgdorferi 
s.l. complex group, is a multisystem disease that can lead to local, early disseminated and late 
disseminated infection and can involve skin, nervous system, heart, joints and eyes [1]. Except 
for the typical EM lesions, the diagnosis of LB is based on clinical symptoms and should be 
confirmed by laboratory tests [86]. The diagnosis of LB, however, can be a challenge due to the 
large variety of clinical symptoms as these are mostly non-pathognomonic [2]. The variety of 
clinical symptoms might be caused by the intra- and interspecies heterogeneity of B. burgdorferi 
s.l. and/or host genetic factors [71, 81, 82, 125, 126, 139, 188-190]. The definite diagnosis of 
LB can also be a challenge due to the difficulty of interpreting laboratory test results, as a gold 
standard test is lacking. Negative test results do not exclude active disease and positive test 
results are no proof of active disease. 

Due to these challenges for, and uncertainty of LB diagnosis, numerous civilians in North America 
[282-284] and Europe [285-289], who are affected by LB, have established support groups in 
a struggle for more recognition for patients with (possible) LB. These patient support groups 
provide a means to talk to and meet other patients affected by LB and to seek and provide 
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mutual support, and discuss issues regarding current diagnostics and research. The frustration 
regarding LB diagnostics among patients has even led to law suits against medical specialists 
[290]. In 2010, the Dutch Association for Lyme Disease Patients (NVLP) presented a petition to 
the Dutch Parliament, signed by over 70,000 people, to raise political attention and funding for 
research to improve diagnostics and treatment of LB, to increase knowledge about LB and its 
various manifestations, and to establish Lyme treatment centers to better serve patients with 
LB [291, 292]. Some of the concerns raised by the NVLP involve the use of antibody assays 
for LB diagnostics, including the lack of standardization of antibody tests, inter-laboratory 
test variation, and the inability of tests to detect all European Borrelia genospecies. Current 
diagnostic tests lack sensitivity and specificity leading to uncertainty for both medical specialists 
and patients whether an active infection with Borrelia can be excluded. Consequently, Lyme 
patients may feel unrecognized and seek help elsewhere (outside the main stream clinics) 
and rely on non-validated tests [264, 265] to ‘prove’ they have LB and often receive long-term 
antibiotic treatments [270]. Unfortunately, many of these tests lack proper validation and are 
not reimbursed by health insurance companies leading to unnecessary patient suffering and high 
costs [270, 291]. Consequently, the petition of the NVLP involved a number of requests. One of 
these requests included the development of more sensitive laboratory tests that better reflect 
the various B. burgdorferi s.l. genospecies and take into account the antigenic variation displayed 
by B. burgdorferi s.l.. Two other requests involved (i) the use of multiple tests for the diagnosis of 
LB, which should include tests based on direct detection methods, and (ii) the acceptance of tests 
offered abroad as these are currently not reimbursed by insurance companies. As a response on 
this petition, the Dutch government secured funding for the development of a Lyme expertise 
center to address these (diagnostic) challenges.

Medical specialists and patients alike are faced with the challenges surrounding LB diagnostics 
and better diagnostic tools are warranted, especially, since early and correct diagnosis of LB 
is essential for adequate treatment with antibiotics [21, 76, 293-296]. Therefore, the research 
in this thesis aims at addressing whether the diagnostic approach for LB (mainly LNB) can be 
improved and whether active disease can be distinguished from a previous - yet cleared – 
infection. To answer these questions, current and alternative diagnostic tests and/or algorithms 
are evaluated that include well-established diagnostic tests based on the humoral immune 
response (i.e., the detection of Borrelia-specific antibodies) as well as alternative diagnostic tests 
based on the cellular immune response. Consequently, this thesis is divided into two parts; one 
focusing on the humoral immune response against a Borrelia infection, and one focusing on the 
cellular immune response against a Borrelia infection. As clear case-definitions are defined for 
active LNB, well-defined patients with LNB are used as a proxy for patients with active LB.

OUTLINE OF THIS THESIS

PART I: THE CELLULAR IMMUNE RESPONSE 
The research in this thesis, amongst others, involves the evaluation of the IFN-γ ELISpot assay 
for the routine diagnosis of LNB, as robust validations of such assays using well-defined study 
populations are lacking [264-270]. As our laboratory has a long-time experience in performing 
IFN-γ ELISpot assays [244, 297-304], an in-house Borrelia ELISpot assay was developed. To 
evaluate this assay for use in LNB diagnostics, a prospective case-control study (i.e., the T-cell 
response in Lyme (TRIL)-study) was set-up. The regional Medical Research Ethics Committees 
United approved the study (Nieuwegein, the Netherlands; MEC-U: NL36407.100.11), and all 
study participants gave their informed consent. Cases consist of well-defined active LNB patients 
(i.e., active LNB served as a proxy for active disease), and controls are divided into three groups 
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and consist of either patients treated for LNB in the past, healthy individuals treated for LB 
(mainly cutaneous) in the past, or untreated healthy individuals. In chapter 2, using the study 
population of the TRIL-study, the diagnostic potential of the in-house Borrelia ELISpot assay 
is evaluated. Therefore, the number of IFN-γ-producing T cells are measured after stimulating 
peripheral blood mononuclear cells with B. burgdorferi s.s. (strain B31) to investigate whether 
Borrelia-specific IFN-γ-producing T cells can be used as a marker for disease activity. Additional 
risk factors such as previous tick bites, clinical symptoms, and antibiotic treatment for LB are 
investigated to assess their contribution to the diagnostic performance of the in-house Borrelia 
ELISpot assay. 

