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Abstract Lyme disease is the most common vector-borne
illness in the United States and is also endemic in Europe
and Asia. It is caused by the spirochete Borrelia burgdorferi and transmitted by the bite of the Ixodes (deer) tick. It
occurs most frequently during spring and summer and may
involve the skin, nervous system, heart, and joints. This
article reviews the pathogenesis, epidemiology, clinical
manifestations, diagnosis, treatment, and prevention of
Lyme disease.
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Introduction
Lyme disease is a multisystem illness caused by the
spirochete Borrelia burgdorferi sensu lato. It is the most
common vector-borne illness in the United States, with
more than 19,000 cases reported to the Centers for Disease
Control and Prevention in 2006 [1]. Lyme disease was first
described in the late-1970s during an investigation of an
unusual epidemic of what appeared to be juvenile rheumatoid arthritis in Lyme, Connecticut [2]; however, manifestations of Lyme disease were evident in Europe as early as
the beginning of the 20th century. The causative agent was
isolated from Ixodes ticks in 1982 [3], marking the start of a
new era in the understanding of this disease.
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The Organism and Pathogenesis
The genus Borrelia is a member of the family Spirochaetaceae, which also includes Leptospira and Treponema.
Spirochetes have a wavelike body and flagella enclosed
between the outer and inner membranes. Three genospecies
of B. burgdorferi cause most human disease: B. burgdorferi
sensu stricto, B. garinii, and B. afzelii. B. burgdorferi sensu
stricto is the only genospecies associated with human
disease in the United States, whereas all three genospecies
occur in Europe, and B. garinii and B. afzelii occur in Asia.
B. garinii and B. afzelii are antigenically distinct from B.
burgdorferi sensu stricto, and these differences may
account for the variation in clinical presentation in different
geographic regions.
The genomes of B. burgdorferi sensu stricto strain B31,
B. garinii strain PBi, and B. afzelii strain PKo, have been
sequenced. These genomes include a linear chromosome
and multiple linear and circular plasmids. The number of
plasmids and their sizes vary substantially among strains
and species [4], and they encode many of the factors
necessary for survival during the organism’s complex life
cycle [5]. The chromosomal genes code for proteins needed
for replication, energy metabolism, and transport of
nutrients. Interestingly, no genes for cellular biosynthetic
reactions and no classically defined virulence factors have
been found in B. burgdorferi.
Lipoproteins play an important role in the life cycle of B.
burgdorferi and account for a significant part of the B.
burgdorferi genome. Lipoproteins have differential expression in culture, in the tick, and in the mammalian host. For
example, outer surface protein A (OspA) and outer surface
protein B (OspB) are expressed abundantly in culture.
OspA also is expressed in the tick gut, where it mediates
spirochete attachment [6]. As an infected tick begins to feed
on a mammal, the synthesis of OspA is repressed and that
of outer surface protein C (OspC) is induced [7]. OspC is
important in the transmission of the spirochete from tick to
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mammal, and it is required early in mammalian infection
[8]. OspC is very diverse, and OspC alleles have been
linked to both infectivity and invasiveness [9, 10]. The
lipoprotein variable major protein-like sequence, expressed
(VlsE) is required for persistence of infection in the
immunocompetent mammalian host [11] and plays a major
role in immune evasion in Lyme borreliosis [12].
The immune system plays an important role in the
pathogenesis of Lyme disease. B. burgdorferi lipoproteins
are potent activators of the innate immune system and have
been shown to activate Toll-like receptors (TLRs) 1 and 2
in a CD14-dependent manner [13, 14], and mice deficient
in TLR2 or myeloid differentiation antigen 88 (MyD88)
have higher spirochete loads [15]. B. burgdorferi also
induces type I interferon production in mice and human
cells [16, 17]. The adaptive immune response, particularly
humoral response, is important in controlling the severity of
Lyme disease in mice, but the bacteria can survive despite
eliciting a strong antibody response, possibly because of
immune evasion by modulating gene expression. In mice, a
stronger initial T-helper type 1 (Th1) response seems to be
important for controlling the infection [18, 19]. Interestingly, Ixodes tick saliva has been shown to induce a Th2
response that facilitates infection [18, 20].

Epidemiology
Borrelia burgdorferi is transmitted to humans by Ixodes
ticks. These small, dark-colored ticks have a 2-year life
cycle made up of four developmental stages: egg, larva,
nymph, and adult. Eggs are laid in spring and hatch into
larvae during the late summer. Larvae feed on small
animals (usually mice) and can acquire B. burgdorferi
infection at this stage. The larvae then molt into nymphs,
which feed again the following spring to early summer (and
may transmit the infection to the new host). Nymphs molt
into adult ticks in mid-October and early-November, when
the adult female ticks feed again, mainly on large animals.
Small mammals are important in the transmission cycle of
B. burgdorferi, as some, particularly the white-footed
mouse, may remain infected but asymptomatic and therefore serve as reservoirs for the organism. Some avian
species also may serve as reservoirs for B. burgdorferi.
Deer also are important because they are the principal hosts
for the adult ticks, although they are not reservoir
competent for B. burgdorferi.
The risk for acquiring Lyme disease in the United States
varies with the distribution, density, and prevalence of
infection in vector ticks. Most cases of Lyme disease occur
in the northeastern and north-central states [1]. Lyme
disease also is endemic in several regions in Europe and
Asia. Most Lyme disease cases result from bites by infected
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nymphs, as their small size (about the size of a poppy seed)
allow them to easily go unnoticed. Most infections occur
during the months of May through August, when both the
nymph ticks’ activity and human outdoor activity are at
their peak. Adult ticks also can transmit the disease, but
because they are larger (the size of a sesame seed), they are
more easily recognized. Laboratory studies indicate that
efficient transmission of B. burgdorferi by the ticks requires
a minimum of 36 to 48 hours of attachment [21].

