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Abstract: Lyme disease is a highly prevalent tick-borne infection caused by Borrelia burgdorferi spirochetes in
North America and Eurasia. Diagnosis of the early disease remains difficult with the currently approved
serological tests in the absence of noticeable tick bite or erythema migrans due to presentation of non-specific
symptoms and the absence of antibodies early in infection. Furthermore, it is difficult to distinguish persistence
of disease and reinfection in the endemic regions. If not treated early, infection spreads throughout the body
and affects most organs with disease manifestations including arthritis, musculoskeletal pain, neuroborreliosis
and acrodermatitis chronicum atrophicans. Although most patients recover after antibiotic treatment, ~10-12%
of show recurrence of symptoms known as post-treatment Lyme disease syndrome (PTLDS). Various causes
of PTLDS are not well-defined; however, the spirochete persisters, antigenic debris, dysregulation of
immunological response in individuals or a combination of these factors are proposed to result in continuation
of Lyme disease manifestations. Based on these considerations, this review highlights currently employed
treatment approaches with antimicrobials and vaccines being tried for prevention of B. burgdorferi infection.
We also summarize combinatorial approaches that could be employed to alleviate symptoms to improve the
quality of life of the individuals suffering from long Lyme disease.

Keywords: lyme disease; Borrelia burgdorferi; treatment; antimicrobials; post-treatment lyme disease
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INTRODUCTION

Lyme disease is the most common vector borne disease, especially in the United States and
Europe. It is caused by a spirochete group, Borrelia burgdorferi sensu lato, and approximately half a
million cases per year are reported just in the United States [1]. The incidence of Lyme disease is on
the rise due to a combination of factors like increased habitat range of the main vectors, Ixodes
scapularis tick in the USA and I pacificus in Europe, intersection of human domiciles with tick or
animal host and extended seasonal activity caused by climate change, amongst others [2]. The
average cost for addressing this disease to the US economy is estimated to be $3 billion in direct cost
with even greater losses owing to the lost work hours [3].

Broad spectrum antibiotics such as amoxicillin, ceftriaxone, cefuroxime axetil and doxycycline
are often used prophylactically for treatment of early to late Lyme disease at present, but this
sometimes results in considerable adverse effects in patients due to the disruption of host microbiome
and the selection for resistance in off-target bacteria [4,5]. Moreover, there remains concern among
some scientists and researchers that some of these antibiotics do not fully eliminate B. burgdorferi
infections [6-9]. The most concerning fact is that ~10-12% of the infected individuals treated with
antibiotics show recrudescence of symptoms referred to as post-treatment Lyme disease syndrome
(PTLDS), thus revealing the unmet need for the development of therapeutic agents against potential
persistent forms of B. burgdorferi and to diminish the persistent subjective symptoms. In addition,
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prominent surface antigen(s) as vaccine are currently in the clinical trials to prevent B. burgdorferi
infection. For instance the vaccine candidate VLA15 has shown great promise in the second clinical
trial phase [10,11] . We review here the current treatment approaches used and potential perspectives
for developing combination of existing or novel antimicrobials with alternative treatment approaches
to alleviate suffering of patients with long Lyme disease.

I. Treatment Recommendation for Lyme disease

Lyme disease presents a significant health concern globally, particularly in the endemic regions
of Europe and North America where infected ticks are prevalent. As the leading tick-borne illness
and the fastest-growing vector-borne disease in the United States, Lyme disease poses a substantial
burden on public health systems and individuals in the endemic regions. It has been noted that all
the 50 states of USA have B. burgdorferi-carrying ticks [12], which are maintained in nature by mice,
deer, rabbits, squirrels as well as affect pet dogs and cats. Despite increased awareness and efforts to
control tick populations, the incidence of Lyme disease continues to increase, necessitating effective
treatment strategies to mitigate its impact on humans and pets. Failure to promptly administer
treatment usually results in disseminated infection to various organs and the onset of severe and
persistent complications [13,14]. Various studies have indicated that a prolonged duration between
symptom initiation and therapeutic intervention, i.e., time-to-treatment correlates with long-term
unfavorable outcomes in Lyme disease patients [15-18].

A. Prevention, diagnosis and treatment for acute Lyme disease

Following exposure to an infected tick, Lyme disease symptoms appear within a few days to
weeks. There are some symptoms which are associated with this stage, although all individuals may
not experience the early signs [19]. The primary symptom of acute Lyme disease is frequently a
unique rash known as erythema migrans. This rash commonly emerges at the position of tick bite
and gradually expands over time, often resembling a bull's-eye; however, every infected person does
not develop erythema migrans lesion. Other symptoms commonly associated with acute Lyme
disease include non-specific flu-like symptoms, including chills, fever, fatigue, muscle and joint
discomfort, headache, and swollen lymph nodes. Some individuals may also face neurological
symptoms like meningitis, facial paralysis, or nerve pain radiating from the spine. Rarely, acute Lyme
disease can lead to heart-related symptoms such as palpitations, chest pain, or heart block [20]. Acute
Lyme disease is usually diagnosed depending upon clinical symptoms and a history of probable tick
exposure. United States Food and Drug Administration (FDA) has approved a two serological test
regime that consist of immunoassays (EIA) using two enzyme, that can be run in sequence or
simultaneously [21] or Western blot test after EIA to identify antibodies against B. burgdorferi [22-
24].

