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Lyme borreliosis is the most common tick-borne disease in the northern
hemisphere. Itis azoonosis caused by several species of Borrelia
burgdorferisensulato and transmitted by the bite of infected ticks of the
Ixodesricinus complex. Lymeborreliosis in North Americaand Europe
differsin certain respects, likely reflecting the different Borrelia species
that cause human disease in these locations. The earliest manifestation
of Lyme borreliosis is the skin lesion erythema migrans, which develops
at the tick bite site, typically 7-14 days after the bite. Some untreated
patients will then (within the first few weeks or months after onset of
the infection) develop additional erythema migrans skin lesions or
other clinical manifestations such as borrelial ymphocytoma, nervous
systeminvolvement or carditis. Several months or even years after
infection onset, Lyme arthritis or acrodermatitis chronica atrophicans
may develop. The diagnosis of typical erythema migrans s clinical,
whereas for all other manifestations the diagnosis is supported via
serological testing. Treatment with an appropriate antibiotic will resultin
resolution of clinical symptoms in most patients; however, some patients
experience prolonged subjective symptoms, which usually improve over
time. Repeated courses of antimicrobials are not beneficial exceptinrare
cases whenthereis objective evidence of treatment failure.
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Introduction

Lymeborreliosisis the most commontick-borne diseaseinthe northern
hemisphere.Itisazoonosis caused by several species of the spirochaete
Borrelia burgdorferisensu lato (Lyme borreliae) and is transmitted by
the bite of infected ticks. The animal reservoirs are mainly small rodents
and birds. This Primer focuses mainly on Europe and the USA, since
there are only very limited published data from other geographical
areas. In the USA, this spirochaetal infection is called Lyme disease,
and was named after the town of Lyme, Connecticut, located in the
geographical area where the disease was first investigated. However,
in Europe, certain clinical manifestations of this infection, such as ery-
themamigrans (EM), were known as clinical entities decades earlier. The
diseasein North Americaand Europe differsin certainrespects, likely
reflecting the different species of Lyme borreliae that cause diseasein
North America compared with Europe’?. In 2021, these spirochaetes
were renamed Borreliella® but this change is controversial*; therefore,
these spirochaetes will still be referred to as Lyme borreliae in this
article.

Lyme borreliosis usually starts with the characteristic EM skin
lesion that develops at the tick bite site, a few days to a few weeks fol-
lowing the bite of an infected tick. Some patients will then develop
manifestations of early disseminated Lyme borreliosis, such as addi-
tional EM skin lesions, borrelial lymphocytoma, carditis or nervous
system involvement, either while the primary EM skin lesion is still
present or after its spontaneous resolution, which may occur after a
few weeks to months. Clinical manifestations of early disseminated
Lyme borreliosis typically occur within the first few months after
onset of theinfection. Late clinical manifestations of Lyme borreliosis
include arthritis and acrodermatitis chronicaatrophicans (ACA), which
may develop several months or even years after onset of infection'*.
Of note, disseminated manifestations may occur without arecognized
EM skinlesion.

This Primer discusses the epidemiology of Lyme borreliosis, the
tick vectors and animal hosts that maintain Lyme borreliae, prevention
strategies, the clinical features, diagnosis, management and outcome
of Lymeborreliosis, and the pathophysiology of the disease, including
theimpact of theimmune responses of the host and the genomic vari-
ability of Lyme borreliae on the course and outcome of the infection.
We also highlight knowledge gaps and propose relevant research and
public health priorities to address these gaps.

Epidemiology

Factors thatinfluence the epidemiology of Lyme borreliosisinclude the
regional clades of Lymeborreliae, the ecology of the vector ticks, and the
human behaviours that increase exposure to ticks. Statistics on Lyme
borreliosis incidence are influenced by surveillance practices, which
vary widely across jurisdictions and time periods, confounding compar-
isons. For example, some countries have active, sentinel-based systems
while others rely on passive reporting; some track a particular disease
manifestation (for example, Lyme neuroborreliosis) while others con-
sider a range of features; some utilize clinician reports while others
rely solely on electronic reporting of positive laboratory results>®.

Tick vector and animal host

Lyme borreliae are transmitted to humans by the bite of tick species
from the Ixodes ricinus complex: in the USA, by Ixodes scapularis and
less often by Ixodes pacificus ticks; in Europe by [. ricinus and Ixodes
persulcatus ticks’ (Fig. 1). Of the >20 genospecies of Lyme borreliae
thus far detectedin nature, the four that most commonly infect humans

are: Borrelia afzelii, Borrelia garinii, Borrelia bavariensis and Borrelia
burgdorferi sensu stricto (hereafter termed B. burgdorferi)® .

I. ricinus complex ticks are hard ticks that predominantly inhabit
temperate and boreal forests. Enzootic maintenance of Lyme borre-
liae depends mainly on horizontal transmission between the juvenile
stages (larvae and nymphs) of the ticks and the reservoir animal hosts.
Larvae hatch uninfected and may then acquire Lymeborreliae through
ablood meal from aninfected animal host. The infected nymphs may
then transmit Lyme borreliae to asusceptible animalhost or toahuman
during their nextblood meal”” (Fig. 2). For the two tick vectors respon-
sible for the largest number of cases of Lyme borreliosis, the average
nymphal tick infection prevalence in areas where Lyme borreliosis
is endemic ranges from 13% to 24% in the eastern USA (/. scapularis)
and is ~10% in Europe (/. ricinus), with a range of 0-50% in individual
studies'". I. persulcatus nymphs rarely bite humans and most disease
is transmitted by adult ticks'.

1. ricinus complex ticks feed on numerous species of mammals,
songbirds and lizards but only a subset, mainly small mammals and
songbirds, serve as reservoirs for Lyme borreliae"”. Some species of
migratory songbirds may also disperse ticks and Lyme borreliae, but
the quantitative contribution of these birds to the dispersal of ticks
and Lyme borreliae is likely geographically variable. While deer are
incompetent hosts for Lyme borreliae, they are the most important
hosts for the adult tick stage, and the increasing abundance and spread
of deer has been associated with the range expansion of vector ticks
and of Lyme borreliosis foci*".

Incidence

Geographical distribution. The geographical distribution of Lyme
borreliosis follows that of the principal tick vectors (Fig. 1). The inci-
dence of Lymeborreliosis varies widely depending on the local ecology.
InNorth America, Lymeborreliosis occurs primarily in the northeast,
mid-Atlanticand upper Midwest regions of the USA and in the adjoin-
ing provinces of Canada, where the northern clade of I. scapularis
(the blacklegged tick) is present’®. In some localities, the reported
incidence can exceed 200 cases per 100,000 population per year®.
Smaller geographical areas of less intense transmission are found in
western coastal regions, where /. pacificusis the tick vector. Although
thedistribution of the blacklegged tick extends throughout the eastern
USA, therisk of disease is lower or absent in the southern USA due to
differencesin the host-seeking behaviour of the southernblacklegged
tick, including its predilection to feed on B. burgdorferi-incompetent
lizard hosts"?°.

Reported cases have increased markedly over time to reach
nearly 90,000 casesinthe USAin 2023 (ref. 6). This increase is influ-
enced by changes in surveillance practices and by the geographi-
cal expansion of /. scapularis and of high incidence areas for Lyme
borreliosis®”. Because surveillance is passive, medically attended
cases may go unreported. An analysis of medical claims data esti-
mated that-476,000 people are treated for Lyme disease annually in
the USA, including patients without infection treated empirically*.
B. burgdorferi causes mostinfectionsin North America, withasecond
genospecies, Borrelia mayonii, causing some infections in the upper
Midwest'****,

In Europe, Lyme borreliosis is caused much more commonly by
B. afzelii and B. garinii/B. bavariensis than by B. burgdorferi'®".
Infection is widespread, but risk is highly variable and depends on
the habitat. Differences in surveillance practices make direct com-
parisons across countries difficult®. In general, the incidence seems
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Fig.1| Geographical distribution of principal tick species that transmit
Lyme borreliae to humans. The approximate geographical distributions of
the principal tick vectors of Lyme borreliosis. The blacklegged tick, Ixodes
scapularis (turquoise), is the primary vector in the eastern USA, while Ixodes
pacificus (yellow), the western blacklegged tick, is the primary vector in the
coastal Pacific states of the USA. Differences in questing behaviour and host

preferences between northern and southern populations of /. scapularis account
for the much lower or absent incidence of Lyme borreliosis in the southern USA.
Ixodesricinus (red), the castor bean or sheep tick, is the main vector in Europe,
while Ixodes persulcatus (blue), the taiga tick, is the primary vector in Eurasia.
Both /. ricinus and I. persulcatus overlap (purple) in eastern Europe and the Baltic
countries™*?%47345-348 Reprinted with permission from ref. 349, CABI.

greatest in northeastern and central Europe and lower in the British
Isles, Spain, and Italy®*”. National or sub-national rates exceeding
100 cases per 100,000 population per year have been reported from
Finland, Estonia, Lithuania, Poland, Czech Repubilic, Slovenia, Swit-
zerland, the Netherlands and Belgium?*?***2, Annual rates ranging
from10to100 per100,000 population have beenreported for Latvia,
Sweden, France, Germany, Scotland and Slovakia, while ratesin Roma-
nia, Bulgaria, Serbia, Ireland and England are generally under 10 per
100,000 population?*,

Although the USA and Europe are best studied, Lyme borreliosis
also occurs in other regions. Based on the distribution of /. persul-
catus ticks, risk for Lyme borreliosis extends eastward from west-
ern Russia through Mongolia to China and Japan®. Reported annual
incidence rates range from 5 to 10 cases per 100,000 population in
western Russia”®, while human infection has been identified through
serological testing in the northern Chinese provinces of Xinjiang,
Gansu, Inner Mongolia, Jinlinand Heilongjiang in particular®®**, where
Ixodes granulatus and Ixodes sinensis have been implicated as vectors™.
Enzootic cycles have been detected in Korea*®, and a small number of
culture-confirmed cases have been reported inJapan and Taiwan*"*%,
Although aLyme-likeillness has occasionally beenreported from other
regions of the world, including Central and South America, India, and
Australia, efforts to isolate Lyme borreliae from clinical specimens
have been unsuccessful, and thus the presence of Lyme borreliosis in
these areas has not been established**¢.