Clinical Features
For clinical purposes, Lyme disease is divided into early
and late disease. Lyme disease usually begins with the
characteristic skin lesion, erythema migrans (Fig. 1), at the
site of the tick bite. The incubation period from infection to
onset of erythema migrans typically is 7 to 14 days but may
be as short as a day and as long as 30 days. Because of the
small size of the ticks, most patients do not remember the
preceding tick bite. Classically, erythema migrans starts as a
red papule at the site of the bite, which gradually expands
to an annular lesion with red borders and partial central
clearing; however, fewer than 35% of patients in the United
States have lesions with central clearing. Less commonly,
the center of the lesion may appear vesicular or necrotic
[22, 23]. Constitutional symptoms, arthralgias, myalgias,
and severe fatigue are common, and regional lymphadenopathy also may occur. Erythema migrans may be absent
in about 10% of patients with early Lyme disease, and
patients may have asymptomatic infection or only nonspecific symptoms [24].

Fig. 1 Erythema migrans
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After several days or weeks, the spirochete may spread
hematogenously, and patients may develop multiple erythema migrans lesions. These secondary lesions are similar
in appearance to the primary lesion. Fever, headache, mild
neck stiffness, migratory musculoskeletal pain, arthralgias,
and profound malaise and fatigue are common; these
symptoms may be intermittent. Patients also may develop
neurologic, cardiac, and rheumatologic involvement. Neurologic abnormalities occur in 15% to 20% of untreated
patients. The most common neurologic manifestations are
cranial neuropathy, particularly facial palsy (which may be
bilateral), lymphocytic meningitis, and motor or sensory
radiculoneuritis. Cardiac involvement occurs in 4% to 8%
of untreated patients, the most common feature being a
fluctuating atrioventricular block. Borrelia lymphocytoma
is a firm, painless, bluish-red nodular lesion usually
localized on the earlobe or nipple. It occurs almost
exclusively in Europe and is associated with B. afzelii and
B. garinii infection. These early signs may resolve even if
the patient is untreated.
Asymmetric oligoarticular arthritis, especially involving
the knees, occurs in about 60% of untreated patients at a
mean of 6 months from the onset of the disease. Typically,
the joint effusions are large, and synovial fluid findings
suggest an inflammatory process with leukocyte counts
averaging 25,000/mm3, with most being polymorphonuclear leukocytes. Chronic arthritis typically involves one or
two large joints, with preference for the knees, and occurs
in 11% of untreated patients with erythema migrans. If
untreated, the arthritis may persist or resolve spontaneously
[25]. A few of these patients will have persistent arthritis
after antibiotic therapy, classified as antibiotic-refractory
Lyme arthritis. Antibiotic-refractory Lyme arthritis is
associated with certain HLA-DR molecules and T-cell
reactivity against OspA [26]. An autoimmune reaction as
a result of molecular mimicry between OspA of B.
burgdorferi and human leukocyte function-associated antigen 1 (hLFA-1) was proposed as a mechanism of this
persistent arthritis [27, 28], although further work has not
confirmed hLFA-1 as a relevant autoantigen [29]. Current
hypotheses to explain this condition include bystander
activation of autoreactive T cells due to an increased
inflammatory response [30–32].
Late neurologic Lyme disease may present as a subacute
mild encephalopathy affecting memory and concentration.
Patients also may present with chronic mild axonal
polyneuropathy manifested as distal paresthesias and, less
commonly, as radicular pain [33, 34]. Rarely, an encephalomyelitis or leukoencephalitis may occur. An autoimmune mechanism may play a role in certain cases of
chronic neurologic disease [35]. Acrodermatitis chronica
atrophicans, a chronic skin disease that occurs in Europe
and Asia, is associated primarily with B. afzelii infection.
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The skin lesions usually are found on the extensor surfaces
of the extremities. They begin insidiously as an inflammatory infiltrate that subsequently becomes indurated with
reddish violaceous discoloration and progress to atrophy of
the skin over a period of years. Patients may have an
associated sensory neuropathy.
Chronic Lyme disease is a confusing term used to
describe vastly different patient populations, including
patients with late Lyme disease, those with post-Lyme
disease syndrome, and those who have no evidence of
Lyme disease [36]. Post-Lyme disease syndrome describes
patients with an episode of well-documented Lyme disease
who have nonspecific symptoms of fatigue, sleep disorders,
headache, memory and concentration difficulties, myalgias,
and arthralgias after receiving adequate antibiotic therapy.
The cause of this syndrome currently is unknown, but it
likely is multifactorial, including part of the expected
resolution of symptoms after therapy, postinfective fatigue
syndrome, and intercurrent conditions [37].
Lyme disease is a reportable disease in the United States;
for surveillance purposes, it is defined as 1) physiciandiagnosed erythema migrans greater than 5 cm in diameter
or 2) one or more objective late manifestations of Lyme
disease with laboratory evidence of infection with B.
burgdorferi (ie, isolation of the organism or positive
serologic testing) in an individual with possible exposure
to infected ticks [1, 38].