1. Post-exposure prophylaxis following tick bite and erythema migrans detection

The risk of contracting B. burgdorferi and other tick-borne pathogens can be reduced in most
effective way by taking steps to prevent tick exposure [25]. This can be accomplished by conducting
daily tick checks, wearing protective clothing, using tick repellents, and quickly removing any ticks
observed on the body [26]. The routine use of serologic testing or antimicrobial prophylaxis after a
tick bite is not worthwhile for preventing Lyme disease. However, under specific conditions, it might
be appropriate to consider administering a single dose of doxycycline, particularly when the local
infection rate with B. burgdorferi is higher than 20% and the tick has remained attached to skin for
more than 36 hours. In such cases, treatment should be initiated within 72 hours of tick removal.
Prophylaxis after I. pacificus bite is generally unnecessary unless higher infection rates are
documented [27]. Detection by the healthcare providers proficient in identifying ticks, especially
engorged ones, can be helpful. Individuals who have removed ticks should be monitored for up to
30 days for signs of tickborne diseases and are recommended to seek medical attention [28-30].
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Rebman and coworkers studied the time to treatment effective in early Lyme disease [31]. They
divided the patients into two groups. The 1st group included the participants who displayed
erythema migrans and the 27 group of patients who initially experienced flu like symptoms.
Multivariate analyses revealed a significant reduction (22%) in treatment initiation time for erythema
migrans participants than those participants who had reported to experience various subjective
symptoms initially. This study suggests that preliminary presentation of symptoms significantly
affects time-to-treatment in early Lyme disease [31]. Overall, timely diagnosis and appropriate
treatment plays a main role in preventing the progression to advanced stages of the Lyme disease
[32]. Patients who receive timely and suitable antibiotic therapy in the early phases generally
experience fast and complete recovery. The treatment regimens outlined in Table 1 are designed
specifically for managing the acute Lyme disease; however, modifications to these protocols might
be needed depending on factors like medical history, age, underlying health conditions, susceptibility
to various allergies or pregnancy [30,33].

Adults with erythema migrans of early Lyme disease are usually treated with a 14-day regimen
of either amoxicillin (500 mg three times daily), doxycycline (100 mg twice daily), or cefuroxime axetil
(500 mg twice daily). The treatment duration may range from 14 to 21 days for amoxicillin or
cefuroxime axetil and 10 to 21 days for doxycycline. These antibiotics have shown significant
effectiveness in managing erythema migrans and its related symptoms in numerous studies
[30,34,35]. Doxycycline is effective but not advised for children under 8 years of age, in pregnant
women and during lactation. For these individuals the recommended antibiotics include cefuroxime
axetil or amoxicillin.

Table 1. Recommended antimicrobial regimens for treating patients with Lyme disease.

Dosage for Dosage for Duration
D Ref
8 adults Children (Days) elerenices
. 4.4 mg/kg per day
. 100 mg, twice per e .
Doxycycline day orally orally, divided into ~ 10-14 [30,33,35-42]
2 doses
500 mg, three 50 mg/kg per day
Amoxicillin ~ times per day orally, divided into 14 [30,33,34,36,40,41,43]
orally 3 doses
. 30 mg/kg per day
t
Cefuroxime 500 mg, twice per orally, divided into 14 [30,34,40,43-45]
day orally 5 doses

The efficacy of doxycycline as treatment was reported in a study involving 607 participants, with
93% of them receiving doxycycline in courses lasting 11, 11-15, or 16 days. Less than 1% of patients
experienced treatment failure, and over half of the cases were due to reinfection [36]. Doxycycline als
has rare but possible side effects, including esophageal perforation, photosensitivity and
pseudotumor cerebri [46]. A study comparing the effectiveness of doxycycline and cefuroxime in
treating adult patients with erythema migrans found that 45 out of 51 patients receiving doxycycline
and 51 out of 55 individuals taking cefuroxime exhibited satisfactory outcomes [47]. Another study
compared the efficacy of doxycycline and cefuroxime in treating children with erythema migrans and
documented that 92% of the children treated with cefuroxime experienced complete symptom
resolution, compared to 67% of those treated with doxycycline [43].

There is ongoing debate and discussions over the years about the ideal length of antibiotic
treatment for Lyme disease [36,48-50]. Shorter courses of antibiotics are often preferred due to lower
costs, decrease in the risk of side effects that also minimizes the chance of developing resistance. For
example, research on doxycycline's effectiveness in treatment indicated that a 7-day course of
antibiotics might be sufficient. This finding is important for consideration by clinicians who may be
reluctant to prescribe shorter antibiotic courses and have concerns that it may not fully clear the
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infection [51]. It is important to note that the International Lyme and Associated Diseases Society
proposes a 21-day regimen of doxycycline for patients exhibiting erythema migrans [52].

Macrolide antibiotics are not typically recommended as the first choice for treating Lyme disease
due to their reduced efficacy compared to primary antimicrobials mentioned above [53]. They can
still be considered for treatment of patients who are intolerant or are unable to take first-line
antibiotics; however, these patients need to be carefully monitored to assess the success of treatment
and resolution of clinical symptoms [54-56]. First generation cephalosporins, such as cephalexin, lack
efficacy in treating Lyme disease [57]. In cases where distinguishing erythema migrans from bacterial
cellulitis poses a challenge, treatment with cefuroxime axetil or amoxicillin-clavulanic acid is
considered suitable. Early Lyme disease patients who don’t have neurological involvement or
advanced atrioventricular heart block are not advised to receive ceftriaxone [58] because ceftriaxone
poses a greater risk of adverse effects compared to other orally administered antimicrobials [30].