The past century has observed population growth and range
expansion of several /. ricinus complex tick species, as well as an

increase in tick numbers in peri-urban and urban environments. In
both North Americaand Europe, these changes have occurred because
of multiple interacting anthropogenic factors, including changes in
land use, land cover, weather patterns, and wildlife conservation and
management practices”. Future changes, such as decreased precipita-
tion with increasing temperatures, or those regarding changes in the
management of natural resources, could lead to range contraction or
toareduction of suitable tick habitats and animal hosts®.

Age/sex demographics. The age distribution of reported Lyme bor-
reliosis cases varies among countries. In general, abimodal patternis
observed, with one peakinincidence among children <15 years of age
and a second peak among adults aged >50 years®. Women and girls
account for 50-60% of reported cases in several European countries,
while the incidence is higher among men and boys in nearly all age
groups in North America. These patterns likely reflect sex-related
and age-related differences in exposure, care-seeking behaviour and
surveillance practices®***5,

Seasonality. Seasonally, early-stage infections in humans peak in
June—July in North America and in July—August in parts of Europe.
These peaks correlate with the questing (host-seeking behaviour) of
the relevant vector stage most associated with transmission of Lyme
borreliae to humans®?**~', Although subject to local and seasonal vari-
ation, nymphal activity of I. scapularis is generally greatest from May
toJuly, of I. pacificus from April to June®, and of /. ricinus from April to
July®and adult /. persulcatus activity peaks in April-May'®. Compared
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with early-stage infections, cases of later-stage Lyme borreliosis tend
to peak slightly later and show less seasonal fluctuation due to longer
and more variable incubation periods**%0525*,

Risk factors

Where homes areinasuitable habitat for vector ticks, mostinfections
are the result of peri-domestic exposures®. In other areas, infection
is more often associated with recreational activities such as hiking,

camping, hunting and orienteering*®. Occupational risk among for-
estry workers, farmers, linemen and soldiers is well documented®®~.
North Americanstudiesindicate that transmission of B. burgdorferiby
I.scapularisticks requires more than 24 h of tick attachment, supporting
apreventive role for daily tick checks*®*’. However, the same time delay
does not seem to hold for European /. ricinus ticks®®®'. Although the
available dataarerelatively limited, transmission from these ticks may
occurin<24 h (refs.2,60,61). No cases of transfusion-associated Lyme
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Fig.2| Generalized life cycle of Ixodes ricinus complex ticks. The Ixodes ricinus
complex life cycle comprises four life stages (egg, larva, nymph and adult),
where each post-egg stage needs ablood meal to develop into the next stage

or reproduce. Larvae and nymphs feed on many vertebrate species, including
mammals, songbirds and lizards, whereas adults feed on a narrower range of
hosts, most commonly deer. Lyme borreliae are not passed from infected female
ticks to their offspring; thus, the bacteria are maintained in an enzootic cycle
between immature ticks (larvae and nymphs) and reservoir hosts, typically small
mammals and songbirds. Climate has alarge role in the duration of the life cycle,
which commonly takes 2-3 years to complete but may take substantially longer
in higher latitudes. Similarly, the seasonal activity of these ticks is greatest in
spring and early summer and less in fall but varies within and among tick species.
For illustrative purposes, this figure typifies the life cycle of Ixodes scapularis
inthe northeastern USA. Eggs are laid in the late spring; larvae will hatch in
mid-summer and then seek their first host in late summer. Engorged larvae will
detach, drop off the host and moultinto nymphs in the leaf litter. Unfed nymphs

will emerge and quest for their second host the following late spring through
summer, which is therefore the epidemiologically most risky time of the year.
Engorged nymphs will detach, drop off the host and moult into adults in the leaf
litter. Beginning in the fall, to mate and feed, adult ticks will quest for a third host,
most commonly deer. Engorged females will detach from the host and drop into
theleaflitter, where they will overwinter. Adult ticks that are unable to locate
hosts in the fall will also overwinter and resume questing in early spring. Both
fall-fed and spring-fed /. scapularis females will oviposit a single egg mass (up
t01,500-2,000 eggs) in late spring or summer and then die. Larvae hatch from
eggs later in the summer, continuing the cycle. Although both nymphs and adult
females may be infected, because of their small size (about the size of a poppy
seed), their large numbers, and a spring/summer activity period that coincides
withincreased outdoor human activity, nymphs are responsible for most human
infections. Because they are larger (about the size of a sesame seed) and have red
coloration, adult female ticks are easier to notice and remove before the bacteria
canbe transmitted”*.

borreliosis have been documented, and thereis no credible evidence of
transmission through sexual contact, semen, urine or breast milk®>“,

Mechanisms/pathophysiology

The pathogenesis of Lyme borreliosis involves a complex interplay
between Lyme borreliae and the host, resulting in activation of innate
and adaptiveimmuneresponses®*. Lyme borreliae use several strategies
toinfect, disseminate and persistin the vertebrate host®. Following a tick
bite, Lyme borreliae proteins, such as BBK32 as well as REVA, REVB and
BB0347, bind fibronectin and glycosaminoglycans to initiate vascular
attachment, promote migration along endotheliumand facilitate tissue
exit®®. Decorin-binding proteins (DbpA and DbpB) promote binding to
decorin, whichisexpressedin collagen-rich tissues and likely contributes
toLymeborreliae tropismtojoints®. Dissemination and transmigration
throughtissues are further facilitated by the ability of Lymeborreliaeto
recruitand activate host proteases like plasmin and matrix metallopro-
teinases, which degrade extracellular matrix components. Lyme borre-
liae use several strategies to evade the immune system™®, For example,
outer-surface proteins, such ascomplement regulator-acquiring surface
proteins and complement-sensitive protein Z (CspZ), bind to the human
complement regulator Factor H, effectively cloaking the spirochaete
from complement-mediated killing®. The antigenic variation primar-
ilyinthe visE locus resultsina diverse and variable antigenic repertoire
that helps the evasion of antibodies and antibody clearance"*’. The pro-
duction of antioxidant enzymes, such as the manganese-dependent
superoxide dismutase (MnSOD or SodA), counteracts reactive oxygen
speciesthat could cause lipid peroxidation and compromise membrane
integrity®®. Theincorporation of host lipidsinto the spirochaete’s mem-
branes may reduceimmunological recognition by the host®. Collectively,
these factors promote the ability of Lyme borreliae toinfect, disseminate
and, ultimately, persistin untreated vertebrate hosts.

Much of this knowledge was gained from animal models that have
generated a substantial amount of information on how Lyme borreliae
interact with and evade immune responses and thereby persist in reser-
voir hosts®. However, animal models do not reproduce the full spectrum
of clinical features of Lyme borreliosis observed in humans®*. The remain-
derofthissectionfocuses ontheimmune responsestoLymeborreliaeand
howthese responses potentially impact disease presentationinhumans.

Immune responses in Lyme borreliosis
Immune events during infection. The initial human encounter
with Lyme borreliae occurs at the tick-bite site in the skin. The innate

immune systemin skin, composed of macrophages, Langerhans cells
and neutrophils, serves as the first line of defence by recognizing
multiple Lyme borreliae lipoproteins via Toll-like receptor 1(TLR1) and
TLR2 (refs. 69-71), flagellar proteins via TLRS (ref. 72), nucleic acids via
TLR7, TLR8and TLR9 (refs. 73-75), and peptidoglycans viaintracellular
NOD1and NOD2 receptors®*”, This facilitates phagocytosis, antigen
presentation, and robust production of pro-inflammatory cytokines
and chemokines, leading to recruitment and activation of adaptive
immune cells to sites of infection***””. The inflammatory immune
responses are further bolstered by activation of resident stromal cells,
including dermal fibroblasts and endothelial cells, that sense and
respond to Lyme borreliae”®°. In humans, the relatively broad-range
immune responses to spirochaetes result in the production of awide
range of cytokines and chemokines, including TNF, IL-6, CCL2 and
CXCLS8, which are important in the early innate immune responses,
IFNy and IFNy-inducible chemokines®, which orchestrate T helper 1
(Ty1) responses, and IL-17 and IL-23, which promote T,,17 responses®* %4,
Elevated levels of these inflammatory mediators are apparent in skin
and blood within days of the onset of EM skin lesions®***°. However,
antibody reactivity to Lyme borreliae is slower to develop, requir-
ing several weeks. This delayed antibody response poses diagnostic
challenges during the first weeks of infection®. As the B cell response
matures, robust antibody reactivity is observed against an expanded
array of borrelia outer surface proteins. These elevated antibody
resposes are thought to have an important role in controlling the
infection and contribute to high seropositivity in patients at the late
stage of infection’®¥,

From the inoculation site in the skin, borreliae may disseminate
throughblood and lymphatics, and possibly along the nerve canal, to
other organ tissues**°°, Lymphatic spread is thought to contribute to
early dissemination without immediately triggering strong systemic
inflammation, giving Lyme borreliae time to adapt. Once Lyme bor-
reliae cross into the bloodstream, the pathogen gains access to other
areasof the skinorto distant non-skinsites, suchasjoints, heartand the
nervous system, where they can persist for months to years. However,
dissemination seems to be a transient process, and spirochaetes do
not appear to multiply to large numbers or survive long-term in the
systemic circulation. As the disease progresses, immune responses
becomeincreasingly localized totissues, suchasjoints or cerebrospinal
fluid (CSF), with little other systemic involvement’*>. However, Lyme
borreliae are rarely detected by either PCR or culture in CSF and very
rarely by culture in synovial fluid.
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Although the host immune response contributes to protection
against Lymeborreliae, timely resolution of infection generally requires
appropriate antibiotic therapy®®. Without antibiotic therapy, Lyme
borreliae may persist in tissues for months to years. For example,
Lyme borreliae have been isolated from the skin of patients with ACA
more than a decade after the presumed initial infection and despite
the presence of an expanded anti-borrelia antibody response’”*. By
contrast, particularly in Europe, a substantial proportion of Lyme
borreliae infections are asymptomatic’?, a phenomenon that is likely
largely attributable to an effective hostimmune response.