Laboratory Evaluation
Most laboratory evaluation methods supporting the diagnosis of Lyme disease are indirect, based on serologic
assays because of the difficulty in demonstrating B.
burgdorferi by direct techniques (culture and polymerase
chain reaction [PCR]). Direct detection of antigens is not
reliable [39].
Culture
Although culture of B. burgdorferi from clinical samples
has been instrumental in expanding our knowledge regarding subspecies [40–42], as well as clearly documenting
infection in clinical studies, its use in clinical practice is
very limited because of its special requirements and the
lack of sensitivity of culture outside skin samples from
patients with erythema migrans, in whom there is little need
for laboratory diagnosis. Culture of B. burgdorferi requires
special enriched bacteriologic media, the most commonly
used being Barbour-Stoenner-Kelly (BSK) or modified
Kelly-Pettenkofer (MKP), as well as a prolonged period
of observation (up to 12 weeks) because of the slow
multiplication of the bacterium. B. burgdorferi can be
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cultured from 20% to 90% (usually 50%) of biopsy
specimens taken from untreated erythema migrans lesions
[43–45]. Large-volume (9-mL) plasma cultures have a yield
of about 40% in blood samples from patients with early
disease who have not received antibiotics [43]. Culture of
cerebrospinal fluid (CSF) has a yield of less than 10% [41],
and it is extremely rare to isolate the spirochete from joint
fluid.
Polymerase Chain Reaction
PCR has been used to amplify genomic DNA of B.
burgdorferi in skin, blood, CSF, and synovial fluid. It
seems to be most useful in patients with Lyme arthritis. B.
burgdorferi DNA has been detected in synovial fluid
samples from 85% of patients [46]. However, the sensitivity
of PCR determinations in CSF from patients with neuroborreliosis has been much lower (<40% in patients with
acute neuroborreliosis) [47, 48]. In skin biopsies from
erythema migrans lesions, PCR sensitivity varies from 25%
to 90% and is similar to culture [43, 49]. The sensitivity of
PCR for acrodermatitis chronica atrophicans lesions varies
from 20% to 90%. PCR of urine samples has been used
with variable results.
Serology
Serologic testing, the most commonly used corroborative
laboratory test for Lyme disease, can provide helpful
information in patients with clinical findings indicating
later-stage disseminated Lyme disease. As expected for a
test that depends on antibody production, the sensitivity of
the test increases with the duration of the infection, and
patients who present very early in their illness are more likely
to have a negative result. This is most important in patients
with erythema migrans lesions, in whom the diagnosis
should be based on clinical findings, as fewer than 50% of
these patients will have positive serologic results at presentation [40, 50]. A major shortcoming of current serologic
assays is that they do not distinguish between active and
inactive infection, and patients may continue to be
seropositive for years, even after adequate antibiotic
treatment [51, 52]. Also, serologic tests commonly are
used by physicians to determine whether otherwise unexplained symptoms are the result of Lyme disease in cases in
which the pretest probability for the illness is low,
increasing the chance of a false-positive result [53]. Finally,
the use of commercial laboratories offering nonvalidated
Lyme diagnostic tests is discouraged [39, 54, 55].
Most enzyme-linked immunosorbent assays (ELISA)
and indirect fluorescent-antibody (IFA) assays are made of
whole-cell sonicate of B. burgdorferi and have a significant
number of false-positive results because of the presence of
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cross-reactive antigens such as the flagellar and heat-shock
proteins. To increase specificity, Western blotting is used as
a second step. The current recommendations for serodiagnosis of Lyme disease consist of a two-test approach: a
sensitive ELISA or IFA assay, followed by Western blotting
when results are indeterminate or positive. The Western
blot is interpreted using standardized criteria, requiring at
least two of three bands for a positive IgM Western blot,
and 5 of 10 bands for a positive IgG Western blot. The IgM
Western blot is used only within the first 4 weeks of the
illness [56].
The use of recombinant antigens, principally VlsE lipoprotein of B. burgdorferi, and the C6 peptide, which
reproduces the invariable region 6 of VlsE, has been a major
advance in Lyme disease serodiagnosis. The C6 peptide
ELISA has excellent sensitivity for acute-, convalescent-,
and late-phase specimens, as well as excellent specificity [40,
50, 57–59]. A commercially available C6 ELISA currently is
approved by the US Food and Drug Administration (FDA)
as a first-tier test and may in the future be approved as a
single-tier test.
Intrathecal Antibody Production
The concomitant analysis of serum and CSF is used to
demonstrate local synthesis of anti-Borrelia antibodies. The
tests available in the United States use two main techniques
to measure B. burgdorferi-specific antibody; one method
uses an antibody-capture immunoassay, whereas in the
other method, the serum and CSF are diluted so that the
final immunoglobulin concentrations are similar. None of
these tests has been approved by the FDA. Intrathecal
antibody production is considered present if the antibody
titer in the CSF exceeds the titer in the serum, that is, the
“CSF index” is greater than 1. Presence of intrathecal
antibody production is considered by some as a requirement
for the diagnosis of neuroborreliosis. However, although
this test is frequently positive in European patients [60], it
is positive more frequently in neuroborreliosis caused by B.
garinii infection [41]. There are few data regarding the
sensitivity of intrathecal borrelial antibody production in
diagnosing neuroborreliosis in the United States. Intrathecal
borrelial antibody production may be detected for several
months or years after treatment.

