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Abstract

Lyme borreliosis is the object of numerous misconceptions. In this review, we revisit the
fundamental manifestations of neuroborreliosis (meningitis, cranial neuritis, and radiculoneuritis),
as these have withstood the test of time. We also discuss other manifestations that are less
frequent. Stroke, as a manifestation of Lyme neuroborreliosis, is considered in the context of other
infections. The summary of the literature regarding clinical outcomes of neuroborreliosis leads to
its controversies. We also include new information on pathogenesis and on the polymicrobial
nature of tick-borne diseases. In this way, we update the review that we wrote in this journal in
1995.

Lyme disease is caused by species of the genus Borrelia (B. burgdorferi, B. garinii, and B.
afzelif) (Fig) and is transmitted by ticks of the genus /xodes. Lyme disease was named for
the place where it was first described in the USA, but this disorder was known in Europe for
a long time as a dermatological and neurological illness in contrast to the original
rheumatological presentation in the USA. The public health burden of tick-borne pathogens
continues to grow substantially.X The Centers for Disease Control and Prevention (CDC)
reports approximately 30,000 cases of Lyme disease per year but estimates that the true
incidence is higher.2

Clinical Manifestations

The clinical course of Lyme disease is variable and begins with a skin lesion, erythema
migrans, several days after a tick bite. Neurological, cardiac, chronic skin, or articular
involvement develops later.2 Neurological impairment can be classified according to the
location of the lesion within the neuraxis or to the time course of the disease. A
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chronological approach, although not always consistent, has a bearing on laboratory
diagnosis. A clinical consensus currently divides Lyme disease into an acute localized
(erythema migrans) and a disseminated stage, with the latter divided into early and late
phases. Neurological disturbances can appear at any time within the disseminated stage and
both the central nervous system (CNS) and peripheral nervous system (PNS) can be
involved.*

Early Disseminated Infection

In 1922, Garin and Bujadoux described, in France, a patient with meningoradiculitis after an
erythema migrans following a tick bite. Although they suspected a tick palsy, this was the
first report of what we now know as Lyme neuroborreliosis (LNB). Some years later,
Bannwarth described in Germany a series of patients with a similar disorder, which was
recognized in Europe as Garin—Bujadoux—Bannwarth or Bannwarth syndrome.

The clinical presentations of LNB have been reviewed by us and others,>-10 but there are
new population-based studies that merit mention. In a retrospective series of 431 patients
with LNB from Denmark, the most common clinical manifestations were painful radiculitis
(65.9%), cranial palsy (43.4%: mostly facial palsy), and headache (28.3%),11 and they all
had evidence of intrathecal synthesis of antibodies. The vast majority of patients improved
significantly upon antibiotic therapy within the first 4 weeks. Only 14 patients (3.2%)
reported no response. This study showed similar clinical findings to those reported in
Germany by Ackermann et al nearly 35 years ago in a series of 100 consecutive patients
with LNB.12

Patients with Bannwarth syndrome usually have severe, migrating radicular pain that can be
accompanied by peripheral nerve paresis, often combined with uni- or bilateral (one-third of
cases) facial palsy, cerebrospinal fluid (CSF) pleocytosis, and a course lasting 3 to 5 months.
Some patients may initially be diagnosed as having a herniated disc. Meningeal or
encephalitic features are infrequent, although occasionally a confusional state and signs of
CNS dysfunction such as Babinski sign may be present.®:13 Pain disappears after antibiotic
treatment; however, the disorder resolves spontaneously in 5 to 6 months without therapy.4
The distribution of peripheral nerve damage is variable, in the form of single or multiple
radiculitis, mononeuritis multiplex, or plexitis. Most patients with radiculitis and facial palsy
have neurophysiological evidence of more widespread peripheral nerve damage, consistent
with axonal injury.1>:16 Nerve biopsy specimens show mononuclear cell infiltration of the
vasa nervorum without evidence of necrosis of the vessel walls.1> A recent European series
of 77 patients with meningoradiculitis found fewer pretreatment neurological complications
than reported for Bannwarth syndrome decades ago, probably as the result of earlier
recognition and prompt antibiotic treatment.1’

Although these manifestations also occur in patients in the USA, where 5 cases of
Bannwarth syndrome were recently reported,® lymphocytic meningitis is the most common
single, early manifestation in North America. Headache is the main complaint, and fever and
meningism are mild or absent. In untreated patients, recurrent attacks of meningitis may
alternate with periods of remission. CSF analysis shows lymphocytic mononuclear cell
pleocytosis,* sometimes with atypical features, resembling lymphoma.1920 B. purgdorferi-
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specific oligoclonal bands can be demonstrated, usually after 4 weeks of disease, as well as
intrathecal synthesis of specific antibodies.?!