Immune response in disease pathogenesis. Because Lyme bor-
reliae do not produce any known toxins, the clinical signs and symp-
toms of infection are largely attributed to the hostimmune response.
Agrowing number of studies have also linked variationin theimmune
response with the clinical heterogeneity of the disease"*> %7, For
example, in patients with EM, high levels of inflammatory mediators
inblood, including IL-6, IFNy, CXCL9 and CXCL10, are associated with
a greater number of systemic symptoms®* (Figs. 3 and 4). In patients
with Lyme neuroborreliosis, high levels of inflammatory mediatorsin
CSF, particularly those related to activation and recruitment of T,,1,
T,17 and B cells, including CXCL13, are associated with painful menin-
goradiculoneuritis, termed Bannwarth syndrome (nervous system
impairment characterized by severe pain due to inflammation of the
nerveroots), and a higher frequency of constitutional symptoms®*”%,
Similarly, high levels of these mediators in joint fluid are associated
with persistent synovitis despite antibiotic therapy, a condition now
referred to as post-infectious Lyme arthritis””**?*'°°, Thus, certain
clinical manifestations and the duration of illness seem to be largely
shaped by the hostimmune response to Lyme borreliae.

There is also increasing evidence that inappropriate, sustained
immune activation contributes to long-term sequelae after antibiotic
therapy for Lyme borreliosis. Although persistent infection is often
proposed as an explanation for lingering symptoms, microbiological

Borrelia genospecices variation

Infection —————> Immune response ——————— [ IEEEEEETT R GG )

Host individual variation

Time to diagnosis and treatment

Fig.3|Factors affecting disease outcome. The clinical presentation of Lyme
borreliosis is primarily due to the hostimmune response to Lyme borreliae;
Lyme borreliae are not known to express toxins. Robust multi-pronginnate

and adaptive immune responses are already observed within days to weeks of
infection onset and may be associated with culture-negative results indicative
of Lyme borreliae killing. However, heightened immune responses also correlate
with greater symptomatology. Moreover, sustained elevated immune responses
have been associated with unfavourable long-term outcomes in some patients.
Asis the case for many infections, both microbial and host factors are thought to
contribute to these responses. In addition, timely diagnosis and treatment are the
major determinants of the clinical course and outcome of Lyme borreliosis®*.

measures of infectionin the post-antibiotic period have been negative
for almost all patients'® %, and six double-blind, placebo-controlled
treatment trialsin Europe and the USA have not shown arisk-to-bene-
fit ratio that favours antibiotic retreatment'®*°%, Of note, longi-
tudinal studies of patients followed from initial infection into the
post-antibiotic period have linked immunological or metabolic abnor-
malities with persistent symptoms after various manifestations of
Lyme borreliosis®* 5799100109711 In particular, several studies dem-
onstrated heightened levels of inflammatory cytokines, including
IFNa, and IL-17A and IL-23, which are associated with T,17 responses,
inpatients with persistent symptoms following Lyme neuroborreliosis
or EM91,9S,109,111,112‘

The reasons for immune dysregulation are not well understood
and are likely multifactorial. One hypothesis is that retained spiro-
chaetal antigens, such as the Lyme borreliae peptidoglycan, continue
to triggerimmune activation’®””*, Another hypothesis is that asubset
of patientsis (genetically) predisposed to aberrantimmune responses
that persist even after resolution of infection. This is illustrated in
patients with post-infectious Lyme arthritis, in whom sustained lev-
els of Tyl and T,17 mediators months after antibiotic therapy cor-
relate strongly with autoreactive T cell and B cell responses and joint
pathology’”#8+114-122_Co]lectively, several studies suggest that dys-
regulated immune responses triggered early in the infection may
contribute to more severe disease, including persistent symptoms in
the post-treatment period.

Microbial genetic variation in Lyme borreliosis

Clinical heterogeneity in Lyme borreliosis is also linked to genetic
differences in the infecting strain of Lyme borreliae. The most com-
pelling evidence comes from studies of Lyme borreliae species recov-
ered from European patients with various presentations of Lyme
borreliosis. These studies demonstrated that B. afzelii is the species
most commonly associated with skin manifestations, B. garinii and
B. bavariensis with nervous system involvement>**>*"2¢ (Fig. 5), and
B. burgdorferiwith arthritis'’®’. Inaddition to tissue tropism, differences
in symptomatology have also been observed. Namely, infection with
B. burgdorferiis associated with a more symptomatic early infection
inthe USA than infection with either B. afzelii, B. garinii or B. burgdor-
feriin Europe''* ™, B. mayonii potentially reaches higher levels of
spirochaetaemia and can present with diffuse rashes due to multiple
very small EM skin lesions®.

These differences in virulence are likely due to a combination of
factors, including variations in adhesion proteins and tissue tropism,
the ability to establishiinfectionin various organs, and the capacity to
elicit hostimmune responses. Efforts to understand microbial factors
in Lyme borreliosis pathogenesis have focused on mechanistic stud-
ies in vitro and in animal models, particularly laboratory mice, using
afew genetically manipulatable laboratory strains of B. burgdorferi
(forexample, B31and 297). These studies have yielded relevant infor-
mation ongenes thatinfluence B. burgdorferiinfectivity and/or tissue
tropism, including DbpA™, outer surface protein C (OspC)*?, BBK32,
BBA33, BBO74 (refs. 133-136), and complement regulators such as
complementregulator-acquiring surface proteins and Erps'"*°. Nev-
ertheless, the commonly used B. burgdorferistrains used in such stud-
ies do not represent the full Lyme borreliae heterogeneity in human
disease, and laboratory mice recapitulate only certain aspects of Lyme
borreliosis (for example, arthritis). Consequently, it has not been
possible to link mechanistic insights from these models to disease
in patients>*°*2, Advances in genotyping through whole-genome
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Fig. 4 |Pathogenesis of Lyme borreliosis. Immune
response to Lyme borreliae: theinnate immune
systemin the skin serves as the first line of defence
against Lyme borreliae by recognizing multiple
Lyme borreliae lipoproteins (via Toll-like receptor 1
(TLR1) and TLR2), flagellar proteins (via TLRS present
on the cell surface ofimmune cells), nucleic acids
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of patients within days of infection. Although humoral
immunity is slow to develop, antibody reactivity

to numerous borrelial outer-surface proteinsis
observed within a few weeks and is thought to be
importantin controlling the infection. Adapted from
ref.1, Springer Nature Limited.
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sequencing will help to facilitate microbial genetic association studies
toidentify Lyme borreliae genetic elements linked to virulence, tissue
tropism and particular clinical manifestations'>'*,
TheLymeborreliae genome hasaunique architecture that affects
the organism’s virulence. In the B. burgdorferiB31reference strain, ~40%
of its genetic content is located on 12 linear and 9 circular plasmids.
Plasmids encode several surface lipoproteins with tissue-adhesive and
immunomodaulatory functions’'**, including a system for antigenic
variation of animmunodominant surface lipoprotein, vIsE'*. In addi-
tion, plasmids undergo recombination, leading to genetic exchanges'**.
Because of their homology, plasmids have been difficult to characterize
with next-generation short-read sequencing platforms because they
do not readily distinguish diverse and homologous regions®'>247148,
Long-read sequencing technologies, along with open source bioin-
formatics tools, have enabled the systematic annotation of plasmid
diversity across different strains of Lyme borreliae; effortsto correlate

microbial genetic diversity with clinical symptoms have begun to
provideinsightsinto the genes associated with virulence'. Systematic
association studies with thousands of isolates spanning the diver-
sity of Lyme borreliosis clinical manifestations, as well as the genetic
diversity of genospecies that cause Lyme borreliosis, are now needed.
Such studies have the potential to reveal the specific microbial genes
and allelic variants that underlie microbial genetic contributions to
Lymeborreliosis, uncovering new aspects of spirochaete biology and
disease pathogenesis.

Host genetics in Lyme borreliosis

Most host genetic associations in Lyme borreliosis to date involve
variations in genes with immune function. The first evidence for this
was the association of persistent post-infectious Lyme arthritis with
certain HLA-DR alleles, namely DR4 and DR2 (refs. 149,150). HLA-DR
molecules have acentral role inantigen presentation and are associated
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Fig. 5| Genetic differences in Lyme borreliae and clinical heterogeneity in
Lyme borreliosis. a, Distribution of Lyme borreliae species recovered from
patients with different manifestations of Lyme borreliosis in Europe. Lyme
borreliae were obtained from skin biopsy specimens from European patients with
erythemamigrans (n = 979) or acrodermatitis chronica atrophicans (n =193),
cerebrospinal fluid (CSF) from patients with Lyme neuroborreliosis (n = 75) and
synovial fluid (SF) DNA from patients with Lyme arthritis (n = 73). The data shown
are the percentages of Lyme borreliae species for each clinical manifestation.
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Borrelia garinii and Borrelia bavariensis are combined as most studies did not
differentiate between the two species. Data fromrefs. 2,94,123-125,127,184-186.
b, Differences in presentation of early Lyme borreliosis between European and
North American patients. Comparison of the presence of systemic symptomsin
420 patients with erythema migrans in Europe and the USA according to the type
of infecting Lyme borreliae'”” shows that infection with Borrelia burgdorferiin
North Americais associated with more symptomatic illness than infection with
Borrelia afzelii, B. garinii/B. bavariensis, or B. burgdorferiin Europe.

with a high risk of several inflammatory and autoimmune conditions,
including rheumatoid arthritis. Mutations in other innate immune
genes, including the TLR1, a major sensor for B. burgdorferi, and the
LCE3 gene family, which have defensin-like properties, were found tobe
associated with excessive inflammatory responses and agreater risk of
developing post-infectious Lyme arthritis’*'°°. In addition, mutations
includinginthe secretoglobulin gene SCGBID2 (refs.151,152) and in the
KCTD20 and ETV7 loci**? have been linked to increased susceptibility
to developing Lyme borreliosis. These findings in humans have been
corroborated by elucidation of multiple risk loci that regulateimmune
responses and arthritis severity ininfected mice'>>. Collectively, these
findings suggest that host genetic variation may impact not only the
susceptibility to developing Lyme borreliosis but also shape the clini-
cal course and severity of disease, presumably by modulating host
immune responses to infection. A more complete understanding of
the microbial and host determinants of virulence and immunogenicity
islikely tousherinanew era of knowledge with potential implications
for diagnosis, management, and treatment of Lyme borreliosis.