Coinfection
Ixodes ticks are also vectors for human granulocytic
anaplasmosis (HGA) and babesiosis, and in Europe and
Asia, they also transmit tick-borne encephalitis virus. HGA
ranges in severity from asymptomatic seroconversion to a
severe febrile illness that may be fatal. Patients present with

Curr Allergy Asthma Rep (2010) 10:13–20

17

fever, headache, and myalgias; laboratory findings may
include leukopenia, lymphopenia, thrombocytopenia, and
elevated liver enzymes [61]. Babesiosis, an infection by
intraerythrocytic protozoans from the genus Babesia, can
cause disease ranging from an apparently silent infection to
a fulminant, malaria-like illness. Concurrent infection
should be considered in a patient with unusually severe or
atypical features of Lyme disease [62, 63].

Southern Tick-Associated Rash Illness
Southern tick-associated rash illness (STARI; or Masters
disease), a condition similar to erythema migrans, is associated
with the bite of the Lone Star tick, Amblyomma americanum.
Lesions occur 2 to 15 days after a tick bite and, compared
with those seen in Lyme disease, tend to be smaller, have
central clearing more often, and occur as multiple lesions less
commonly [64]. The cause of STARI is unknown, as it is the
natural course of the disease. Lone Star ticks are found
throughout the southeastern and south-central states, as well
as along the coastal areas as far north as Maine.

Treatment
In most cases, Lyme disease is treated successfully with
antimicrobial therapy (Tables 1 and 2). Oral therapy is
recommended for early and uncomplicated infection,
including isolated facial nerve palsy. Doxycycline and
amoxicillin are the drugs of choice. Doxycycline has the
advantage of being effective against HGA, but it is
contraindicated in children younger than 8 years of age
and in pregnant or lactating women. During doxycycline

therapy, patients should be advised to wear sunscreen and
avoid sun exposure, as the drug may cause photosensitivity.
Amoxicillin is the drug of choice for children younger than
8 years of age and pregnant or lactating women. Cefuroxime axetil is a second-line alternative because of its slighter
higher cost. Oral macrolides are considered third-line
alternatives, as their clinical efficacy has been less than
that of the β-lactams and tetracyclines.
The recommended duration of therapy varies from 14 to
28 days. Parenteral antibiotics generally are recommended
for treating neurologic Lyme disease and for the initial
therapy of patients with more severe cardiac disease (ie,
those with symptoms, second- or third-degree atrioventricular block, or first-degree block with a PR interval ≥0.3
seconds). Patients with more severe cardiac disease require
hospitalization for cardiac monitoring because the degree of
blocking may fluctuate and worsen rapidly and may require
a temporary pacemaker.
The antibiotic course may be completed with oral
therapy. Intravenous (IV) ceftriaxone is the most commonly used parenteral therapy, but IV cefotaxime or IV
penicillin G also may be used. For adult patients who
cannot receive cephalosporins or penicillins, doxycycline
is an alternative. Patients with Lyme encephalopathy
have gradual improvement in their symptoms, usually
starting a few months after completion of therapy, and
continue to improve slowly for up to 1 to 2 years. For
patients with Lyme arthritis (with no neurologic involvement), initial therapy usually is with oral antibiotics for
28 days. A course of oral therapy may be repeated if the
patient has persistent joint swelling. Patients who do not
respond may receive IV therapy for 2 to 4 weeks. For
patients with antibiotic-refractory Lyme arthritis, treatment with anti-inflammatory agents is recommended.

Table 1 Lyme disease: recommendations for therapy
Clinical manifestation

Treatment regimena

Duration, d (range)

Erythema migrans (single or multiple)
Isolated facial nerve palsy
Meningitis, radiculoneuritis
Mild cardiac disease
More severe cardiac diseaseb
Late neuroborreliosisc

Oral
Oral
IV
Oral
IV (may complete regimen with oral therapy)
IV

14
14
14
14
14
14

Arthritis

Initial therapy with oral regimen. May repeat oral therapy or
give IV therapy if response is not satisfactory. Patients who do
not respond may have antibiotic-refractory Lyme arthritis.