2. Treatment of other complications in early stages of Lyme disease

The effect of B. burgdorferi on the nervous system was reported in approximately 40% of patients
examined [59]. Neurological involvement often extends across multiple regions of the nervous
system. Symptoms may include headaches, sensitivity to light, abnormal sensations (dysesthesias),
stiffness in the neck, and irritability. Progression of the disease during its early stages commonly
presents with neurological manifestations such as meningitis, cranial neuritis, and radiculoneuritis,
either independently or in conjunction [59]. In Europe, meningoradiculoneuritis also known as
Garin-Bujadoux-Bannwarth syndrome, is a frequent appearance of acute Lyme borreliosis in adults,
typically occurring after erythema migrans signs [60-62]. In children, the condition often manifests
as isolated meningitis without radicular symptoms [60,63-66]. Central nervous system involvement
is not common and occur in around 4% of Lyme neuroborreliosis cases [60,61].

The investigation of early Lyme neuroborreliosis was documented in eight randomized
controlled trials (RCTs) and eight prospective cohort studies that examined the efficiency of antibiotic
treatment duration [67]. For RCTs, antibiotics were generally prescribed for 14 to 21 days, with one
trial extending the duration to 100 days [67]. In contrast, prospective cohort studies employed
treatment durations ranging from 10 to 30 days, though these durations were not consistently
specified across various studies. A direct comparison between different lengths of treatment was not
documented in any of these studies. The primary endpoint that focused on neurological residual
symptoms after treatment showed significant variability ranging from 10% to 66% in RCTs and from
7% to 44% in prospective cohort studies [68]. The inconsistencies in these results were due to non-
standardized survey methods, diverse assessment timeframes, and different patient self-assessment
approaches. Interestingly, a controlled study involving 152 patients with Lyme disease provided
indirect evidence that extending treatment beyond three weeks offered no additional benefits [67].
About 90% of the patients experienced excellent or very good outcomes after one year, regardless of
the duration of their treatment [67]. The study highlighted the lack of scientific support for extending
antibiotics prescription beyond the recommended 14-day treatment for early Lyme neuroborreliosis
[69].

Selection of the antibiotic and understanding its associated effects is very important for an
effective treatment strategy. Clinical trials have evaluated the efficacy of doxycycline as well as -
lactam antibiotics, including ceftriaxone, penicillin G, and cefotaxime for Lyme neuroborreliosis
treatment. These antibiotics are known for their ability to effectively penetrate the cerebrospinal fluid
(CSF). A meta-analysis of data showed that oral doxycycline and intravenous (IV) f-lactam antibiotics
had comparable efficacy in improving neurological symptoms at both 4-12 months and even after 12
months of infection [68]. These results are supporting an earlier meta-analysis done by American
researchers [70]. A subsequent study of RCT investigated secondary endpoints, such as fatigue and
quality of life, and found no significant differences between patients treated with doxycycline or B-
lactam antibiotics after a 30-month period [71,72]. Additionally, two RCTs found no disparity
between these antibiotic regimens regarding cerebrospinal fluid pleocytosis [68,72,73]. Likewise,
there was no significant difference between the two treatments in in terms of reported side effects
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like nausea, redness of the skin, diarrhea, constipation, dizziness and thrombophlebitis [67,74].
Severe side effects such as cholecystitis, stomatitis, duodenal ulcers, and allergic reactions were
significantly rare in these studies.

Two RCTs compared cefotaxime and penicillin for treating neurological Lyme disease and
reported that cefotaxime caused a significant reduction in residual neurological symptoms between
4 to 12 months, while penicillin resulted in fewer side effects [75,76]. The most common reported side
effects were Herxheimer-like reactions and mild diarrhea. However, due to the limited reporting of
major side effects including allergic reactions, shock and colitis, and the significant risk of bias in both
studies, absolute recommendation for a single treatment approach could not be made [68]. In fact,
there is no reliable or analyzable data on the effectiveness of antibiotic combination therapy with
chloroquine, carbapenems, or metronidazole for treating the condition [68].

Lyme carditis symptoms usually appear within a few days to up to a month (averaging 21 days)
after the onset of the infection. This condition is most commonly observed in the summer to fall
months [77-79]. Recent studies suggest that Lyme carditis incidence may be lower than previously
estimated 4-10% of the untreated patients [79,80]. The highest incidence of Lyme carditis was
observed in childhood and middle age, with young adult and middle-aged men being most affected.
Although the reason for predominance among male population remains unclear, more severe
exposure or higher susceptibility could be contributing factors [80]. Cardiac involvement in Lyme
disease can manifest in various forms, most commonly as atrioventricular nodal block which can
rapidly progress to complete heart block [77,81,82]. Other manifestations include atrial and
ventricular arrhythmias, sinus node and distal conduction system involvement [83-86]. The infection
of B. burgdorferi can also exhibit as pericarditis and acute myocarditis, which may lead to ventricular
dysfunction [87]. Most individuals recover with supportive treatment and antibiotic therapy, there
have been cases where the infection had fatal consequence [79]. It is still unclear whether an infection
with B. burgdorferi can cause chronic cardiomyopathy [88-90].

There is a lack of high-quality trials for specifically evaluation of antibiotic treatment options for
Lyme carditis, including choices of medication, methods of administration, and treatment duration.
Current recommendations are based on varied studies with small patient groups for Lyme carditis,
as well as on observational data [67,91,92]. A randomized controlled trial assessed the efficacy of oral
doxycycline versus IV ceftriaxone in acute B. burgdorferi infection patients, where 6.5% of participants
had carditis [91]. Authors of this study reported a comparable efficacy of these antibiotic treatments,
although IV ceftriaxone was associated with a notably higher incidence of gastrointestinal side
effects, while doxycycline was linked to a greater occurrence of dermatological adverse events. Thus,
carditis can be treated like the other manifestations of Lyme disease.