Less frequent manifestations have been included in Supplementary Table 1 and are grouped
under the appropriate neurological disorders. They involve the CNS and PNS and may
mimic other disorders (ie, herniated disc, neoplasia). Some conditions have a clear
association to LNB, such as intracranial hypertension in children, and myelitis or plexitis,
but the evidence of a clear link to other conditions is not compelling, such as classic motor
neuron disease or dementia.

In reviewing the less frequent manifestations of LNB, it became apparent that ischemic
stroke or transient ischemic attack, likely secondary to infection-induced cerebral
endarteritis,?2 has been reported in a number of patients (Supplementary Table 2).
Pathogenic mechanisms may be shared with syphilis and tuberculosis, where stroke is a
well-known complication. Interestingly, an almost identical pattern of basilar artery
enhancement on magnetic resonance imaging has been described in a child?® with LNB and
in an adult with syphilis,?4 in both cases suggesting infectious vasculitis. Other infections
may also complicate with stroke,2° and thus suggest a common mechanism of pathogenesis.
Patients with stroke without evident vascular risk factors, particularly those living in
endemic areas or exposed to ticks, should be screened in serum and CSF for Lyme disease to
start a proper antibiotic therapy when indicated.

Optic nerve involvement is an overlooked aspect of LNB and can have significant morbidity.
Optic neuropathy may occur, although it is rare.26 A few cases of retrobulbar optic neuritis,
papillitis, neuroretinitis, and ischemic optic neuropathy have been reported. Papilledema
secondary to raised intracranial pressure in Lyme meningitis occurs in children, with a few
adult cases reported. The main difficulty has been to prove causality in endemic areas, where
prevalence of asymptomatic seropositivity to Borreliais high. In a large retrospective review
of 440 cases of optic neuropathy, 28 (6.4%) of the patients had reactive Lyme serologies.2’
Among those, there was enough evidence to strongly associate the optic neuropathy to LNB
in only 5 of the cases of papilledema and 1 case of papillitis.

Late Disseminated Disease

PNS Involvement.—Peripheral neuropathy in Europe has been associated with a chronic
skin disorder, acrodermatitis chronica atrophicans,?8 an infrequent condition in the United
States. Predominantly sensory, it can be patchy or diffuse, and paresthesias or hypoesthesia
are the leading symptoms. The neuropathy tends to follow the topographical distribution of
the skin disease, although nonaffected extremities may also show signs of neuropathy. Nerve
biopsy specimens show similar changes to those reported in meningoradiculitis, and CSF
parameters can be normal.

The presence of a chronic, stocking—glove neuropathy, possibly due to a mononeuropathy
multiplex, was described in 2 series of patients with late LNB in the United States in the
early 199052930 put is less common than initially thought.3! Patients most often complain of
distal paresthesias, neurophysiology is consistent with large axonal fiber dysfunction, and
the scarce neuropathologic information from sural biopsies has shown minimal changes.32
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Diagnosis

The type of nerve damage in peripheral neuropathy and meningoradiculitis appears to be
similar on clinical, pathological, and neurophysiological grounds, suggesting a common
disorder, perhaps with different expression in intensity and pattern of distribution, but with a
common underlying pathogenic mechanism.

CNS Involvement.—Months to years after disease onset, chronic encephalomyelitis, a
term coined by Ackermann in Germany in 1985, may appear.33 The precise onset of the
infection was difficult to determine in this series, because some of the patients did not
remember other manifestations consistent with borreliosis. Only 4 of 44 patients reported
meningoradiculitis 9 months to 5 years before. Spinal or cerebral symptoms and signs
predominate. Patients present with spastic paraparesis; ataxia; cranial nerve palsies, most
commonly facial palsy and deafness; bladder dysfunction; and cognitive impairment of
variable severity.