Diagnosis, screening and prevention

Lyme borreliosis begins withinfection of the skin at the site of the tick
bite, usually presenting as a single EM skin lesion"* From the initial
site, Lyme borreliae can disseminate to other body sites through soft
tissues and lymphatic and circulatory systems within days to weeks.
Although EM will completely resolve without antibiotic treatment,
untreated patients may go onto develop later objective manifestations
such as lymphocytoma, neuroborreliosis, carditis, arthritis and/or
ACA. Clinically, Lymeborreliosis is categorized as early localized, early
disseminated and late stages (Fig. 6), although manifestations can over-
lap and not all stages will necessarily develop in an individual patient.
Differences in the infecting Lyme borreliae species and in virulence

within the same species influence dissemination and tissue tropism,
factors that lead to variations in clinical features®'*. Early diagnosis
and antibiotic treatment of Lyme borreliosis can prevent development
or progression of the disease.

Clinical manifestations
Erythema migrans. EM is the most common clinical manifestation
of Lyme borreliosis in both the USA and Europe, occurring in >280% of
patients®. Most EM cases occur from June through August. Of impor-
tance, patients are often not aware of a preceding tick bite. EM starts
as a small macule or papule that appears at the tick bite site, usually
7-14 days later, and enlarges over several days to weeks. Initially, EM
lesions are typically a round or oval, homogeneous erythematous
patch (Fig.7a,b,c,f,g). Asthelesion grows, it can develop aring-like or
target-like appearance with central clearing. Despite these stereotypi-
cal characteristics, lesions may vary in their appearance. Sometimes,
the central part of an EM skin lesion is darker, a central papuleis often
present, and occasionally lesions may contain scale or central vesicu-
lation. While mild local symptoms, such as itching, burning or pain,
may occur at the EM site, lesions are often asymptomatic. Associated
systemic symptoms may include fatigue, headache, neck pain, fever,
musculoskeletal pain and regional lymphadenopathy"*'**. Within days
toweeks, haematogenous dissemination from the initial site canlead to
multiple secondary EM lesions (Fig. 7d,e). These lesions resemble the
initial primarylesionbut are typically smaller. For early detection of EM,
acomplete skin examination is essential since the patient may be una-
ware of an EM skin lesion. EM lesions in dark-skinned persons (Fig. 7¢c)
can be more difficult to recognize as the colour contrast between the
erythematous areas and normal skin is less noticeable™®.

In North America, patients presenting with EM lesions have a
shorter incubation period, faster lesion expansion and less central
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clearing compared with EM skin lesions in Europe. Patients withEM in
North America are also more likely to have systemic symptoms, mul-
tiple skinlesions, and regional lymphadenopathy and are less likely to
recallatick bite at the site of the skin lesion (25% versus 60%)21>>157160,
B. mayonii infection, which thus far has only been detected in the
upper Midwest USA, can cause numerous small erythematous macu-
larlesions®.In Europe, EM caused by B. garinii spreads faster and more
often haslocal symptoms than EM caused by B. afzelii'®°. A non-specific
febrileillness duringlate spring and summer without an EM skin lesion
canbetheinitial presentation of up to 18% of patients diagnosed with
Lyme borreliosis in the USA'"12,

Borrelial lymphocytoma. Borrelial lymphocytoma (Fig. 7h) is an
uncommon, early localized cutaneous manifestation only observed
in Europe, as it is mainly caused by B. afzelii. It appears as a single
bluish-red nodule or plaque, up to a few centimetres in size, often
found alongside an EM skinlesion. It occurs more frequently in children
thanin adults'®. In adults, these lesions commonly involve the breast
nipple and areola, while they often appear on the earlobe in children.
About 50% of patients report a tick bite near or at the site of the lym-
phocytoma. Without antibiotic treatment, this skin manifestation may

persist for several months to a year'®,

Early Lyme neuroborreliosis. Early Lyme neuroborreliosis occurs in
~10% of Lyme borreliosis cases™'**. The most common manifestations
are cranial neuropathy (particularly a peripheral facial nerve palsy),
lymphocytic meningitis and painful radiculitis, each of which canoccur

Days/weeks Weeks/months

-4 Early localized

e Single erythema migrans
e Borrelial lymphocytoma (Europe)

Tick bite

Fig. 6 | Clinical manifestations of Lyme borreliosis. Lyme borreliosis is
categorized into early localized, early disseminated and late stages, although
manifestations can overlap. The infection starts at the tick bite site, presenting
as an erythema migrans skin lesion. From the initial skin site, Lyme borreliae
candisseminate to other skin and extracutaneous sites within days to weeks.
Borrelial lymphocytomais an uncommon, early localized manifestation most
often observed in children that appears as a single bluish-red nodule usually
ontheearlobe. Early disseminated manifestations include multiple erythema
migrans skin lesions, early Lyme neuroborreliosis and Lyme carditis, usually
occurring within1-2 months after infection. Multiple erythema migrans skin
lesions resemble the initial primary lesion but are usually smaller in size and do
not have a punctum (because a punctum only occurs at the tick bite site).

Early Lyme neuroborreliosis typically presents with cranial neuropathy

Early disseminated

o Multiple erythema migrans
e Early lyme neuroborreliosis
o Lyme carditis

individually or together. In adult patients with Lyme neuroborrelio-
sis acquired in Europe, where most cases are caused by B. garinii and
B. bavariensis'*'*'*°, Lyme neuroborreliosis most frequently presents
asapainfulmeningoradiculoneuritis that typically worsens at night and
does notrespond well to analgesics. Lyme neuroborreliosis presenting
withradiculopathy is ofteninitially misdiagnosed”°. In the USA, periph-
eral facial palsy is the most common clinical manifestation, with fewer
patients presenting with severe radicular pain**"*, Up to 30% of patients
with Lyme neuroborreliosis with facial palsy present with bilateral nerve
involvement. Lyme meningitis typically has a subacute onset, beginning
with a mild headache and minimal or absent neck stiffness. Less com-
monly, patients with Lyme neuroborreliosis may also develop multifocal
polyneuritis, including brachial and lumbosacral plexopathies, and
acute mononeuritis that may involve multiple nerves®™ 66721 Rarely,
patients may present with cerebral vasculitis and/or stroke or a disease
resembling Guillain-Barré syndrome'> ™",

Children with Lyme neuroborreliosis usually present with acute
peripheral facial palsy and CSF lymphocytic pleocytosis”>"7*"7%, Clini-
cal predictors of Lyme meningitis versus viral meningitis in children
include duration of headache >7 days, papilloedema, the presence
ofaconcomitantsixth or seventh cranial nerve palsy, and a proportion of
mononuclear cellsin CSF of 270%"°. Pseudotumour cerebriis an unusual
presentation of Lymeborreliosis that occurs predominantly in children”s,

Lyme carditis. Lyme carditis occurs in up to 2% of patients with early
disseminated disease and is ~1.75 times more common in men*®,
Lyme carditis usually presents as a fluctuating acute atrioventricular

Months/years

Late disease

o Lyme arthritis
o Acrodermatitis chronica atrophicans (Europe)
e Late Lyme neuroborreliosis (rare)

(especially peripheral facial nerve palsy), lymphocytic meningitis and/or
painful radiculopathy. Lyme carditis most commonly presents with fluctuating
acute atrioventricular block. Late-stage manifestations occur months after

the initial infection. Lyme arthritis is the most common late manifestation in

the USA. Lyme arthritis presents with intermittent or persistent joint swelling
and pain affecting large joints, particularly the knee. Acrodermatitis chronica
atrophicans, the most common late manifestation in Europe, is characterized by
reddish-blue discoloration and swelling of the skin, usually on the distal parts of
the extremities, that slowly expand and progress to an atrophic stage. Borrelial
lymphocytoma and acrodermatitis chronica atrophicans are manifestations

of Lyme borreliosis that only occur in Europe. Late Lyme neuroborreliosis
presenting with encephalitis, myelitis or encephalomyelitis has been reported
in Europe butis very rarein the USA.
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Fig.7 | Dermatological manifestations of Lyme borreliosis. Solitary erythema
migrans skin lesions in patients in the USA (parts aand b) and Europe (parts f
and g). Erythema migrans lesion in a patient from the Caribbean who acquired
theinfection in Westchester County, New York, USA (part ¢). Multiple erythema

migrans in patientsin the USA (parts d and e). Borrelial ymphocytoma on the ear
helix (part h), acrodermatitis chronica atrophicans on the dorsal side of the right
hand (parti). Part creprinted with permission from ref. 350, Elsevier.

block. Other manifestations, such as myocarditis, pericarditis and car-
diomegaly, can occur. Signs and symptoms may include palpitations,
syncope, dyspnoea, oedema, lightheadedness and chest pain. Lyme
carditis can occur together with EM as well as with early Lyme neurob-
orreliosis. Even without antibiotic treatment, cardiac abnormalities
usually resolve within 1-2 weeks'®’. There is no association between
seropositivity for Lymeborreliae and heart failure',

Lyme arthritis. Lyme arthritis occurs most commonly with B. burg-
dorferiinfection®™'"8371% and is therefore more common in the USA
than elsewhere.Inthe USA, itis the most common late manifestation of
Lyme borreliosis, occurring in~60% of untreated patients withEM at a
mean of 6 months after onset of the skin lesion'¥”. Patients experience
intermittent or persistent episodes of joint swelling involving one or
afew large joints, especially the knee'*®. Children in the USA can have
anacute presentation of Lyme arthritis that resembles septic arthritis,
presenting with fever, joint pain and effusion, and inability to bear
weight on the limb with the affected joint. Lyme arthritis can present
at any time of the year, is more common among men and can be the
only recognized manifestation of Lyme borreliosis'®’.