Oral regimen: 28
IV therapy: 14 (14–28)

a

(14–21)
(14–21)
(10–28)
(14–21)
(14–21)
(14–28)

Failures occurred rarely with all these regimens

More severe cardiac disease (patients with symptoms, second- or third-degree atrioventricular block, or first-degree block with a PR interval ≥0.3
seconds) requires hospitalization for cardiac monitoring

b

c

In late disease, the response to therapy may be delayed for several weeks to months

IV—intravenous
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Table 2 Antibiotics used for the treatment of Lyme disease
Oral agents

Adult dosage

Preferred

Doxycycline

Amoxicillin
Cefuroxime
axetil
Alternative

Comments

100 mg twice/d

Children >8 y old: 4 mg/kg/d
divided in 2 doses (maximum
100 mg/dose)
500 mg every 8 h 50 mg/kg/d divided in 3 doses
(maximum 500 mg/dose)
500 mg twice/d
30 mg/kg/d divided in 2 doses
(maximum 500 mg/dose)

Azithromycin 500 mg/d
Clarithromycin 500 mg twice/d
Erythromycin

Intravenous agents
Preferred Ceftriaxone
Alternative Cefotaximea
Penicillin Ga

a

Pediatric dosage

10 mg/kg/d (maximum 500 mg/d)
7.5 mg/kg twice/d (maximum
500 mg/dose)
500 mg 4 times/d 12.5 mg/kg 4 times/d (maximum
500 mg/dose)

2 g/d IV

Active against HGA. Contraindicated in pregnancy,
actation, and children younger than 8 y
–
Useful when cellulitis cannot be ruled out. More
expensive.
Patients treated with macrolides should be observed
closely because of the risk of failure. In 1 trial, adults
with erythema migrans were more likely to fail
therapy if treated with azithromycin for 7 d than if
treated with amoxicillin.

50–75 mg/kg/d (maximum 2 g/d)

Easy to administer and largest experience in Lyme
disease. It can cause biliary complications.
2 g IV every 8 h 150–200 mg/kg/d IV divided into
Efficacy possibly same as that of ceftriaxone but
3 or 4 doses (maximum dose 6 g/d) requires more frequent administration.
18–24 MU/d IV
200,000–400,000 U/kg/d divided
More frequent administration. May be less effective
divided every 4 h every 4 h (maximum dose
than ceftriaxone.
18–24 MU/d)

Needs adjustment for renal impairment

HGA—human granulocytic anaplasmosis; IV—intravenous

Four randomized, placebo-controlled studies demonstrated
that antibiotic therapy offers no sustained benefit to patients
with post-Lyme disease syndrome. The Infectious Diseases
Society of America recently issued practice guidelines for the
treatment of Lyme disease [63].

tored closely for up to 30 days for signs and symptoms of
tick-borne diseases [63]. An OspA-based vaccine for
preventing Lyme disease in humans was approved by the
FDA in 1998 but removed from the market in 2002 because
of poor sales and theoretic concerns about triggering
autoimmune arthritis [65, 66].

Prevention
Conclusions
Patients should be instructed in measures that help avoid
ticks, including walking in the center of a path, avoiding
brushy areas, and wearing appropriate clothing (ie, lightcolored clothing, which facilitates spotting of the ticks,
long-sleeved shirts, and pants tucked into socks or boot
tops). Other measures, such as applying insect repellent,
checking for ticks daily, and removing them promptly if
found, will help prevent infection because transmission of
B. burgdorferi from an infected tick increases with time of
attachment. Postexposure antimicrobial prophylaxis for
Ixodes scapularis bites with a single 200-mg dose of oral
doxycycline may be considered for patients (who have no
contraindications to the drug) when 1) the incidence of B.
burgdorferi infection is at least 20% in ticks in the patient’s
area, 2) the tick was attached for at least 36 h, and 3)
prophylaxis can be started within 72 h after the tick was
removed. Serologic testing of patients who present with a
tick bite and testing the ticks for infection with B.
burgdorferi are not helpful. All patients should be moni-

Since Lyme disease was first described in 1977, our
understanding of it has greatly advanced. In this period,
investigators were able to isolate and culture the organism,
develop diagnostic tests, describe the disease’s main
characteristics, conduct therapeutic trials, and sequence
the B. burgdorferi genome. It is hoped that the coming
years will bring further advances in our understanding of
the immune system’s role in the pathogenesis of Lyme
disease as well as the interactions among the spirochete, the
tick, and the mammalian host. This knowledge should bring
new insights leading to the development of new diagnostic,
therapeutic, and preventive approaches.
Acknowledgment This research was supported by the Intramural
Research Program of the National Institutes of Health, National
Institute of Allergy and Infectious Diseases.
Disclosure No potential conflict of interest relevant to this article
was reported.