This chronic involvement of the CNS that is responsive to antibiotics represents a
controversial feature of LNB. Its diagnosis requires an inflammatory CSF together with
intrathecal synthesis of antibodies to B. burgdorferi.®3* North American patients can also
develop parenchymal CNS disease with variable illness severity.3> A diffuse encephalopathy,
clinically characterized by memory problems together with a variety of cognitive
dysfunctions, may occur in patients with clear evidence of Lyme disease.36 It should be
stressed, however, that this condition is nonspecific, appears in patients with other infectious
or metabolic disorders, and is not indicative of active infection, as indicated by the lack of
CSF pleocytosis and intrathecal antibody production. Therefore, this condition does not
respond to prolonged antibiotic therapy. Several controlled studies reported a comparable
frequency of symptoms in patients and controls.37:38

Laboratory diagnosis of infection with B. burgdorferiis done by detection of antibodies in a
2-tiered approach initially using an enzyme-linked immunoassay (EIA; whole cell lysate)
followed by a Western blot to confirm the results. The immunoblot requires at least 2 of 3
signature bands for a positive IgM, and 5 of 10 signature bands for a positive 19gG. Two-tier
testing is not sensitive for early Lyme disease, so a negative result does not rule out infection
with B. burgdorferi. Sensitivity improves with development of disseminated disease.39:40
These recommendations apply to infection acquired in the United States, because other
species within the B. burgdorferi sensu lato complex can cause disease in Europe and Asia.
41 Whereas most patients with erythema migrans are seronegative, most patients with
neuroborreliosis should be seropositive. In addition, the demonstration of intrathecal
synthesis of antibodies against B. burgdorferiin the CSF has been considered a gold
standard for the diagnosis of CNS infection in Europe, where B. gariniiis the species most
often associated with neurologic disease. Evidence of intrathecal antibody production has
been found in approximately 90% of patients with acute neuroborreliosis,*? although
sensitivity may not exceed 50% in more chronic syndromes.*3 Intrathecal production may
persist for a long time after successful therapy.
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Treatment

Outcomes

The C6 peptide, a 26-amino-acid peptide derived from an invariant region of the lipoprotein
VISE, has been employed as the substrate for an EIA with similar sensitivity but higher
specificity, as the C6 peptide, being a molecular subunit, does not cause cross-reactions. C6
peptide can also be used in European patients, as it detects responses elicited by other
Borrelia genospecies.*! In some laboratories, the C6 peptide assay is replacing the whole
cell EIA.4044 A decline in the C6 antibody titer has been associated with successful
antibiotic therapy.*

The evidence-based recommendations on the treatment of LNB by a panel of the American
Academy of Neurology concluded that it can be treated in adults and children with
intravenous penicillin, ceftriaxone, or cefotaxime (level B recommendation). Several
European studies support the use of oral doxycycline in adults with meningitis, cranial
neuritis, and radiculitis (level B), reserving parenteral regimens for patients with
parenchymal CNS involvement, other severe neurologic symptomatology, or failure to
respond to oral regimens. They did not find compelling evidence that prolonged treatment
with antibiotics has any beneficial effect in post-Lyme syndrome (level A).4°

Most studies have employed 10 to 14 days of therapy with good results, although up to 28
days can be recommended with CNS involvement. The recommended regimens include
intravenous (1V) penicillin (20 million U daily), IV ceftriaxone (2—4g daily), IV cefotaxime
(2g every 8 hours), and oral doxycycline (200mg daily for 2 days and 100mg daily for 8
days). Doxycycline should be avoided in women who are pregnant or breastfeeding, and in
children younger than 8 years. We have summarized the diagnosis and treatment
recommendations in tabular form (Table 1).

We examined and summarized 34 studies that report on long-term outcomes of LNB
(Supplementary Table 3). This table was arranged in chronological order with the most
recent studies first. These studies have followed American and European patients, but they
are vastly different in approach and results. Some are prospective, retrospective, case—
controls, or double-blind placebo studies for antibiotic therapy. Some studies followed
patients for short and long periods of time after onset. Most of the studies measured
outcomes through neuropsychological tests, depression, and quality of life. Importantly,
these studies comprised all the known clinical manifestations of LNB. Given the differences
in the design of the studies, it is difficult to generalize, but there are some salient features
that merit consideration. All 34 studies had an aggregate of 2,888 patients, a sufficiently
large number to draw some conclusions, with the caveat that all are fundamentally different.