Acrodermatitis chronica atrophicans. ACA, primarily caused by
B. afzeliiinfection, isacommon late manifestationin Europe. Patients
with ACA are more often women (approximately two-thirds of all
patients with ACA) and older in age (typically >50 years)®*. The initial
oedematous stage appears asareddish-blue discoloration and swelling
oftheskin (Fig.7i), which slowly enlarges and mostly involves the distal
extensor parts of the extremities. If untreated, ACA may progress to
the atrophic stage, with loss of body hair, connective tissue and fatty
tissue, leading to thinning and wrinkling of the skin at the involved site.

Juxta-articular fibrous nodules and swelling of joints on the involved
extremity can also occur. A peripheral neuropathy is frequently asso-
ciated with long-standing ACA. The median duration of ACA before
diagnosis hasbeenreported to be 12 months®™.

Late Lyme neuroborreliosis. Late Lyme neuroborreliosis, presenting
as encephalitis, myelitis or encephalomyelitis, is observed uncom-
monly in Europe (4% of Lyme neuroborreliosis cases) and is extremely
rare in the USA'**"?, The association of two other neurological syn-
dromes attributed to Lyme borreliosis has been debated in the USA.
The first is a mild encephalopathy with memory and concentration
complaints but without CSF abnormalities or microbiological evi-
dence of Lyme borreliae infection in the central nervous system'°.
The second is a primarily axonal and chronic symmetric distal sensory
neuropathy™''%,

Coinfections

The Ixodesticks that transmit Lyme borreliae to humans also transmit
other human pathogenic bacteria, viruses and parasites. In the USA,
l.scapularisis also the vector for Anaplasma phagocytophilum (anaplas-
mosis), Babesia microti (babesiosis), Borrelia miyamotoi (B. miyamotoi
disease), Ehrlichia muris eauclairensis (ehrlichiosis) and Powassan
virus (Powassan virus disease/encephalitis)'**. A. phagocytophilum
and B. microtiare the most frequent coinfections in patients with Lyme
borreliosisinthe USA'. In Europe, I. ricinus also transmits tick-borne
encephalitis virus, A. phagocytophilum, Rickettsia species, Neoehrlichia
mikurensis, B.miyamotoi and Babesia protozoans. Tick-borne encepha-
litis virus is the most common coinfection in endemic areas in Europe'®.
Emerginginfectionswithnovelviruseshave beenreported fromEurasia,
including Alongshan virus, Beiji nairovirus, Songling virus, Jingmen
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tick virus and Yezo virus”’ %, These potential coinfections typically
cause a non-specific febrile illness with malaise, myalgia, headache
and anorexia. High fever, leukopenia, neutropenia, thrombocytopenia
or anaemia are uncommon in Lyme borreliosis and, if present, might
indicate an alternative diagnosis or a coinfection. More data on the
impact of coinfections on the diagnosis and disease course of Lyme
borreliosis are needed.

Southern tick-associated rashillness. Southern tick-associated rash
illness (STARI) is a skin lesion that resembles EM, associated with the
bite of the Amblyomma americanum tick, also known as the lone star
tick?°°2%%, The cause of STARI and the natural history of the illness are
unknown. A. americanum, the most common human biting tick in the
southeastern USA, is an aggressive species’® and its range is steadily
expanding northward, overlapping /. scapularis areas. Distinguishing
betweenSTARIand EMinthese areas is difficult, unless thetick has been
identified”° . While STARI and EM have different serum metabolic
profiles?”, there are no available tests to diagnose STARI. STARI does
notoccurinEurope, asA. americanumis not found in that geographical
area. However, cases of a tick-associated rash illness associated with
bites of Amblyomma testudinariumhave beenreported fromJapan®**,
STARIisasubstantial problem complicating Lyme borreliosis diagnosis
in the USA, impacting the evaluation of the sensitivity of laboratory
tests for diagnosing early Lyme borreliosis and the evaluation of the
efficacy of Lyme borreliosis vaccines.

Laboratory testing

Because direct methods of detection of Lyme borreliae have limited
sensitivity onmost clinical samples, laboratory tests for Lyme borrelio-
sis primarily detect antibodies to the bacteria. However, detection of

Lymeborreliae DNA by PCR can be avaluable supplement to serology
incertain cases, especially for testing of synovial fluid samples if Lyme
arthritis is suspected, skin biopsy samples in cases of suspected ACA
or atypical cases of EM, and, possibly, CSF in unusual cases of Lyme
neuroborreliosis. However, owing to the low sensitivity of PCRin CSF,
anegative result would not exclude the diagnosis. Recommended
approaches®?2 to support the diagnosis of different manifestations
of Lyme borreliosis are shown on Table 1. Patients with EM should be
diagnosed and treated based on clinical presentation alone.

Serology. Modern commercial tests based on recombinant borrelial
antigens or onsynthetic peptides generally show high analytic sensitiv-
ity and specificity****'. The diagnostic sensitivity of antibody-based
assays increases with duration of infection?®?%*?2, with low sensitivity
in patients with an EM skin lesion and high sensitivity in both Lyme
arthritisand ACA.

To improve the specificity of serological testing, a two-tier
approach is often applied. The standard algorithm typically uses an
enzyme immunoassay to screen for IgM and/or IgG antibodies as the
first-tier test, followed by a confirmatory immunoblot if the first-tier
test is positive or equivocal®®*%??222 In the USA, criteria for interpreta-
tion ofimmunoblots have been established by the Centers for Disease
Control and Prevention’*, whereas no general criteria have been for-
mulated in Europe, probably due to the presence of several different
species of Lyme borreliae causing disease’”. The IgM immunoblot
resultisonly applicable for patients with anillness duration of <30 days.
A modified algorithm using two first-tier tests, ideally with different
antigenic constituents, can be used either in parallel or sequentially®®**,
This modified two-tier testing algorithm has higher sensitivity in early
Lyme borreliosis, while maintaining high specificity’*®, and can be used

Table 1| Diagnostic strategy for different clinical manifestations of Lyme borreliosis

Manifestation Diagnostic strategy Serology

Other tests

Erythema migrans
(single and multiple)

Clinical presentation

For atypical presentations, antibody testing
on an acute phase sample; if negative, retest

PCR for Lyme borreliae on skin biopsy samples can be helpful
in atypical cases

in 2-6 weeks
Borrelial Clinical presentation with Serological testing is usually positive at Histopathology and PCR for Lyme borreliae on skin biopsy
lymphocytoma serological testing presentation; if negative, retest in 2-6 weeks samples can be helpful
Early LNB Clinical presentation with Serological tests are usually positive at CSF lymphocytic pleocytosis and/or evidence of intrathecal

serological testing

CSF examination is
necessary for diagnosis in
Europe and recommended
for consideration in the USA
Skin examination for
erythema migrans

determined

presentation; if negative, retest in 2-6 weeks

In Europe, Lyme borreliae-specific
CSF/serum-antibody index should be

antibody production against Lyme borreliae corroborate the
diagnosis but may be negative in very early LNB

CSF CXCL13 levels are elevated

PCR for Lyme borreliae in CSF has very low sensitivity but
may be helpfulin very early LNB, unusual cases and in
immunosuppressed individuals with impaired antibody
production

Clinical presentation with
serological testing

Skin examination for
erythema migrans

Lyme carditis

Serological tests are usually positive at
presentation; if negative, retest in 2-6 weeks

None

Lyme arthritis Clinical presentation with

serological testing

Serological testing is positive at presentation,
with high levels of specific IgG antibodies

PCR in synovial fluid has moderate-to-high sensitivity
(40-96%) and can be helpful to establish the diagnosis
of Lyme arthritis; by contrast, borrelial antibody testing
of synovial fluid is not useful or recommended

Acrodermatitis
chronica
atrophicans

Clinical presentation with
serological testing

Histopathology

Serological testing is positive at presentation,
with high levels of specific IgG antibodies

PCR for Lyme borreliae in skin samples can be helpful
(sensitivity ~30-40%)

For further information, see refs. 217-219. CSF, cerebrospinal fluid; LNB, Lyme neuroborreliosis.
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inboth the USA and Europe®”, but the increased sensitivity is still not
sufficient for reliably diagnosing EM8¢226:225,

The diagnosis of Lyme borreliosis cannot be based on serologi-
cal laboratory testing alone, and serological testing should only be
performed whenthereis clinical suspicion of Lyme borreliosis. Assays
must have high specificity, as most testing is being performed in situ-
ations with a low pretest probability of Lyme borreliosis, increasing
the chance of false-positive results®**??>?*5?* Non-specific antibody
cross-reactivity due to other infections or autoimmune diseases occurs
and can cause false-positive Lyme serological test results, particularly
with IgM-based tests®??$>*°, Persistence of IgM reactivity without sub-
sequent development of IgG reactivity in untreated patients with symp-
toms for longer than 4-6 weeks makes Lyme borreliosis unlikely”®. The
use of non-validated tests or non-validated interpretation criteria is
not recommended.

Serological assays have important limitations that must be con-
sidered when interpreting the test results. Current antibody-based
assays do not distinguish between active and past Lyme borreliae
infections; antibodies, including IgM, can persist for many years after
successful antibiotic therapy*. Repeat testing is not recommended
asfollow-up after antibiotic treatment®***, In highly endemic regions,
the background seroprevalence rate, whichis between 2% and 20% in
Europe®®**>**put often less than 2% in the USA****, needs to be con-
sidered when interpreting serological test results. Detected antibodies
may also be from previous asymptomatic exposure to Lyme borreliae
with subsequent seroconversion®*®, Asymptomatic seroconversion
is rare in the USA, occurring in <7% of cases?****°, By contrast, ~-60%
of infections in Europe result in asymptomatic seroconversion?*,

Intrathecal production of antibodies against B. burgdorferi sensu
lato. Investigation of possible Lyme neuroborreliosis with CSF analysis,
including CSF leukocyte count and testing for intrathecal production
of Lyme borreliae-specific antibodies, is the mainstay of laboratory
diagnosisin Europe®” and is also recommended in the USA”®. To dem-
onstrate intrathecal antibody production, a Lyme borreliae-specific
antibody index is calculated using both CSF and serum to correct for
passive diffusion of antibodies across the blood-brain barrier. Inter-
pretation of results depends on the specific assay******. In Europe, the
sensitivity of the antibody index is <80% during the first 2 weeks of
neurological symptoms, increasing to 90-100% in cases with longer
symptom duration®?. In some patients, antibodies are detected in CSF
earlier thanin serum, possibly due to the sensitivity of the assay used
and the algorithm used to define seropositivity'*******8, Importantly,
apositive CSF antibody index may persist for several months to years
after adequate treatment®***°>*°_ Thereis limited research on the use
of the antibody index to diagnose Lyme neuroborreliosis and there is
nostandardization of assays and methods between laboratoriesin the
USA; however, a positive CSF antibody index seems to be less common
inthe USA thanin Europe®**'2%,

PCR and culture. The sensitivity of PCR to detect Lyme borreliae
DNA varies depending on the type of sample assessed and on the
assay methodology. Sensitivity of PCR testing is low in CSF?" during
Lyme neuroborreliosis (5-30%) but is much higher in synovial fluid
samples of patients with Lyme arthritis (40-96%) and on skin biopsy
samples in suspected cases of EM (30-89%) and ACA (20-100%)>*.
Itis possible to culture Lyme borreliae from clinical specimens, espe-
cially from skin biopsies taken from EM or ACA skin lesions; how-
ever, the sensitivity of culture from blood, CSF and synovial fluid for

extracutaneous manifestations is very low. Because performing a
culture is time-consuming and requires special culture medium and
expertise, its use is mostly restricted to research studies™®.