Patients diagnosed with myopericarditis or atrioventricular heart block in early stages of disease
are usually cured with a 14-day course of oral or IV antibiotics. Hospitalization is advised for
symptomatic patients showing with chest pain, dyspnea or syncope [77]. Continuous monitoring is
advised, particularly for patients with second or third level atrioventricular block, or those with
prolonged PR intervals exceeding 30 milliseconds, as the severity of blockage may rapidly worsen
[77]. Hospitalized patients were initially treated with IV antibiotics such as ceftriaxone. Those who
require a temporary pacemaker should consult a cardiologist for specialized management [93,94].
Once the advanced heart block resolves, it was recommended that pacemaker usage may cease, and
patients can transition to oral antibiotics for completion of therapy and outpatient management [94].

3. Progression of Lyme disease symptoms post-antibiotic therapy

According to many studies neurological symptoms were improved within weeks to months
after receiving antibiotic treatment course of 10-14 days. For instance, a prospective study involving
77 Bannwarth's syndrome participants revealed that 88% of individuals experienced positive
outcomes 12 months post-treatment [95]. Consistently, previous cohort studies showed encouraging
results, with 90.6% symptom-free patients in three months after antibiotic therapy, and 95.2% showed
very good outcomes after a 33 months median follow-up [60,96]. Another cohort study, which
assessed predominantly early Lyme neuroborreliosis, found that 88% of patients' daily activities
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remained unaffected after a five-year observation period [97]. A systematic review of 687 patients
with confirmed Lyme neuroborreliosis revealed the following post-antibiotic treatment neurological
symptoms: cranial nerve paresis (3.6%), sensory disorders (5.24%), extremity paresis (2.33%), pain
(2.77%), and unsteady dizziness/gait/ataxia (2.62%) [98].

In the early stages of Lyme disease, adults with acute neurological symptoms such as meningitis
or radiculopathy are advised to undergo treatment with IV ceftriaxone. The recommended dosage
was 2g administered once daily for a period of 14 days (range: 10-28 days) [73]. Penicillin G or
cefotaxime could also be used as acceptable alternatives for parenteral therapy [75]. For patient’s
intolerant to 3-lactam antibiotics, oral doxycycline given for 10-28 days at 200-400mg/day divided in
2 doses was considered sufficient. Children under 8 years old can be treated with ceftriaxone
intravenously, or with cefotaxime or penicillin G at appropriate doses. Oral doxycycline has also
shown success in this age group. Though antibiotic therapy may not accelerate seventh cranial nerve
palsy resolution, it's essential to prevent further complications [30].

B. Late-stage Lyme disease

Late Lyme disease refers to the advanced disseminated phase that occurs when the infection is
left untreated or inadequately treated during the early stages. This stage typically manifests weeks,
months, or even years after the initial tick bite. Late Lyme disease presents a range of symptoms that
may affect various body systems, including the joints, nervous system, and heart. Managing late-
stage Lyme disease poses challenges due to diverse and sometimes debilitating symptoms,
highlighting the importance of early detection and prompt treatment to prevent progression to this
stage. We have summarized various treatment approaches for acute to late Lyme disease currently
used in Figure 1.
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Figure 1. Lyme disease treatment at different stages of infection and PTLDS.

1. Lyme arthritis and neuroborreliosis

It was believed initially that arthritis occurred in 60% of untreated cases of erythema migrans
[99]; however, surveillance data over several years has shown that arthritis is presented in ~30% of
cases per year. It is important to know that arthritis experiencing Lyme disease patients may actually
be lower in percentage, as sometimes joint pain is mistakenly identified as arthritis (joint
inflammation). Early RCTs have shown that IV antibiotics are more efficient in Lyme arthritis (LA)
treatment in comparison to placebo [100,101], and two other studies reported that IV cephalosporins
were better than IV penicillin in resolving arthritis symptoms [76,102]. A randomized controlled trial
showed that about 90% of both children and adults patients saw their arthritis resolve within 1-3
months when oral doxycycline (100 mg twice daily) or amoxicillin plus probenecid (500 mg every 6
hours) was given [103,104]; however, difference between the treatment groups in the incidence of
Lyme neuroborreliosis was not statistically significant. The doxycycline dosage regimen in this trial
differed from the standard regimen for Lyme neuroborreliosis, which is in general orally given 200
mg/day. Although the results were not significant, a tendency of gastrointestinal unpleasant events
and allergic reactions was higher in amoxicillin group. There are not any studies directly comparing
the effectiveness of cefuroxime axetil with other oral antibiotics or placebo in treating LA. Therefore,
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the effectiveness of cefuroxime axetil is inferred from studies that have investigated its success in
treating Lyme disease in early stages and preventing late-stage manifestations.

Oral antibiotics offer several advantages over IV antibiotics, including ease of administration,
fewer serious complications, and lower cost. Given their equivalent effectiveness, this approach using
amoxicillin, doxycycline, or cefuroxime axetil antibiotic treatment of LA for 28 days is suggested to
be effective. In late-stage Lyme disease, adults showing neurological involvement of either the
peripheral or central nervous system require careful management. Although rare, some patients who
received oral antibiotics for treatment later exhibited clinical signs of neurological disease [103,104]
likely due to the dosing regimen and choice of antibiotic. Patients who develop neuroborreliosis
despite receiving oral treatment may require IV therapy with ceftriaxone for a period of 2 to 4 weeks,
or alternatives such as cefotaxime or penicillin G, and should undergo a neurological evaluation,
which may include a lumbar puncture [30]. For patients who have confirmed arthritis and
neurological disease, parenteral therapy using ceftriaxone, cefotaxime, or penicillin G was
recommended [30]. If joint swelling continued after an initial course of oral therapy, another round
of oral antibiotics or IV ceftriaxone could be undertaken. Symptomatic treatment with non-steroidal
anti-inflammatory drugs or corticosteroid injections can be considered if arthritis persists despite
antimicrobial therapy [30].