. Adverse outcomes were more frequently reported in the earlier studies. Five
studies that reported the worst outcomes also reported delays in starting
antibiotic therapy.

. In 3 recent studies, adverse outcomes were associated with comorbidities.
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. Two studies reported that the use of corticosteroids leads to more severe
outcomes.
. Adverse outcomes were reported in 9 studies, and these ranged from a small

number to almost half of the patients studied. The sequelae were mostly
associated with the poor results of the neuropsychological tests.

. Almost complete recovery of the patients was reported in 13 studies.

. Studies that used antibiotic therapy as part of the clinical protocols were
conclusive in their findings that additional antibiotic therapy is not useful for the
treatment of adverse outcomes.

Although the general trend is that appropriately treated LNB has a long-term favorable
outcome, a review of these studies indicates that a significant number of patients report low
scores on neuropsychological tests, and this is at the heart of the current controversy that
surrounds Lyme disease and its optimal treatment. Given the present level of controversy,
mostly in the United States but rapidly spreading to Europe, it is imperative that
comprehensive and identical population-based studies be conducted in parallel in both
continents, and the public health agencies should give this effort a high level of urgency.

Post-Treatment Lyme Disease Syndrome

Several years ago, the first reports of what is now called “post-treatment Lyme disease
syndrome” (PTLDS) were published. Today, that such a syndrome exists has been accepted
by a consensus of clinicians, and the CDC has defined it as the presence of symptoms that
include cognitive dysfunction, fatigue, fiboromyalgialike pain, and even depression leading to
poor quality of life in appropriately treated patients that can persist for >6 months and could
last for years (https://www.cdc.gov/lyme/postlds/index.html). The number of patients with
this syndrome has been tentatively placed at about 10%. The literature on PTLDS has
increased markedly in the past few years, but despite this awareness, there is no consensus as
to its cause or its treatment. Some risk factors for PTLDS have been identified and include
being a female, long pretreatment period, high mononuclear cell infiltrate in the CSF, and
onset of symptoms before termination of antibiotic therapy.17:46:47 PTLDS is most common
in patients with LNB. An area that has not been explored is whether similar syndromes are
associated with other infections, and this may be a fruitful area to gain some useful insights.

Although there is general consensus that PTLDS is a legitimate sequela of treated LNB, the
controversy that surrounds it is tied to its treatment with long-term antibiotic therapy. In this
aspect, the literature is unanimous in showing that long-term antibiotic therapy provides no
benefits to the patients with PTLDS.48-50 Fundamentally, the inability of antibiotic therapy
to improve PTLDS shows conclusively that this syndrome is not caused by a residual,
treatable infection. Nonetheless, many patients insist on being prescribed (and their doctors
provide) long-term antibiotic therapy. This presents a serious problem, as there have been
numerous reports of harmful effects, even deaths, due to prolonged needless administration
of antibiotics. This aspect is considered on the CDC website (https://www.cdc.gov/lyme/
postlds/index.html).
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Another problem associated with PTLDS is the notion that a condition that is generally
termed as “chronic Lyme disease” is synonymous with PTLDS. The definition of PTLDS
requires verifiable proof that the patient had Lyme disease, and moreover, that the disease
was properly treated with antibiotics, although its symptoms are clearly subjective. Not so
for chronic Lyme disease, where many patients have similar symptomatology to those with
PTLDS but have no history of a rigorous clinical or laboratory diagnosis of Lyme disease.
There is no consensus for chronic Lyme disease, and the use of the term is discouraged by a
large majority of clinicians.®! The controversy regarding Lyme disease arises from several
misconceptions: (1) patient can have Lyme disease despite repeated nonreactive serology;
(2) treatment of Lyme disease requires lengthy antibiotic therapy; and (3) the clinical
spectrum of Lyme disease includes nonspecific symptoms without any of the established
cutaneous, cardiac, articular, and neurological manifestations. These features of the
controversy belie a deep distrust of biomedical science and its researchers among segments
of the population—including some health care professionals. Hence, this controversy
represents a social phenomenon unlikely to be solved at either the clinic or the laboratory
bench. At present, it is extremely difficult to offer solutions for this problem.