Curr Allergy Asthma Rep (2010) 10:13–20

References
1. Bacon RM, Kugeler KJ, Mead PS: Surveillance for Lyme disease—
United States, 1992–2006. MMWR Surveill Summ 2008, 57:1–9.
2. Steere AC, Malawista SE, Snydman DR, et al.: Lyme arthritis: an
epidemic of oligoarticular arthritis in children and adults in three
connecticut communities. Arthritis Rheum 1977, 20:7–17.
3. Burgdorfer W, Barbour AG, Hayes SF, et al.: Lyme disease—a
tick-borne spirochetosis? Science 1982, 216:1317–1319.
4. Terekhova D, Iyer R, Wormser GP, Schwartz I: Comparative
genome hybridization reveals substantial variation among clinical
isolates of Borrelia burgdorferi sensu stricto with different
pathogenic properties. J Bacteriol 2006, 188:6124–6134.
5. Stewart PE, Byram R, Grimm D, et al.: The plasmids of Borrelia
burgdorferi: essential genetic elements of a pathogen. Plasmid
2005, 53:1–13.
6. Pal U, de Silva AM, Montgomery RR, et al.: Attachment of
Borrelia burgdorferi within Ixodes scapularis mediated by outer
surface protein A. J Clin Invest 2000, 106:561–569.
7. Schwan TG, Piesman J, Golde WT, et al.: Induction of an outer
surface protein on Borrelia burgdorferi during tick feeding. Proc
Natl Acad Sci U S A 1995, 92:2909–2913.
8. Tilly K, Krum JG, Bestor A, et al.: Borrelia burgdorferi OspC
protein required exclusively in a crucial early stage of mammalian
infection. Infect Immun 2006, 74:3554–3564.
9. Lagal V, Postic D, Rubic-Sabljic E, Baranton G: Genetic diversity
among Borrelia strains determined by single-strand conformation
polymorphism analysis of the ospC gene and its association with
invasiveness. J Clin Microbiol 2003, 41:5059–5065.
10. Seinost G, Dykhuizen DE, Dattwyler RJ, et al.: Four clones of
Borrelia burgdorferi sensu stricto cause invasive infection in
humans. Infect Immun 1999, 67:3518–3524.
11. Labandeira-Rey M, Seshu J, Skare JT: The absence of linear
plasmid 25 or 28-1 of Borrelia burgdorferi dramatically alters the
kinetics of experimental infection via distinct mechanisms. Infect
Immun 2003, 71:4608–4613.
12. Coutte L, Botkin DJ, Gao L, Norris SJ: Detailed analysis of
sequence changes occurring during vlsE antigenic variation in the
mouse model of Borrelia burgdorferi infection. PLoS Pathog
2009, 5:e1000293.
13. Hirschfeld M, Kirschning CJ, Schwandner R, et al.: Cutting edge:
inflammatory signaling by Borrelia burgdorferi lipoproteins is
mediated by Toll-like receptor 2. J Immunol 1999, 163:2382–2386.
14. Salazar JC, Pope CD, Sellati TJ, et al.: Coevolution of markers of
innate and adaptive immunity in skin and peripheral blood of
patients with erythema migrans. J Immunol 2003, 171:2660–
2670.
15. Bolz DD, Sundsbak RS, Ma Y, et al.: MyD88 plays a unique role
in host defense but not arthritis development in Lyme disease. J
Immunol 2004, 173:2003–2010.
16. Petzke MM, Brooks A, Krupna MA, et al.: Recognition of
Borrelia burgdorferi, the Lyme disease spirochete, by TLR7 and
TLR9 induces a type I IFN response by human immune cells. J
Immunol 2009, 183:5279–5292.
17. Miller JC, Ma Y, Bian J, et al.: A critical role for type I IFN in
arthritis development following Borrelia burgdorferi infection of
mice. J Immunol 2008, 181:8492–8503.
18. Zeidner NS, Schneider BS, Rutherford JS, Dolan MC: Suppression of Th2 cytokines reduces tick-transmitted Borrelia burgdorferi load in mice. J Parasitol 2008, 94:767–769.
19. Ekerfelt C, Andersson M, Olausson A, et al.: Mercury exposure as
a model for deviation of cytokine responses in experimental Lyme
arthritis: HgCl2 treatment decreases T helper cell type 1-like
responses and arthritis severity but delays eradication of Borrelia
burgdorferi in C3H/HeN mice. Clin Exp Immunol 2007, 150:189–
197.