2. Acrodermatitis chronica atrophicans (ACA)

ACA is a dermatologic appearance of late-stage Lyme disease usually associated with B. afzelii
[105] and usually manifests as a chronic, progressive skin disorder marked by skin atrophy,
discoloration, and fibrosis, primarily affecting the extremities such as the hands and feet. ACA is
more commonly observed in endemic regions of Lyme disease in Europe, particularly in central and
eastern countries. The condition is often associated with a long-standing infection, as it tends to
develop months to years after initial exposure to Lyme spirochetes. Display of ACA could indicate
the chronic nature of Lyme disease and the need for appropriate management and follow-up [30].
ACA is usually curable with a 21 day régime of commonly used antibiotics for erythema migrans
including doxycycline, amoxicillin, and cefuroxime axetil; however, a controlled study to compare
the effectiveness of oral versus parenteral antibiotic therapy in treating ACA is needed to establish
precise treatment regimen [30]. Erythema migrans typically requires treatment for two weeks and
acrodermatitis for a minimum of four weeks [106].

3. Treatment of pregnant women

There has been an ongoing discussion regarding the potential transmission of Borrelia spp. from
mother to fetus since the 1980s. Prior to the recognition of Lyme disease, Lampert et al. [107] reported
cases in 1975 of infantile illnesses that showed clinical syndromes similar to Lyme disease. One of
these cases described an infant who initially displayed an erythema marginatum rash as a newborn,
which later developed into symptoms such as a painful and swollen right knee over a span of several
months [107].

The Infectious Diseases Society of America issued guidelines depending upon evidence for
Lyme disease treatment [108]. The best antimicrobial therapy is still not fully established for pregnant
women experiencing Lyme disease. Current recommendations for treatment of pregnant women are
the same as non-pregnant individuals, based on their disease appearance; however, certain
commonly used drugs, such as doxycycline, are not suitable for pregnant women. Although more
research is necessary to evaluate the safety of doxycycline during pregnancy and breastfeeding [109-
111]. Amoxicillin and third generation cephalosporins are the preferred treatment options during
pregnancy, as they are considered safe. The first-generation cephalosporins should be avoided
because they have been found ineffective in both laboratory and clinical settings [58].

Timely treatment is essential for gestational borreliosis. Early localized infections are usually
managed with a 14-21 day course of oral amoxicillin, taken at a dosage of 500 mg three times a day
[108,112]. For patients who are allergic to amoxicillin, cefuroxime axetil at a dosage of 500 mg twice
daily could be used as replacement. When neurological complications occur, IV ceftriaxone (2 gm
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daily) or cefotaxime (2 gm three times daily) is recommended for 14 to 28 days. The oral regimen
mentioned above can only be adequate in cases where only facial nerve palsy is observed with no
signs of neuroborreliosis. Arthritis requires extended treatment with oral regimen lasting 30-60 days
or IV agents, depending on the severity of the condition. For first-degree atrioventricular block, oral
treatment is often sufficient while more severe cardiac appearances require IV therapy and probably
cardiac monitoring. The women who are unable to tolerate amoxicillin or cefuroxime axetil may
consider using macrolide antibiotics as supported by findings from large serological evaluations
[113,114]. The existing evidence does not support routine treatment of women who test positive for
B. burgdorferi antibodies at the time of conception.

A review encompassing data from studies involving mothers who received antimicrobial
treatment during pregnancy [115], and those who received no treatment [113,116] found a
significantly lower risk of adverse events when mothers received treatment during pregnancy, with
IV antimicrobial therapy yielding the lowest adverse outcomes. Conversely, the use of oral
antimicrobials was associated with three times greater unfavorable outcomes, while the risk was six
times higher in the untreated mothers. Additional studies without specified treatment protocols
further supported a trend towards reduced (0.5-1.3%) adverse outcomes with antimicrobial treatment
among large cohorts [117,118], while adverse outcomes among untreated mothers was found to be
30 times greater.

Although the rate of adverse outcomes was reduced by using antimicrobials, the best strategy
to prevent Lyme disease during pregnancy is to avoid exposure to ticks and prompt removal can
reduce the risk of transmission [28,119,120]. The use of tick repellents like DEET is effective tick bite
prevention measure and has no known risk to the developing fetus [121,122]. Some practitioners
prescribe amoxicillin for pregnant women, especially with prolonged tick attachment (>48 hours) in
highly endemic regions. Careful monitoring for symptoms of tick-borne illness is required if
prophylactic antibiotics aren't given after tick exposure.

II. Contribution of host and bacterial factors in Lyme disease

A. Human genetic factors affecting Lyme disease

A recent human genome wide study explored phenotypic and genetic risk factors to identify the
most prominent genetic variations association with susceptibility to Lyme disease [123]. The
SCGB1D2 is usually present majorly in the skin, sweat, and other secretions. Interestingly, two known
variants and an unknown common missense mutation located in the gene encoding secretoglobin
family 1D member 2 (SCGB1D2) proteins were noticed to enhance Lyme disease susceptibility. The
in vivo inhibition of B. burgdorferi growth was observed after recombinant SCGB1D2 treatment in
murine infection model. Thus, results of this study suggested that SCGB1D2 protein could be a host
defense factor that protects against Lyme disease.