Pathogenesis

Aspects of the pathogenesis of LNB have been recreated through experimental studies using
nonhuman primates (NHPs). Two models, with fundamentally similar findings, were
developed. One model, using NHPs previously treated with steroids, reported positive
cultures of B. burgdorferi and pleocytosis in the CSF supporting the observation that LNB is
associated with direct spirochetal invasion.>2 The other NHP model did not use prior
immunosuppression for infection. NHPs infected by both tick bite and by needle developed
pleocytosis in the CSF.53 After 6 months, a period of time representative of chronic disease,
the NHPs developed nerve sheath fibrosis, focal demyelinization of the spinal cord, and
peripheral neuropathy.>* Likewise, within the first 3 months of infection, NHPs developed

neuritis with macrophage and B-cell infiltrates with demyelination and axonal dysfunction.
55

In the absence of a mouse model for LNB,%6 much information has been obtained from
experimental approaches using primary cells of the nervous system and tissue explants.
Early on, we demonstrated the adherence and neurotropism of Borreliato neural cells.5-59
The overwhelming evidence is that contact of B. burgdorferiwith all cells of the nervous
system elicits an inflammatory response. The microglia are logical starting points, as these
cells are the resident macrophages of the CNS, with clear functions in phagocytosis,
scavenging, and antigen presentation. Murine microglia are efficient phagocytes and are
capable of ingesting and killing spirochetes with or without opsonization.6% Inflammatory
response pathways for microglia exposed to Borrelia follow the known signals that originate
through Toll receptors 2 and 5, which recognize spirochetal lipoproteins and flagellin,
respectively.61 Primary human microglia exposed to live B. burgdorferi and spirochetal
debris resulted in phagocytosis, with the latter inducing a larger inflammatory response.52 It
is not surprising that microglia respond to Borrelia as has been described, and their
proinflammatory potential could be mediating some of the damage that develops in LNB.
Astrocytes, the cells most likely to come in contact with the spirochetes after crossing the
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blood-brain barrier, secrete inflammatory mediators following exposure to these organisms.
63.64 Experimental studies with oligodendroglia® and neuronal cells ex vivo®® also indicate
that Borrelia can induce inflammatory responses in these cells.

Inflammation is an undeniable cause of neurologic damage, and it is the primary response to
Borreliain the CNS. This response is different from responses elicited by other bacteria that
penetrate the nervous system and that elicit a neutrophil infiltrate. The infiltrate of the CSF
in LNB is mononuclear, as is also seen in neurosyphilis and in cases of viral meningitis.
Early evidence disclosed that antibody-producing cells were predominant in the CSF of
patients with untreated neuroborreliosis.5” In an interesting study, CD4* gamma interferon-
producing T cells specific for Borrelia and for CNS autoantigens were demonstrated in the
CSF of a patient with acute Lyme encephalitis.58 The pathogenesis of LNB appears to
follow the entry of the spirochetes into the CNS.5°

There is potential for spirochetal debris as agents of pathogenesis. Amorphous green
fluorescence protein deposits (derived from Borrelid) were visualized in tendons and
cartilage of antibiotic-treated mice, indicating that proinflammatory debris could contribute
to the development of antibiotic-refractory Lyme arthritis.89 In this context, the “amber
theory” for Lyme arthritis was proposed, whereby introduction of nonviable spirochetes or
debris enmeshed in a host-derived fibrinous or collagenous matrix could be responsible for
the joint manifestations of Lyme disease.”? Although these findings and the amber theory
pertain to Lyme arthritis, it would not be inconsistent to extend them to the pathogenesis of
LNB, particularly as a recent study showed that spirochetal debris is highly proinflammatory
for neural cells.52 I validated, the potential for spirochetal debris as agents of pathogenesis
would be unique to infection and would point to a major defect in the scavenging functions
of phagocytes that are unable to “clean up” the remains of spirochetes killed by the immune
response.