Other diagnostic modalities. Althoughin clinical practice histopatho-
logical findings are — in general — not important for the diagnosis of
EM, they may be valuable in patients with suspected borrelial lympho-
cytoma located outside of the earlobe to exclude neoplasia and are a
part of the diagnostic algorithm for those with suspected ACA.

In patients with Lyme borreliosis, routine laboratory blood tests
aretypically inthe normal range. However, an elevated erythrocyte sed-
imentationrate, increased liver enzyme levels, and/or lymphopeniacan
occur, although more commonly in patientsin North America*">%,

Synovial fluid in patients with Lyme arthritis shows leukocytosis
withaneutrophil predominance. By contrast, inLyme neuroborreliosis,
CSF pleocytosis is predominantly due to the presence of lymphocytes,
and most patients also have an elevated CSF protein level with evidence
of oligoclonal IgG bands*”. The B cell-attractant chemokine CXCL13 s
elevated in the CSF of most patients with Lyme neuroborreliosis and
decreases faster thaneither cell count or antibody index after antibiotic
treatment®°, However, moderately to highly elevated levels of CXCL13
in CSF are not specific for Lyme neuroborreliosis and can be found in
other neuroinflammatory conditions such as multiple sclerosis, central
nervous system lymphoma and viral meningitis>®.

Screening and prevention

There are norecommended screening strategies for Lyme borreliosis.
Preventive measuresinclude avoiding tick exposure by limiting outdoor
activities in tick-infested locations, using tick repellents, tucking in
clothingto decrease exposed skin surfaces, bathing or showering within
2 hafter work or recreationin atick habitat, and frequent skin inspec-
tions for early detection and removal of ticks*®*”. Use of acaricides on
property and construction of deer fences have also been proposed®.
A phase I study of TP-05, an oral preparation of the isoxazoline drug
lotilaner, has been completed in humansin the USA and was reported
to kill most attached /. scapularis ticks within 24 h of attachment®®,

Antibiotic prophylaxis with single-dose doxycycline given within
72 hafter arecognized /. scapularistick bite hasbeen shown to be 87%
effective in reducing the risk of acquiring Lyme borreliosis from that
tick bite in the USA**°. A single dose of doxycycline can be offered to
adult patients and to childrenin the USA when: (1) the attached tick is
an adult or nymphal Ixodes species tick estimated to be attached for
>36 h based on the degree of tick engorgement or time of exposure;
(2) prophylaxis can be started within 72 h from tick removal; (3) eco-
logicalinformationindicates tick infection rates with B. burgdorferi of
>20%; and (4) doxycycline is not contraindicated”®. For patients who
do not fulfil all these criteria, observation is recommended. A similar
single-dose doxycycline prophylaxis study conducted in the Nether-
lands showed a relative risk reduction for prevention of Lyme borre-
liosis of 67%*°. However, inmost European countries, the principle of
‘watch and wait’ is recommended for Ixodes tick bites”.

Vaccines. OspA is expressed by Lyme borreliae during the tick phase
and downregulated in the vertebrate host*®°. Circulating anti-OspA
antibodiesinvaccinated hosts ingested by the tick during feeding will
bind tospirochaetesin the tick midgut, preventing transmission to the
host**"*%?, The efficacy of OspA-based vaccines correlates with high
anti-OspA antibody levels*****, Vaccination with amulti-dose regimen
of a single recombinant OspA preparation was found to be safe and
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effective for preventing Lyme borreliosis in the USA, but this vaccine
has not been available since 2002 (ref. 265). VLA1S5 is a multivalent
OspA vaccine that covers the additional Lyme borreliae types present
in Europe. Results of the phase l and Il studies have found VLA15 to be
safe, well-tolerated and immunogenic** >, Two phase lll clinical trials
of VLA15 have completed enrolment””. Regimens include four doses,
at -0, 2, 6 and 18 months, with the third and fourth doses given just
before the start of tick season. Results from these trials are expected
to be available soon. Pre-exposure prophylaxis using an anti-OspA
monoclonal antibody prevented transmission of B. burgdorferiin
animal models*> The results of a phase | human clinical trial for this
monoclonal antibody have not yet been reported. Canine vaccines for
the prevention of Lyme borreliosis are available, effective and widely
used inboth North America and Europe?”.

Management

General approaches and basic principles

for antibiotic treatment

Treatmentwith anappropriate antibiotic (Table 2) should resultin both
microbiological cure and resolution of the clinical symptoms in most
patients”®, Nevertheless, some patients have residual tissue or organ
damage that occurred during the infection prior to antibiotic treatment
(forexample, aresidual facial palsy or skin atrophy in patients with ACA)
or the result of inflammatory processes that began during the course
of the infection but then continued independently of the presence of
the causative agent (for example, post-infectious Lyme arthritis). The
success of antibiotic treatmentin symptomresolutionisinfluenced by
the duration of inflammation before antibiotic treatment, the type of
tissue affected and any residual tissue damage’””. Early manifestations
of Lymeborreliosis should be treated promptly to shorten the duration
ofiliness and to prevent the development of later manifestations®****”,

Results of testing in vitro have shown that Lyme borreliae are
susceptible to most penicillins, many second-generation and
third-generation cephalosporins, tetracyclines, and certain mac-
rolides; conversely, they are resistant to specific fluoroquinolones,
rifampin and first-generation cephalosporins?®?'°?®, Available evi-
dence suggests that acquired antibiotic resistance does not represent
asubstantial clinical problem?#2%27¢,

The shortest duration of effective treatment for patients with
Lyme borreliosis has never been systematically evaluated for any
antimicrobial agent. However, based on clinical trial data, patients
with early Lyme borreliosis manifested by EM are usually effectively
treated with 10 days of doxycycline”’?%, In a European study, a 7-day
course of doxycycline was shown to be non-inferior to a14-day course
of doxycycline for patients with a single EM skin lesion®”’. Alternative
antibiotic treatments for patients with EM typically include amoxicil-
lin (14 days), cefuroxime axetil (14 days) or phenoxymethylpenicil-
lin (10-14 days). By contrast, for patients with late Lyme borreliosis
manifested by Lyme arthritis, a 4-week course of an appropriate oral
antibiotic is recommended as the initial treatment****, and for the
late skin manifestation, ACA, a 3-4-week course of an appropriate oral
antibiotic is recommended?.

Treatment of Lyme borreliosis manifestations
Recommendations for antibiotic treatment of the most common
clinical manifestations of Lyme borreliosis are shown in Table 3.

Erythema migrans. For treatment of patients with EM, doxycycline,
amoxicillin and cefuroxime axetil are each highly effective and are the

preferred agents in the USA”; in Europe, in addition to these agents,
phenoxymethylpenicillinis recommended for treatment of EM?as well
asforborrelial lymphocytoma'® in some of the guidelines. Macrolides,
suchasazithromycin, are considered somewhat less effective and are

therefore recommended as a second-line therapy"*%*",

Lyme neuroborreliosis. Early Lyme neuroborreliosis is usually
treated with a 14-21-day course of oral doxycycline or, alternatively,
with intravenous administration of ceftriaxone or another recom-
mended parenterally administered -lactam antibiotic. Studies con-
ducted in Europe have demonstrated that oral doxycycline is equally
as effective as intravenous ceftriaxone for treatment of early Lyme
neuroborreliosis'*”?°?% However, in patients with parenchymal
involvement of the brain or spinal cord (typically observed only with
late Lyme neuroborreliosis), intravenous ceftriaxone is currently

recommended, rather than oral doxycycline®,

Lyme carditis. Hospitalization for continuous cardiac monitoring is
recommended for patients with Lyme carditis who have electrocardio-
gramabnormalities such as PR prolongation of >300 ms, second-degree
or third-degree heart block, or severe arrhythmias, as well as for
patients with other clinical manifestations of myopericarditis*®. Tem-
porary cardiac pacing should be used for symptomatic patients with
bradycardiathat cannot be managed medically. Hospitalized patients
with Lyme carditis are treated with intravenous ceftriaxone. When clini-
calimprovement occurs, the patient may be switched to an appropri-
ate oral antibiotic, such as doxycycline, to complete a 14-21-day total
course of treatment. Outpatients with Lyme carditis are treated with
al4-21-day course of an appropriate oral antibiotic”®.