In chapter 3, the diagnostic performance of a commercial LymeSpot assay, that has not been 
validated previously, is compared to the diagnostic performance of the in-house Borrelia 
ELISpot assay studied in chapter 2. Again, active LNB patients are used as cases and the results 
are compared with those obtained from controls existing of treated LNB patients, and healthy 
individuals with or without a history of treated LB (mainly cutaneous). 

In chapter 4, the diagnostic potential of two commercial CXCL13 assays on CSF is investigated. 
One of the assays under investigation has been studied extensively for testing CSF, even though 
the instruction manual for this assay does not mention the use of CSF for the detection of 
CXCL13. Consequently, this manual lacks a cutoff value for CSF-CXCL13. In the literature, a broad 
range of cutoff values are mentioned for this assay, which necessitates its validation before use 
in our hospital. To investigate the diagnostic potential of these two CXCL13 assays on CSF, a 
retrospective, cross-sectional study design was constructed using a well-characterized study 
population representative for the clinical setting in which these assays will be used. 

PART II: THE HUMORAL IMMUNE SYSTEM 
The detection of intrathecally produced Borrelia-specific antibodies should be assessed by 
the detection of these antibodies in CSF and serum within the same run and the subsequent 
calculation of a Borrelia-specific AI. To ensure optimal accuracy, the well-to-well variation (i.e., the 
intra-assay variation) of the test plate should be minimal. In chapter 5, the intra-assay variation 
of the commercial Enzygnost Lyme link VlsE/IgG ELISA that can be used for the diagnosis of LNB 
is investigated using a single dilution of the positive kit control (human serum with specific IgG to 
B. burgdorferi). The Enzygnost Lyme link VlsE/IgG ELISA measures IgG to a whole-cell lysate of B. 
afzelii PKo supplemented with recombinant VlsE. The possible impact of the intra-assay variation 
on LNB diagnostics is investigated through simulation using almost the same study population 
as the one used in chapter 4 (i.e., the study population in chapter 5 comprised 149 of the 156 
patients used in chapter 4). 

In chapter 6, the diagnostic performance of seven commercial antibody assays for LNB diagnostics 
is investigated using the same study population as the one used in chapter 4. Five antibody assays 
were based on the detection of Borrelia-specific antibodies (IgM and IgG) in CSF and serum and 
subsequent calculation of the Borrelia-specific (IgM and IgG) AI. Two antibody assays were based 
on the detection of these antibodies in CSF only as the calculation of a Borrelia-specific AI is 
rather complicated as was mentioned previously. Consequently, not all laboratories have the 
capacity and expertise to perform these analyses and, thus, a CSF-only assay to prove intrathecal 
Borrelia-specific antibody synthesis is to be preferred. Using multiparameter analysis, various 
routine CSF parameters (i.e., leucocyte count, total protein, blood-CSF barrier function, and 
intrathecal total-antibody synthesis) and a number of other parameters (i.e., Borrelia-specific 
serum antibodies, CSF-CXCL13, and a Borrelia species PCR on CSF) are investigated to assess their 
contribution to the diagnostic performance of each antibody assay.
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In chapter 7, two standard two-tier test strategies for the detection of Borrelia-specific 
antibodies in serum are evaluated. The two strategies are based on an ELISA (either the C6 ELISA 
or the Serion ELISA), followed by confirmation of equivocal and positive ELISA results using the 
recomLine immunoblot. The C6 ELISA measures total immunoglobulin to the recombinant C6 
peptide, and the Serion ELISA measures IgM and IgG to two whole-cell lysates of B. burgdorferi 
s.l. (i.e., B. afzelii Pko and B. garinii) with the addition of recombinant VlsE for the detection of 
IgG. A third test strategy is also evaluated and consists of a more unconventional approach based 
on the combination of both ELISAs as a screening test and immunoblot confirmation of all test 
results, except concordant negative test results. Again, active LNB patients are used as a proxy 
for active disease and results are compared to those obtained by testing the serum of treated 
LNB patients, and healthy individuals with or without a history of treated LB (mainly cutaneous).
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