LNB is characterized by B-cell activation, plasma cell infiltration, and enhanced intrathecal
antibody production in the CSF. The first evidence that B-cell chemoattractant, chemokine
(C-X-C motif) ligand 13 (CXCL13) is expressed in the nervous system and is a definitive
feature of neuroborreliosis was provided by experimental approaches using NHPs.’!
CXCL13 is selective for B cells belonging to the B-1 and B-2 subsets, and interacts with its
receptor CXCR5.72 CXCL13 is produced by different immune cells but preferentially by
dendritic cells, and recruits B cells and also CD4* follicular helper cells to lymphoid organs
via its cognate receptor CXCRS5./2 Ectopic lymphoid follicles can also form due to
overexpression of CXCL13 and can lead to specific organ inflammation.”3

It is now clear that the presence of CXCL13 in the CSF of patients with neuroborreliosis is
important, judging by the large number of studies following the initial observation. Elevated
levels of CXCL13 were found in neuroborreliosis but not in other control neurologic
diseases’# and were elevated in children and adults.”> An enzyme-linked immunosorbent
assay for CXCL13 had high sensitivity and specificity for acute neuroborreliosis,
particularly before the antibodies are detectable, making this assay a powerful adjunct to the
clinical evaluation.”® However, CXCL13 can also be detected in other manifestations of
Lyme disease; patients with borrelial lymphocytoma, a skin disorder, also have high levels of
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serum CXCL13.7” In some other neurologic manifestations of Lyme disease, the CXCL13
assay is negative. Lyme encephalopathy, a difficult entity to diagnose, is characterized by
nonspecific neurobehavioral manifestations, but levels of CXCL13 in the CSF were not
elevated in patients with this syndrome.’8

Increased levels of CXCL13 occur in other infections, such as in the relapsing fever
borrelioses.” Elevated levels of CXCL13 in the CSF of patients with neurosyphilis and
human immunodeficiency virus infection (but not in syphilis patients without neurologic
disease) were independent of T cells and declined after antibiotic treatment, making it a
useful marker for diagnosis and treatment.”® Importantly, proinflammatory molecules of
Borrelia species and Treponema pallidum induced production of CXCL13 from monocytes
via Toll receptor signaling.80 Levels of CXCL13 decreased significantly with antibiotic
therapy, suggesting a role for this chemokine as a marker for disease activity and for
antibiotic effectiveness.81 Lastly, elevated levels have also been noted in patients with
aseptic meningitis.52

CXCL13 in the CSF can also be a marker for noninfectious neurologic diseases. In
comparative studies, CXCL13 was elevated in the CSF of all patients with borreliosis and
multiple sclerosis (MS), and showed the most consistent correlation with the presence of
intrathecal Ig production in the CSF.83 Anti—N-methyl-D-aspartate receptor (NMDAR)
encephalitis is a severe antibody-mediated autoimmune disorder affecting children and
young adults. Early stage anti-NMDAR encephalitis patients had increased levels of
CXCL13 in the CSF that correlated with intrathecal NMDAR-antibody synthesis.
Fluctuations in the levels of CXCL13 during relapses or following treatment was considered
to be a useful measure of treatment outcome.84 CXCL13 was produced in actively
demyelinating MS lesions, but not in inactive lesions. Likewise, levels of CXCL13 were
elevated in the CSF of relapsing—remitting MS patients and correlated with intrathecal
immunoglobulin as well as the presence of B cells. Trafficking of immune cells to MS
lesions is an important feature of this disease, and CXCL13 as a chemoattractant of B cells
could be a potential therapeutic target.85 CXCL13/CXCRS5 are important in the homing of B
cells in primary lymphoma of the CNS. Levels of CXCL13 in the CSF were elevated in
patients with CNS lymphoma, and survival was tied to decreasing or lower levels of this
chemokine. Higher levels are associated with a more serious course of the disease.86
Therefore, depletion of CXCL13 may be a good strategy to follow the treatment of CNS
lymphoma.