Lyme arthritis. A 28-day course of oral antibiotic therapy is usually
effective for treating patients with Lyme arthritis. However, patients
whose arthritis has improved but not resolved may be retreated with

Table 2 | Antibiotics recommended for the treatment
of patients with Lyme borreliosis

Route of Preference

administration

Drug

Oral Preferred antibiotics Doxycycline?
Amoxicillin
Cefuroxime axetil
Phenoxymethylpenicillin®
Alternative antibiotics Azithromycin®
Parenteral Preferred antibiotic Ceftriaxone
Alternative antibiotics Cefotaxime
Penicillin G

For further information, see refs. 218,344. *Tetracyclines are relatively contraindicated in
pregnant women (previously listed as pregnancy category D). In most circumstances,

oral B-lactam antibiotics are preferred for the treatment of children <8 years of age. Short
courses of doxycycline are less likely to cause dental staining than earlier tetracycline
antibiotics in children <8 years of age and may be considered for treatment of young children
with neurological involvement, 3-lactam antibiotic allergy or possible coinfection with
microbial agents sensitive only to doxycycline. "/Recommended for the treatment of skin
manifestations of Lyme borreliosis in Europe. Ranges in the dosages recommended vary
somewhat in different European countries. “Owing to lower efficacy compared with other
antibiotics in one study conducted in the USA, azithromycin is reserved for patients who are
unable to take or who are intolerant to doxycycline, amoxicillin or cefuroxime axetil (and
phenoxymethylpenicillin in Europe). Patients treated with azithromycin should be closely
followed to ensure resolution of the clinical manifestations.
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Table 3 | Recommended therapy for individual
manifestations of Lyme borreliosis

Manifestation Antibiotic Duration of antibiotic
therapy
Erythema migrans Oral regimen®® 10 days for doxycycline;

14 days for amoxicillin

or cefuroxime axetil,

or 10-14 days for
phenoxymethylpenicillin

Borrelial lymphocytoma

Oral regimen®?

14 days for all regimens

Early extracutaneous disease

Meningitis or
meningoradiculoneuritis®

Oral regimen with
doxycycline® or
parenteral regimen?®

14-21days for all regimens

Cranial nerve palsy®®

Oral regimen with
doxycycline®

14-21days

Cardiac disease

Oral regimen®®

14-21 days for all regimens

Parenteral regimen®®

14-21 days for all regimens

Late disease

Arthritis

Oral regimen®f

28 days for all regimens

Recurrent arthritis after
oral regimen

Oral regimen®f

28 days for all regimens

Parenteral regimen
with ceftriaxone®f

14 days

Post-infectious Lyme
arthritis’

See therapies listed
in the footnote’

Not applicable

Encephalitis, myelitis or

Parenteral regimen?®

14-28 days for all

encephalomyelitis regimens
Acrodermatitis chronica  Oral regimen® 21-28 days for all
atrophicans regimens
Post-treatment Assess for alternative  Not applicable

Lyme disease
symptoms/syndrome

explanations for the
symptoms; if none

identified, proceed
with symptomatic
therapy

For further information, see refs. 218,344. Complete response to treatment might be

delayed beyond the treatment duration, and relapse can occur. Patients with objective

signs of relapse may benefit from a second course of antibiotic treatment. °See Table 2.

®For adult patients who are intolerant of amoxicillin, doxycycline, cefuroxime axetil and
phenoxymethylpenicillin, azithromycin can be prescribed (Table 2). °Data from European
studies of early Lyme neuroborreliosis indicate that oral doxycycline and parenteral 3-lactam
antibiotic therapy are equally effective in Lyme meningitis, although similar studies have not
been conducted in the USA. However, if there is also evidence of parenchymal involvement of
the brain or spinal cord, then a 14-28-day course of parenteral 3-lactam therapy is preferred
over doxycycline. YSystematic studies of oral antibiotic therapy for patients with cranial nerve
palsy have only evaluated doxycycline in patients with seventh cranial nerve palsy. Whether
oral antibiotic therapy would be as effective for patients with other cranial neuropathies

is unknown. ®Parenteral antibiotic therapy is recommended at the initiation of therapy for
hospitalized patients; an oral regimen can be substituted to complete a course of antibiotic
therapy or to initiate treatment of ambulatory patients. A temporary pacemaker may be
required for patients with advanced heart block. Initial antibiotic treatment for Lyme arthritis
is a 28-day course of either doxycycline, amoxicillin or cefuroxime axetil for adults and either
amoxicillin or cefuroxime axetil for children <8 years of age. NSAIDs are often prescribed
concomitantly. For patients who do not respond adequately to this therapy, subsequent
treatment is less-well defined with several options, including repeating a 28-day course of an
oral antibiotic or treating with a 14-day course of ceftriaxone (range 14-28 days). Patients with
persistent synovitis despite repeated antibiotic treatment can be managed with NSAIDs and
disease-modifying antirheumatic drugs. Synovectomy can be considered in refractory cases.
Consultation with a rheumatologist is recommended.

a second 28-day course of an oral antibiotic. Patients without any
improvement from the initial treatment with an oral antibiotic may
instead be retreated with at least a 14-day course of ceftriaxone’",

However, recommendations on antibioticretreatment are largely based
onexpert consensusrather than high-quality evidence. NSAIDs may be
administered with antibiotic therapy. NSAIDs may also be useful fol-
lowing antibiotic therapy, since persistence of mild jointinflammation
immediately following antibiotic therapy is found in ~25% of patients
with Lyme arthritis®®*®%, For patients with Lyme arthritis of the knee,
physical therapy may be needed if quadriceps atrophy has developed'.
Inpatients not responding to NSAIDs disease-modifying antirheumatic
drugs, such as methotrexate, may be given for 6-12monthsand are usu-
ally effective. Alternatively, for non-responding patients, arthroscopic
synovectomy is an option’?,

Acrodermatitis chronica atrophicans. Patients with ACA are typically
treated with oral antibiotics for 21-28 days”®*’. Oedematous skin
changes usually disappear within the first few weeks after beginning
antibiotic treatment, although atrophic skin changes are typically
irreversible®.

Treatment in special populations

Pregnancy. Although miscarriage and stillbirth in pregnant women
with Lymeborreliosis have beenrarely reported, a causal relationship
has not been established”’ >, Pregnant women who develop Lyme bor-
reliosis have generally had good outcomesif they receive appropriate
antimicrobial therapy®>**>. Antibiotic treatment of Lyme borreliosis in
pregnant women is the same as for non-pregnant patientsin the USA,
except that doxycycline is not recommended as first-line therapy®.
By contrast, some authorities in Europe instead recommend intrave-
nous ceftriaxone for treatment of all manifestations of Lyme borreliosis
during pregnancy, including EM*%*2,

Children. Approaches to treating children with Lyme borreliosis are
similar to those for adults™®; however, in most circumstances, a child
<8 years of age is treated with recommended oral 3-lactam antibiot-
ics, and a patient =8 years of age is treated with oral doxycycline. On
average, the recovery rate is faster in children, and the proportion of
children with non-specific symptoms after treatment is lower thanin
adults™*#82832942% Short courses of doxycycline are much less likely
to cause dental staining than earlier tetracycline antibioticsin children
<8years of age, and treatment with doxycycline may be considered in
young children withneurologicalinvolvement, drugallergy or possible
coinfection with infectious agents sensitive to doxycycline*®.

Immunocompromised patients. The choice of antibiotic, the dosages
and duration of treatment for a single EM skin lesion inimmunocom-
promised patients are generally the same as for immunocompetent
patients®**?%, Likely, the same is also true for disseminated Lyme
borreliosis such as for patients with multiple EM skin lesions or with
Lyme neuroborreliosis. Close follow-up is desirable for patients with
Lymeborreliosis who have an underlying haematological malignancy.
Inpublished case series,immunocompromised patients with EM more
frequently developed signs of disseminated Lyme borreliosis and
required antibiotic retreatment than immunocompetent patients
with EM, matched for sex, age and antibiotic treatment. However, the
outcome was excellent in both groups?*”.

Quality of life

Death due to Lyme borreliosis is extremely rare and occurs primar-
ily among patients with cardiac involvement'®°?°°3°°_ Unconven-
tional treatments for ‘chronic Lyme disease” have also been linked to
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mortality®>*' %%, Despite these rare fatal outcomes, life expectancy
for patients with Lyme borreliosis is comparable with that of the gen-
eral population®”, and seropositive individuals without a clinical Lyme
borreliosis history do not experience more health problems than seron-
egative populations®*®. However, some patients with Lyme borreliosis
may experienceimpaired quality of life (QOL), mainly due to symptoms
from untreated infection, although some may experience symptoms
that persist after antibiotic treatment (Box 1).

Typically, signs and symptoms of Lyme borreliosis diminish and
resolve during or within days to months following antibiotic therapy.
Recoveryis generally slower for patients with late manifestations than
for those with early disease'*>'**?’8, While most patients fully recover,
a subset continues to experience persistent symptoms, potentially
affecting QOL. Objective physical sequelae, such as persistent facial
palsy following Lyme neuroborreliosis, post-infectious Lyme arthritis,
neurological deficits post-encephalomyelitis, and skin atrophy due
to ACA, may occur but are relatively uncommon. More commonly,
patients may report non-specific symptoms, including fatigue, mus-
culoskeletal pain and cognitive difficulties'®*'***”® without objective
findings on physical examination.

Studiesindicate that 0-27% of patients treated for EM and 10-20%
of patients treated for Lyme neuroborreliosis experience symptoms
for atleast 6-24 months after antibiotic treatment'*>>516%277279287307315
One European study reported that 15% of patients with Lyme neurob-
orreliosis had residual complaints affecting daily life, and 78% had
some remaining symptoms 12 months after doxycycline treatment'*é,
Individual studies using the Short Form Health Survey (SF-36) have
documented reduced QOL across multiple domains compared with
the general population®¢~'*, Reduced work capacity has also been
reported in patients with Lyme borreliosis®™.

Predictors of poor QOL include delayed antibiotic treatment, per-
sistent complaints at 3 months post-treatment'*>*'¢, patient expecta-
tions regarding treatment, pre-existing anxiety and depression, poorer
social and physical functioning, and prior cognitive impairment or
chronic pain. Both fatigue and reduced QOL generally improve over
time***7320_ A prospective study showed that QOL scores increased
tojust above the USA national average after 3 years, regardless of Lyme
borreliosis stage or severity at diagnosis®®. Similar long-termimprove-
ments were observed in patients with EM evaluated at a median of
16 years after diagnosis®”.