The immune response dysregulation that tilts the balance towards the production of
proinflammatory cytokines plays critical role in persistence of symptoms or PTLDS [124-128]. For
instance, in a SNP microarray analysis of 48 LA patients, arthritis resolved in 22 patients following
antibiotic treatment (responsive) while 26 patients exhibited persistent arthritis after antibiotic
therapy for 2-3 months (refractory). Between these groups, about 1200 SNPs varied in frequency (B
allele frequency >0.3). The analysis of principal component of 28 SNPs showed total separation
between patients with refractory vs responsive course, implicating human genetic variation in
influencing Lyme disease severity. Furthermore, top 10 SNPs that varied in frequency amongst the
patients in refractory and responsive LA groups were correlated with the levels of crucial
inflammatory mediators (IFNy and IL-17) and anti-inflammatory cytokine IL-10 in their serum. To
evaluate the influence of SNPs on immune or clinical phenotype, the frequency of the SNPs in
patients was correlated with the duration of arthritis. Together these results reflected association of
certain human genotype mutations with persistent arthritis and Lyme disease. Although, the
mechanisms that influence mutation and the exact outcome of these SNPs were not determined._
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Innate immune responses are equally stimulated by Toll-like receptors (TLRs). On the cells
surface, TLR1 forms heterodimer with TLR?2 to recognize lipoproteins and triacyl-peptides. Studies
have shown that TLR1 polymorphism enhanced lipopeptide response, important during B.
burgdorferi infection and results in increased Th1 inflammatory response [129,130].

B. Essential components of metabolic pathways in B. burgdorferi

Genomic studies identify essential genes, enzymes, and metabolic pathways necessary for
survival in B. burgdorferi that are absent, or are significantly different in the host, can be promising
targets for drug development. For instance, computational in silico genome scale modelling of B.
burgdorferi’s metabolism (iBB151) was constructed and the map was used to envisage important
enzymatic reactions and genes whose inhibition affected bacterial growth [131]. The model described
208 enzymatic reactions of which 77 were predicted to be essential for growth targeting mevalonate
pathway, alanine racemase, cell-wall synthesis, aminoacyl-tRNA ligases, adenosylhomocysteine
nucleosidase and glutamate racemase pathways. The predicted essential reactions from iBB151 (B.
burgdorferi constructed model) were compared with E. coli (iML1515) and Staphylococcus aureus
(1YS854) reaction models to identify enzymes whose inactivation is specifically lethal to B. burgdorferi.
Based upon these reactions, 28 possible narrow spectrum drug targets of five major pathways
(Folates, Glycolysis, Nucleotides Lipids and Mevalonate pathway) specifically in B. burgdorferi were
predicted. Small enzyme inhibitor molecules were repurposed and used to validate the predicted hits
as drug targets. Among these, four were experimentally assessed for inhibition of growth in each of
the three bacterial species, B. burgdotferi, E. coli and S. aureus. Theophylline and premetrexed were
found to be uniquely critical for targeting pyridoxal kinase and serine hydroxymethyl transferase
enzymes, respectively in B. burgdorferi and demonstrated B. burgdorferi growth inhibition in vitro.

Inhibition of metal acquisition and homeostasis by preventing metal uptake and utilization is a
novel target for antimicrobial development. Manganese for instance, is a crucial co-factor for several
protein and enzyme functions including superoxide dismutase machinery that protects B. burgdorferi
from intracellular superoxide. Through a combination of in silico protein structure prediction and
molecular docking, a single known Mn transporter, metal transporter A (BmtA) in Borrelia was
targeted. Subsequent screening of FDA approved libraries for potential compounds that could bind
to the BmtA predicted structure with great affinity led to the identification of desloratadine and
Yhohimbine which inhibited Borrelicidal activity in vitro. Treatment of the spirochaete with
desloratadine led to significant loss of intracellular Mn specifically and severe destruction of the
bacterial cell wall [132].

In most pathogenic organisms, reactive oxygen species (ROS) generated by host immune system
affect iron-sulphur clusters, DNA and polyunsaturated lipids and cysteinyl residues, causing growth
inhibition and cell death. B. burgdorferi lacks intracellular iron and the DNA is unlikely the target for
cell destruction by ROS via Fenton reaction. By challenging B. burgdorferi B31A3 cultures with
oxidants (H202 or t-butyl hydroperoxide) Boylan and colleagues observed in vitro growth inhibition
of spirochaete due to lipid peroxidation. The authors further confirmed membrane lipids and not
DNA as the target of ROSin B. burgdorferi [133,134].

3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGR) is a crucial regulatory and rate
limiting enzyme that is associated with the mevalonic pathway. B. burgdorferi genome encodes a
functional 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGR EC 1.1.1.88) which
contributes to a vital component necessary for peptidoglycan and cell wall biogenesis [135].
Commercially available statins, such as simvastatin and lovastatin affected in vitro growth of B.
burgdorferi MSKS strain by inhibiting HMGR [136] and reduced the burden of spirochetes in mouse
models. Moreover, treating infected mice with lovastatin notably upregulates several cytokines
associated with the TH2 immune response, including IL-4, IL-5, IL-9, IL-10, and IL-13 [135,137] and
likely decreased bacterial burden in treated mice by either direct interference with spirochetal
growth, modulation of the immune response, limitation of cholesterol availability to the spirochetes,
or a combination of these mechanisms.
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Methylthioadenosine (MTA)/S-adenosylhomocysteine (SAH) nucleosidase that hydolyses three
substrates including 5-deoxyadenosine (5’dADO) is found in many bacterial species but is absent in
humans. It cleaves to the glycosidic linkage of the nucleoside generating the thiol-sugars adenine, 5-
methylribose or S-ribosyl homocysteine. MTA/SAH nucleosidases are also known to prevent
synthesis of polyamine and methyltransferase activities of many organisms [138,139]. B.
burgdorferi is the only bacterial species that possesses three homologues of MTA/SAH nucleosidase,
(Bgp, Pfs and MtnN), of which two are exported and have been explored as drug target for B.
burgdorferi [32,140,141]. Several substrate analogs and inhibitors show promise in blocking these
enzymes activities in vitro and Formycin A and 5'-p-Nitrophenylthioadenosine (pNO:PhTA) showed
low MIC values. Structure-based modelling was used to envisage the interaction of MTA analogues
with B. burgdorferi nucleosidases and to forecast modifications that may give rise to selective anti-
borrelial agents.