Is the CXCL13/CXCRS5 axis a good therapeutic target in LNB? Early disruption of the
CXCL13/CXCRS5 axis would help decrease the intrathecal antibody response, and hence
retard recovery of the infection. If, however, there should be future evidence for an
autoimmune component to neuroborreliosis, then therapeutic reduction of CXCL13 levels
would be warranted. This clearly would be the case in MS, where inhibition of CXCL13
would dampen the effects of the ectopic B cell follicles and therefore the development of
disease.8”

The role of CXCL13 in LNB is of great interest both as a marker and as a participant in the
pathogenesis of this disease. It is clear from the foregoing that B. burgdorferiinduces high-
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level production of this B-cell chemoattractant, as befits an infection noted by strong
antibody responses. Although production of CXCL13 is shared by other neurologic
infections as well as other neurologic diseases, the CSF levels in neuroborreliosis are
uniformly and often markedly higher than in the other diseases.88 This is useful in
discriminating between LNB and other diseases. New information on the role of this
chemokine is enlarging its importance in the acquired immune response as well as in
vaccination, and this can generate meaningful links to neuroborreliosis and to Lyme disease
in general.

Polymicrobial Infections

Since the discovery of B. burgdorferiin 1983,8%-91 there has been the recognition that Lyme
disease can be but one of many infections associated with ticks, particularly those caused by
pathogens transmitted by /xodes scapularis in USA and /xodes ricinusin Europe. This tick
species transmits 5 pathogens (Table 2), and 4 of these can cause neurologic disease by
themselves. The impact of /xodes-borne polymicrobial infections on neurologic disease is
not known at present, but it could be synergistic, leading to a negative progression of the
course of infection. In addition, Amblyomma americanum, a southern tick, has increased its
range in the past decades, and this aggressive invading species is now a dominant presence
in parts of the United States.%2

Borrelia miyamotoi was discovered in Japan in 19949 and has been documented all over the
world. Of interest is that B. miyamotoi clusters genetically within the relapsing fever group
of Borrelia, however, it is transmitted by the hard tick vectors of the Lyme disease Borrelias.

The clinical manifestations of B. miyamotoi infection are high fever, fatigue, severe
headache, chills, and muscle and joint pain®#-9 and can resolve with doxycycline therapy.%7
Meningoencephalitis has been reported,98:99 and spirochetes were detected by microscopy in
the CSF in a patient with lymphoma.190 Case reports suggest that infection with B.
miyamotoi may be more severe than with the Lyme disease Borrelia, and the effect of
coinfection on the nervous system with both Borrelia species needs to be evaluated. It is
likely that this organism will be responsible for more neurological infections as new clinical
series are reported. Laboratory diagnosis is based mainly upon polymerase chain reaction of
acute blood samples.

Anaplasma phagocytophilum and Ehrlichia chaffeensis are obligate intracellular bacteria
(Rickettsiales) that invade neutrophils and monocytes, respectively. Anaplasma is
transmitted by /xodes scapularis. Thus, A. phagocytophilumand B. burgdorferi can be
transmitted simultaneously and cause a double infection. E. chaffeensisis transmitted by
Amblyomma americanum and is not cotransmitted with other pathogens. Both organisms
cause a febrile disease and can also cause neurological illness. One percent of anaplasmosis
patients develop meningitis.101 In contrast, meningitis has been reported in 5% of patients
with ehrlichiosis.102 This disparity has an interesting biological basis; whereas £.
chaffeensis-infected monocytes readily transmigrate human brain microvasculature, A.
phagocytophilum suppresses neutrophil transmigration.103 The reason is that Anaplasma-
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infected neutrophils downregulate the surface expression of P and L selectins, thereby
decreasing their ability to cross vasculature.104

The neurologic manifestations have been better studied in ehrlichiosis. The intracellular
morulae (bacterial cell aggregates) of £. chaffeensiswere detected in the CSF of a patient
with meningitis.1%% The most common CSF abnormalities are a lymphocytic pleocytosis
with elevated proteins and decreased glucose. Four (19%) of the 21 patients with Ehrlichia
meningitis died.196 The PNS is less frequently involved.107 Given the rapid spread of its
vector tick, more cases of ehrlichiosis are likely to occur. The effect of coinfections with
Borreliaand Anaplasma on the prevalence or severity of neurological manifestations is not
clear.