19
20. Muller-Doblies UU, Maxwell SS, Boppana VD, et al.: Feeding by
the tick, Ixodes scapularis, causes CD4(+) T cells responding to
cognate antigen to develop the capacity to express IL-4. Parasite
Immunol 2007, 29:485–499.
21. Piesman J, Mather TN, Sinsky RJ, Spielman A: Duration of tick
attachment and Borrelia burgdorferi transmission. J Clin Microbiol 1987, 25:557–558.
22. Nadelman RB, Nowakowski J, Forseter G, et al.: The clinical
spectrum of early Lyme borreliosis in patients with cultureconfirmed erythema migrans. Am J Med 1996, 100:502–508.
23. Strle F, Nadelman RB, Cimperman J, et al.: Comparison of
culture-confirmed erythema migrans caused by Borrelia burgdorferi sensu stricto in New York State and by Borrelia afzelii in
Slovenia. Ann Intern Med 1999, 130:32–36.
24. Steere AC, Dhar A, Hernandez J, et al.: Systemic symptoms
without erythema migrans as the presenting picture of early Lyme
disease. Am J Med 2003, 114:58–62.
25. Steere AC, Schoen RT, Taylor E: The clinical evolution of Lyme
arthritis. Ann Intern Med 1987, 107:725–731.
26. Drouin EE, Glickstein LJ, Kwok WW, et al.: Searching for
borrelial T cell epitopes associated with antibiotic-refractory Lyme
arthritis. Mol Immunol 2008, 45:2323–2332.
27. Steere AC, Klitz W, Drouin EE, et al.: Antibiotic-refractory Lyme
arthritis is associated with HLA-DR molecules that bind a Borrelia
burgdorferi peptide. J Exp Med 2006, 203:961–971.
28. Gross DM, Forsthuber T, Tary-Lehmann M, et al.: Identification
of LFA-1 as a candidate autoantigen in treatment-resistant Lyme
arthritis. Science 1998, 281:703–706.
29. Drouin EE, Glickstein LJ, Kwok WW, et al.: Human homologues
of a Borrelia T cell epitope associated with antibiotic-refractory
Lyme arthritis. Mol Immunol 2008, 45:180–189.
30. Jones KL, McHugh GA, Glickstein LJ, Steere AC: Analysis of
Borrelia burgdorferi genotypes in patients with Lyme arthritis:
high frequency of ribosomal RNA intergenic spacer type 1 strains
in antibiotic-refractory arthritis. Arthritis Rheum 2009, 60:2174–
2182.
31. Codolo G, Amedei A, Steere AC, et al.: Borrelia burgdorferi
NapA-driven Th17 cell inflammation in lyme arthritis. Arthritis
Rheum 2008, 58:3609–3617.
32. Iliopoulou BP, Alroy J, Huber BT: CD28 deficiency exacerbates
joint inflammation upon Borrelia burgdorferi infection, resulting
in the development of chronic Lyme arthritis. J Immunol 2007,
179:8076–8082.
33. Halperin JJ, Volkman DJ, Wu P: Central nervous system
abnormalities in Lyme neuroborreliosis. Neurology 1991,
41:1571–1582.
34. Halperin J, Luft BJ, Volkman DJ, Dattwyler RJ: Lyme neuroborreliosis. Peripheral nervous system manifestations. Brain 1990,
113:1207–1221.
35. Hemmer B, Gran B, Zhao Y, et al.: Identification of candidate Tcell epitopes and molecular mimics in chronic Lyme disease. Nat
Med 1999, 5:1375–1382.
36. Feder HM Jr, Johnson BJ, O’Connell S, et al.: A critical appraisal
of “chronic Lyme disease.” N Engl J Med 2007, 357:1422–1430.
37. Marques A: Chronic Lyme disease: a review. Infect Dis Clin
North Am 2008, 22:341–360, vii–viii.
38. Effect of electronic laboratory reporting on the burden of lyme
disease surveillance—New Jersey, 2001–2006. MMWR Morb
Mortal Wkly Rep 2008, 57:42–45.
39. Klempner MS, Schmid CH, Hu L, et al.: Intralaboratory reliability
of serologic and urine testing for Lyme disease. Am J Med 2001,
110:217–219.
40. Wormser GP, Liveris D, Hanincova K, et al.: Effect of Borrelia
burgdorferi genotype on the sensitivity of C6 and 2-tier testing in
North American patients with culture-confirmed Lyme disease.
Clin Infect Dis 2008, 47:910–914.