C. B. burgdorferi persisters and Lyme arthritis

The formation of persister cells of B. burgdorferi with increased tolerance to conventional
antibiotics has been reported [142]. In a time-dependent killing assay, a biphasic killing pattern
showed the presence of persisters. Initially, majority of the cell population is speedily killed followed
by a lower death rate of the subpopulation of persistent/tolerant cells [143,144]. As with other
investigated microbes, the fraction of B. burgdorferi persisters equally remains largely unchanged
even with increased antibiotic levels while some drugs, such as Daptomycin and Mitomycin C
(though slightly toxic) were reported to eliminate both exponential culture and persister B. burgdorferi
cells [142,145].

LA patients do not respond positively to the first course of antibiotics treatment of 28 days [146],
with presence of B. burgdorferi DNA in synovial fluid, requiring additional 1-2 months treatment. In
patients with antibiotic-resistant Lyme arthritis, synovial fluid was negative for B. burgdorferi DNA
by PCR, but patients responded to tumor necrosis factor (TNF) inhibitors or anti-inflammatory
agents. Recent reports implicate chemically atypical peptidoglycan (PGP?) fragments of B. burgdorferi
shed into surrounding milieu during growth as a major contributor to inflammatory responses in LA,
hence, potentiating other Lyme disease manifestations [147]. LA patients mount immunoglobulin G
response against PGP* which is notably increased in the synovial fluid than serum. This unusual
peptidoglycan sugar arrangement in B. burgdorferi (noted by the presence of N-acetylhexosamine
(HexNAC) linked to N-acetylglucosamine in muropeptides) has been equally reported to be resistant
to lysozyme degradation and could be key to the extension of B. burgdorferi half-life in the synovial
fluid of LA patients [148]. In view of these, the antimicrobials specifically targeting this peptidoglycan
could potentially be effective in LA treatment.

D. Causes and treatment of PTLDS

Although antibiotics effectively treat most Lyme disease cases, around 10-20% of patients report
lingering symptoms, including depression, cognitive impairment, joint and muscle aches and fatigue
[149]. These constant symptoms persist for over six months following the conclusion of treatment for
Lyme disease [150]. These persistent symptoms, collectively known as PTLDS, present ongoing
challenges in terms of understanding their root causes, identifying optimal treatment strategies, and
comprehending their epidemiology. Notably, this condition lacks recognition from major health
authorities like the Centers for Disease Control and Prevention (CDC), Infectious Diseases Society of
America (IDSA) or the American Academy of Neurology. Typically, alternative practitioners make
this diagnosis, which has gained significant attention from the media and patient advocacy groups
[151] while proof to support the notion that PTLDS results from persistent B. burgdorferi infection is
lacking [152]. According to several studies, patients diagnosed with PTLDS often face difficulties in
their daily lives, including work, social interactions, and family relationships [153] and their overall
quality of life resemble with individuals afflicted by other chronic conditions [154]. Despite the
significant impact of PTLDS, its causes, predisposing factors, and effective diagnostic and treatment
strategies remain unknown making it challenging for patients, as well as for the healthcare providers
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in its management and has led to considerable confusion and debate within the medical community.
To address this issue and provide a foundation for future research on PTLDS, the proposed definition
say that a person will only be identified as having PTLDS if there is previous confirmation and
evidence of Lyme disease infection with valid test method. This diagnosis should be conducted by
reputable laboratories using validated methods and interpretation criteria. Relying on unvalidated
test methods including blood microscopy and urine antigen should be avoided. Despite ongoing
debate, current evidence does not support the idea of prolonged B. burgdorferi infection causing
persistent symptoms after completing advised Lyme disease treatment. Although a history of Lyme
disease results in re-administration of antibiotics in some cases (Figure 1), prolonged antibiotic
treatment is not recommended for patients experiencing ongoing subjective symptoms beyond six
months after receiving standard treatment for Lyme disease [155].

1. Causes identified for PTLDS

The exact causes of PTLDS remain unclear and likely involve multiple factors. One theory
suggests that regardless of antibiotic therapy, persistent live B. burgdorferi or its antigens may
contribute to ongoing symptoms [147]. There is not any clear evidence supporting this theory
[147,156,157]. It has been suggested that exposure to antimicrobials may promote the adaptation of
Borrelia, leading to persister forms that are less susceptible to antibiotic therapy in vitro [142,158-
160]. While some studies have identified B. burgdorferi in tissues of experimentally infected animals
even after treatment, evidence of persistent infection in humans remains inconclusive [6,161-163].
Moreover, xenodiagnostic studies in animals have shown inconsistent results, with no recovery of
cultivable organisms [6]. In humans, there is no concluding evidence of persister organism forms
[164]. Furthermore, in the context of other infectious diseases, achieving complete eradication of the
infection is seldom employed as a criterion to determine if the infection cured or treatment should be
ended [165]. Existing evidence suggests that antibiotic treatments which are routinely recommended
to treat Lyme disease are effective, with no reported antimicrobial resistance in B. burgdorferi strains
[166].