Entering this polymicrobial milieu is Powassan virus (POWYV), a flavivirus member of the
tick-borne encephalitis virus (TBEV) group, first isolated in 1958 in Canada.1%8 Since then,
>100 cases have been reported in the USA, with a death rate of 11%,10° underscoring its
severity.110

POWYV is composed of 2 lineages, lineage | (prototype POWYV) and lineage 11 (LI1), first
identified as deer tick virus.111 POWV (lineage I) is transmitted through an /nocybe cookei-
woodchuck cycle. LIl virus circulates in an /. scapularis-white-footed mouse cycle, and it is
precisely in this cycle that this virus can become a part of the polymicrobial group of
pathogens. Evidence is mounting for this virus being responsible for human disease, with 3
fatal cases of encephalitis reported. In one case of necrotizing meningoencephalitis, deer tick
virus was identified in large neurons in the brainstem, cerebellum, basal ganglia, thalamus,
and spinal cord.112 One fatal case of LIl virus in a patient with lymphomal13 and another in
a patient without predisposing factors14 were described recently. LI virus is widespread in
ticks in the same geographic areas as Lyme disease.11° Serologic evidence of infection and
exposure was obtained in a retrospective study of patients suspected of having Lyme disease,
indicating broad exposure to the virus that can cause subclinical infection as well as serious
neurologic manifestations.116

The occurrence of TBEV and Borrelia in Europe parallels that of the USA with LII. Almost
4% of patients in a series with acute lymphocytic meningitis had double infections with
TBEV and B. burgdorferi 1l Patients with lymphocytic meningitis or meningoencephalitis
from areas endemic for both TBEV and LNB can yield both virus and spirochete isolations
from the CSF.118 Lymphocytic infiltrate of CSF is higher in patients with neuroborreliosis
than in those with TBEV.119 However, a prospective study of children diagnosed with TBEV
had more long-term and higher frequency of neurologic deficits than children diagnosed
with LNB.120

Given the geographic and vector overlap of tick-borne viruses with Lyme disease, the
possibility of double infections of patients with Borrelia species and tick-borne encephalitis
viruses in both continents should be evaluated. In addition to the geographic overlap of
TBEV and LII virus with borreliosis in Europe and the United States, there are clinical and
laboratory similarities between the infections with the viruses and with Borrelia species,
particularly with less severe exposures to the viral agents. Whether there is a clinical
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Summary

neurological correlate to double infections and the extent of their impact on the occurrence
and severity of disease remain to be determined.>®

In the intervening 2 decades since our first review, the main manifestations of LNB remain
mostly as initially described on both continents. There are infrequent cases of neurologic
complications that remind us how severe this infection can be. We have also seen the
documentation for the unexplained condition of PTLDS, which could be a unique
complication of neuroborreliosis. Importantly, this sequela can be confused with a condition
“chronic Lyme disease,” a term mostly used in the lay networks, and carries the negative
impact of excessive antibiotic therapy.

We look forward to some needed research. The etiology of PTLDS is top on our list.
Coordinated population-based epidemiological studies on both continents could answer
decisively some of the lingering questions on the medical and microbiologic diversity of
Lyme disease on both continents. Lastly, research on the pathogenesis of, for example, facial
nerve palsy, which is a condition seen in widely different infections such as herpes and
Borrelia, would provide new perspectives.
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FIGURE 1:
Cultured Borrelia burgdorferi stained with an 1gG murine antibody to OspA followed by

fluorescein isothiocyanate—labeled goat antimurine Ig; 1 cm =5 pm.
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TABLE 2.

Pathogens Transmitted by Various Tick Species

Tick Species Pathogens (diseases)

Ixodes scapularis/Ixodes ricinus, deer tick and  Borrelia burgdorferi (Lyme disease), Borrelia miyamotoi (meningitis), Anaplasma
black legged tick phagocytophilum (anaplasmosis, meningitis), Babesia microti (babesiosis), Powassan virus
lineage 11 (meningitis/encephalitis), tick-borne encephalitis virus

Amblyomma americanum, lone star tick Ehrlichia chaffeensis (ehrlichiosis, meningitis), Rickettsia species, Francisella tularensis
(tularemia)
Dermacentor variabilis, American dog tick Rickettsia rickettsii (Rocky Mountain spotted fever), Francisella tularensis
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