20
41. Strle F, Ruzic-Sabljic E, Cimperman J, et al.: Comparison of
findings for patients with Borrelia garinii and Borrelia afzelii
isolated from cerebrospinal fluid. Clin Infect Dis 2006, 43:704–
710.
42. Wormser GP, Brisson D, Liveris D, et al.: Borrelia burgdorferi
genotype predicts the capacity for hematogenous dissemination
during early Lyme disease. J Infect Dis 2008, 198:1358–1364.
43. Nowakowski J, Schwartz I, Liveris D, et al.: Laboratory
diagnostic techniques for patients with early Lyme disease
associated with erythema migrans: a comparison of different
techniques. Clin Infect Dis 2001, 33:2023–2027.
44. Cerar T, Rusic-Sabljic E, Glinsek U, et al.: Comparison of PCR
methods and culture for the detection of Borrelia spp. in patients
with erythema migrans. Clin Microbiol Infect 2008, 14:653–658.
45. Liveris D, Wang G, Girao G, et al.: Quantitative detection of
Borrelia burgdorferi in 2-millimeter skin samples of erythema
migrans lesions: correlation of results with clinical and laboratory
findings. J Clin Microbiol 2002, 40:1249–1253.
46. Nocton JJ, Dressler F, Rutledge BJ, et al.: Detection of Borrelia
burgdorferi DNA by polymerase chain reaction in synovial fluid
from patients with Lyme arthritis. N Engl J Med 1994, 330:229–
234.
47. Nocton JJ, Bloom BJ, Rutledge BJ, et al.: Detection of Borrelia
burgdorferi DNA by polymerase chain reaction in cerebrospinal
fluid in Lyme neuroborreliosis. J Infect Dis 1996, 174:623–627.
48. Lebech AM, Hansen K, Brandrup F, et al.: Diagnostic value of
PCR for detection of Borrelia burgdorferi DNA in clinical
specimens from patients with erythema migrans and Lyme
neuroborreliosis. Mol Diagn 2000, 5:139–150.
49. Zore A, Ruzic-Sabljic E, Maraspin V, et al.: Sensitivity of culture
and polymerase chain reaction for the etiologic diagnosis of
erythema migrans. Wien Klin Wochenschr 2002, 114:606–609.
50. Bacon RM, Biggerstaff BJ, Schriefer ME, et al.: Serodiagnosis of
Lyme disease by kinetic enzyme-linked immunosorbent assay
using recombinant VlsE1 or peptide antigens of Borrelia burgdorferi compared with 2-tiered testing using whole-cell lysates. J
Infect Dis 2003, 187:1187–1199.
51. Glatz M, Fingerle V, Wilske B, et al.: Immunoblot analysis of the
seroreactivity to recombinant Borrelia burgdorferi sensu lato
antigens, including VlsE, in the long-term course of treated
patients with erythema migrans. Dermatology 2008, 216:93–103.
52. Kalish RA, McHugh G, Granquist, J, et al.: Persistence of
immunoglobulin M or immunoglobulin G antibody responses to
Borrelia burgdorferi 10–20 years after active Lyme disease. Clin
Infect Dis 2001, 33:780–785.

Curr Allergy Asthma Rep (2010) 10:13–20
53. Guidelines for laboratory evaluation in the diagnosis of Lyme
disease. American College of Physicians. Ann Intern Med 1997,
127:1106–1108.
54. Notice to readers: caution regarding testing for Lyme disease.
MMWR CDC Surveill Summ 2005, 54:125.
55. Marques A, Brown MR, Fleisher TA: Natural killer cell counts are
not different between patients with post-Lyme disease syndrome
and controls. Clin Vaccine Immunol 2009, 16:1249–1250.
56. Recommendations for test performance and interpretation from
the Second National Conference on Serologic Diagnosis of Lyme
Disease. MMWR Morb Mortal Wkly Rep 1995, 44:590–591.
57. Liang FT, Steere AC, Marques AR, et al.: Sensitive and specific
serodiagnosis of Lyme disease by enzyme-linked immunosorbent
assay with a peptide based on an immunodominant conserved
region of Borrelia burgdorferi vlsE. J Clin Microbiol 1999,
37:3990–3996.
58. Ledue TB, Collins MF, Young J, Schriefer ME: Evaluation of the
recombinant VlsE-based liaison chemiluminescence immunoassay
for detection of Borrelia burgdorferi and diagnosis of Lyme
disease. Clin Vaccine Immunol 2008, 15:1796–1804.
59. Steere AC, McHugh G, Damle N, Sikand VK: Prospective study
of serologic tests for lyme disease. Clin Infect Dis 2008, 47:188–
195.
60. Blanc F, Jaulhac B, Fleury M, et al.: Relevance of the antibody
index to diagnose Lyme neuroborreliosis among seropositive
patients. Neurology 2007, 69:953–958.
61. Bakken JS, Dumler S: Human granulocytic anaplasmosis. Infect
Dis Clin North Am 2008, 22:433–448, viii.
62. Vannier E, Gewurz BE, Krause PJ: Human babesiosis. Infect Dis
Clin North Am 2008, 22:469–488, viii–ix.
63. Wormser GP, Dattwyler RJ, Shapiro ED, et al.: The clinical
assessment, treatment, and prevention of lyme disease, human
granulocytic anaplasmosis, and babesiosis: clinical practice guidelines by the Infectious Diseases Society of America. Clin Infect
Dis 2006, 43:1089–1134.
64. Masters EJ, Grigery CN, Masters RW: STARI, or Masters disease:
Lone Star tick-vectored Lyme-like illness. Infect Dis Clin North
Am 2008, 22:361–376, viii.
65. Steere AC: Lyme borreliosis in 2005, 30 years after initial
observations in Lyme Connecticut. Wien Klin Wochenschr 2006,
118:625–633.
66. Ball R, Shadomy SV, Meyer A, et al.: HLA type and immune
response to Borrelia burgdorferi outer surface protein A in people
in whom arthritis developed after Lyme disease vaccination.
Arthritis Rheum 2009, 60:1179–1186.