Non-specific symptoms, such as fatigue, pain and sleep distur-
bances, are commonin the general population and may be unexplained
or caused by various conditions. Several prospective studies comparing
patients with Lyme borreliosis to controls have found similar symptoms
among both groups'©*?7827931031 'However, a large European study
reported persistent symptoms at 1 year in 27% of patients with Lyme
borreliosis, 23% of people with only tick bites, and 21% of the general
population, for an excess of 4-6% of patients with symptoms attribut-
able to Lyme borreliosis®”. Although the difference was statistically
significant, the Lyme borreliosis diagnosis was only a moderate pre-
dictor of persistent symptoms; main predictors included poor physi-
cal and social functioning, anxiety, depression, maladaptive illness
perceptions, and comorbidities*”. Female sex and history of traumatic
life events have been independently associated with post-treatment
Lyme disease syndrome®”. Conversely, higher functioning and posi-
tive expectations before treatment correlated with better symptom
improvement'®**?, Inan analysis based on >140,000 insurance claims
inthe USA, about 46% of Lyme borreliosis cases versus 41% of controls
had one or more diagnosis codes associated with pain, fatigue, or

cognitive symptoms in the year following treatment. The excess cod-
ing decreased from 2.5% at 2 months to 0.5% at 6 months and 1% at
12 months. Pain-associated codes were similar between patients and
controls by 6 months. Fatigue-associated codes remained slightly
elevated (-1%) by 12 months. Cognitive-associated codes were rare in
both groups®”.

Patients with Lymeborreliosis with persistent, unexplained symp-
toms after antibiotic therapy are often diagnosed with post-treatment
Lyme disease symptoms or post-treatment Lyme disease syndrome, the
latter term applied when the symptoms substantially reduce function-
ality””. The underlying causes remain unclear, butincreasing evidence
suggeststhat unbalanced and sustained immune activation contributes
to these sequelae. Microbiological studies have consistently failed to
detect ongoing Lyme borreliae infection or coinfections transmitted
by Ixodes ticks in these patients®**. Furthermore, retreatment with
prolonged antibiotics hasshown no clear benefit and carries risks that
often outweigh any marginal improvements'** 10821,

Public fear of Lyme borreliosis causing severe brain and organ
damage and reduced QOL has led to widespread non-scientific diag-
nostics and non-evidence-based treatment guidelines®*>. To further
complicate the situation, the poorly defined term chronic Lyme disease
hasbeenintroduced and widely used. Itis often applied to patients with
persistent pain, neurocognitive complaints, or fatigue despite lacking
objective clinical or serological evidence of Lyme borreliae infection.
Referral centre studies show that 60-91% of patients evaluated for
Lymeborreliosis do not have activeinfection, and alternative diagnoses
are found in up to 79% of cases®*>*'. Chronic Lyme disease is increas-
ingly recognized as acomplex syndrome often involving misdiagnosis
and unproven, potentially harmful long-term multidrug treatments,
delaying correct diagnosis and appropriate care.

Patients with reduced QOL and persistent symptoms after Lyme
borreliosis treatment should be offered counselling to help manage
their symptoms. Studies show that when patient complaints are taken
seriously and patients receive a detailed and comprehensive evalu-
ation, they avoid prolonged insecurity and anxiety. Providing clear

Box 1| Patient experience

| often do garden work among bushes and thickets, so tick bites are
common. When | find one attached, | remove it and check for some
days for a red ring to see if | need medical attention. This Easter, |
removed a few ticks and saw no signs of infection.

In early May, | developed pain in my lower back, which later
spread to the front of my thighs. The doctor suspected sciatica and
prescribed painkillers, advising physiotherapy. The physiotherapist
ruled out a herniated disc and treated me for muscular issues.
Massage and light exercises helped a little.

Over the next weeks, the pain worsened, especially at night,
affecting my back, legs and feet. | couldn't train or run. Painkillers
didn't help me sleep, and by mid-June, my arms also hurt severely.
After ruling out blood clots, the doctor suspected something
rheumatic, but tests were negative. | mentioned ticks, and a blood
test indicated Lyme borreliosis. | started antibiotics, and the worst
pain eased, but my shoulders were weak. At the hospital, tests
confirmed neuroborreliosis with shoulder paresis. Recovery is slow;
7 months later, | still struggle to lift my arms, but | hope to fully
recover over time.
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Box 2 | Knowledge gaps and priorities

Prevention and public health
¢ Improvement and harmonization of Lyme borreliosis surveillance
practices across different geographical jurisdictions to inform
case burden and spread
o Assessment of the efficacy of personal protection measures for
the prevention of tick bites and on how to increase their adoption
by the public
Determination of the minimum time required for transmission of
European Lyme borreliae to humans following tick attachment
e Development of point-of-care technical aides for tick identification
and measurement of tick engorgement levels
Studies to test whether a very short course of amoxicillin or other
antibiotics is comparable to single-dose doxycycline for the
prophylactic treatment of tick bites
Vaccines against Lyme borreliosis
¢ Development of an anti-tick vaccine and continuing studies on
the use of certain oral acaricides to interrupt tick feeding and
pathogen transmission in humans

Mechanisms

¢ Understanding the microbial and host determinants of the clinical
presentation of Lyme borreliosis

e Understanding the pathogenesis of post-treatment Lyme disease
symptoms/syndrome

e Explanation for a dysregulated immune response to infection in
some patients with Lyme borreliosis

¢ Elucidation of the host immune mechanisms that shape Lyme
borreliae persistence (or clearance) in reservoir animals and
in patients

Clinical (course and outcome)

e Adding knowledge on the comparative frequency, course and
outcome of the main clinical manifestations of Lyme borreliosis in
different endemic geographical regions

e Further data on the course and outcome of Lyme borreliosis
in immunocompromised patients, in pregnant patients, and in
patients with Lyme borreliosis and coinfections

explanations helps them cope®'. Amultidisciplinary approach in spe-

cialized clinics oftenidentifies alternative diagnoses such as cancer or
autoimmune diseases like multiple sclerosis®****,

Outlook

Lymeborreliosisis the most common tick-borne disease in the Northern
Hemisphere. Despite awareness and numerous studies focused on this
disease for nearly 50 years, many uncertainties remain regarding its
diagnosis, treatment and prevention. These gaps should serve as an
incentive for, and help to guide, appropriate basic, translational and
clinical research (Box 2).

Improvements in Lyme borreliosis surveillance practices, with
harmonization across different geographical jurisdictions, are needed
to accurately quantify the public health burden associated with
the disease.

Controlling Lyme borreliosis involves four main strategies: man-
aging landscapes, managing wildlife hosts, using environmental

¢ Adding information on reinfections with Lyme borreliae

e Research on the impact of coinfections on the diagnosis and
disease course of Lyme borreliosis

e Finding the cause of tick-associated rash illnesses

Diagnostics

e Rapid and accurate diagnostic tests for Lyme borreliosis

e Development of diagnostic tests that can discriminate between
active infection versus previous Lyme borreliae infection or
exposure

o Assessment and standardization of Lyme neuroborreliosis
diagnostic criteria across North America and Europe, including
intrathecal antibody index determinations and the value of
cerebrospinal fluid CXCL13 in diagnosis and monitoring of the
therapeutic response

o Studies to find biomarkers for the simple assessment of
therapeutic response

e Studies to find biomarkers to predict post-treatment
Lyme disease symptoms or syndrome and to discriminate
between diverse causes of symptoms after treatment of Lyme
borreliosis

Treatment

e Studies of shorter-course antibiotic regimens as non-inferior
options to currently recommended courses

e Assessment of the therapeutic equivalence of oral and
intravenous treatment of North American adult and paediatric
patients with Lyme neuroborreliosis

e Studies comparing treatment with a second course of oral
versus intravenous antibiotic therapy in patients with synovitis
who do not respond to the initial 28-day course of oral antibiotic
therapy

e Comparative studies to determine the optimal duration of therapy
for borrelial lymphocytoma

o Comparative studies to determine the efficacy of different
antibiotics and durations of treatment for acrodermatitis chronica
atrophicans

insecticides and biological controls, and using personal protection
measures. More research is needed to evaluate the effectiveness of
combining multiple strategies for tick control and protection methods.
Post-exposure antibiotic prophylaxis after a tick bite could be further
refined by point-of-caretools that would help withtick identificationand
estimates of tickengorgement. Inthe case of abite froma fully engorged
tick, development of Lyme borreliosis is far more probable than with a
tick thatisnewly attached. A vaccine to protect against Lyme borreliosis
isunder study and may be available soon in both the USA and Europe.

The development of diagnostic tests that could discriminate
between active infection and past exposure and be used to monitor
response to treatment would be amajor advanceinthefield, as would
bearapid and accurate point-of-care test, which could be particularly
usefulin evaluating patients with early disseminated Lyme borreliosis
aswell as children with arthritis.

Interms of treatment, studies aimed at demonstrating that shorter
courses of antibiotics are as effective as currently recommended
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longer courses may lead to fewer adverse effects, less disruption of
the microbiome, lower healthcare costs, and more sustainable use
of antibiotics from an environmental and antimicrobial resistance
perspective. As all evidence of equivalent outcome when compar-
ing oral doxycycline with intravenous ceftriaxone for neurological
Lyme borreliosis comes from European studies, comparative stud-
ies of North American adult and paediatric patients are needed.
For patients with Lyme arthritis who have persistent synovitis after
aninitial course of oral antibiotic therapy, studies comparingintrave-
nous antibiotic treatment to a second course of oral antibiotics would
be helpful. Similarly needed are studies comparing the efficacy of
different antibiotic regimens for the treatment of ACA and borrelial
lymphocytoma.

Theunderlying mechanisms of symptoms after treatment of Lyme
borreliosis are likely to be diverse, witha combination of factors predis-
posing and perpetuating symptomsinindividual patients. Biomarkers
are needed to distinguish between different subgroups of patients,
enabling interventional research studies and personalized care for
those experiencing prolonged symptoms. High-quality research is
needed to understand and assist the large and varied group of individu-
als diagnosed with chronic Lyme disease.

Lastly, combating pseudoscience and false informationinanera
where unvetted online information abounds, and many people use
social media as a primary information source, isamajor challenge for
today’ssociety. The need to deliver accurate, evidence-based informa-
tionis a critical issue in safeguarding the integrity of medical science
and patient care.

Published online: 26 March 2026
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