The symptoms of Lyme disease are mainly triggered by innate and adaptive immune responses
of the host, as B. burgdorferi does not produce exotoxins. Therefore, these symptoms are likely
associated with the activation of immune responses following release of inflammatory cytokines [2].
There is a possibility that the immune system remains activated in response to the presence of bacteria
or their remnants even after the infection has been cleared, resulting in ongoing inflammation and
persistent symptoms. Post-antibiotic treatment LA, a well-researched aspect of Lyme disease
following treatment, is believed to result from autoimmunity and chronic inflammation [167]. In
contrast to this persistent LA, the relationship between PTLDS and immune dysregulation remains
unclear. Several studies have investigated whether ongoing immune responses might contribute to
prolonged symptoms following a Lyme disease diagnosis [168,169]. Elevated levels of immune
modulators such as CCL19 and IL-23 have been observed initially in early stages of Lyme disease
and were more common in patients with PTLDS [168,169]. Despite the initial presence of antibody
responses, they declined over time, and culture results consistently returned negative, indicating no
active infection [169]. Some patients with PTLDS have shown mild elevations in C-reactive protein,
an indicator of inflammation [170]. Additionally, some individuals have shown elevated levels of
serum antibodies reactive to neural antigens [171]. None of these studies offer definitive proof that a
previous B. burgdorferi infection is responsible for the symptoms of PTLDS. The importance of these
elevated immune or inflammatory markers in a clinical context is still unclear. Moreover, if PTLDS is
caused by an autoimmune response, the improvement will only be possible with the use of immune-
modulating therapies [172].

Another possible cause of PTLDS could be increased sensitivity to pain, The symptoms observed
might be caused by central sensitization and the increased activity of nerve pathways reacting to
sensory input after an infection. This pattern of symptoms is seen in other infections too [173].
Furthermore, many PTLDS symptoms resemble those of chronic fatigue syndrome and fibromyalgia,
conditions also linked to central sensitization. In these cases, changes in neurotransmitters or
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neuromodulators can lead to increased sensitivity to pain (hyperalgesia) and pain from non-painful
stimuli (allodynia). As these conditions share similar symptoms, treatments used for chronic fatigue
syndrome or fibromyalgia might benefit PTLDS patients who meet the criteria for these overlapping
conditions [174].

Individuals with pre-existing health conditions or genetic biases may be more susceptible
towards developing PTLDS or experiencing severe and prolonged symptoms. A cohort study
assessed trends in clinical and quality-of-life (QOL) measures among patients with Lyme disease.
Patients with late-stage Lyme disease had the lowest baseline QOL scores, which were later improved
with follow-up. The presence of underlying health conditions was significantly associated to lower
QOL scores and long-term symptoms [175]. Although antibiotics can effectively treat Lyme disease
but depending upon host responses post-treatment complications may arise, emphasizing the need
for further investigation [167].

Psychological factors may play a role in developing PTLDS. A study was conducted which
assessed Life Events Checklist (LEC) and revealed that a higher exposure to previous traumatic life
events was independently linked to an elevated risk of meeting PTLDS criteria. This implies that
individuals with a history of trauma may be more prone to developing persistent symptoms
following Lyme disease treatment. Although participants with prior Lyme disease exhibited higher
scores on the depression subscale of the Beck Depression Inventory-II (BDI-II), the cohort group did
not significantly predict moderate/severe depression symptoms, suggesting that depression may not
be the primary driver of increased symptom reporting in PTLDS [176].

2. Approaches to improve quality of life after Lyme disease

It remains challenging to improve the quality of life of individuals who continue to experience
subjective symptoms even after completion of treatment. A population-based study revealed that
one-third of Lyme disease patients faced delays in treatment, which was linked to the development
of PTLDS. Minimum delay in seeking medical care and initiating treatment could overcome this
problem [177]. A study investigated the likelihood of PTLDS in participants with the history of Lyme
disease as compared to another group of participants who do not have Lyme disease. Pain, fatigue,
depression, and quality of life were assessed among these groups using surveys. The study showed
that out of all the participants with the history of Lyme disease 13.7% met the criteria for PTLDS
showing 5.28 times higher likelihood of developing symptoms in comparison to just 4.1% of those
who does not have history of Lyme disease[176].

Currently there are not any specific treatments available for PTLDS recommended by The
Infectious Diseases Society of America (IDSA), The American Academy of Neurology (AAN) and the
Ad Hoc International Lyme Disease Group. Although there are many studies on extended use of
antibiotic treatments for PTLDS, the specific antibiotics, duration, symptoms, and outcomes can vary
across studies. Many studies identify cognitive deficits as a common symptom of PTLDS, frequently
reported by patients themselves and probably due to the great impact on a person's daily activities.
Nevertheless, it's important to consider patients' perceptions of their illness, as both subjective and
objective cognitive deficits can profoundly impact a patient's life and daily functioning.

A study in the northeastern United States focused on individuals who continued to experience
symptoms after completing treatment for Lyme disease. Participants were divided into two groups
depending upon antibody positive test or erythema migrans lesion history. Both groups were split
further into experimental and placebo groups, receiving either ceftriaxone and doxycycline or
placebo. Initially, participants showed no significant differences in cognitive function, pain, role
functioning, memory, or attention. After treatment, all groups improved equally, suggesting no
additional benefit from antibiotics. Researchers suggested that improvements could be attributed to
reduced pain and better mood. This implies that self-reported symptoms may not always match
objective testing and may not respond to antibiotic treatment [178]. There are many other placebo-
controlled studies in patients with Lyme disease who exhibited symptoms of PTLDS that showed
that a long term antibiotic use was ineffective [172,178-180] and poses risks of severe side effects,
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including complications from IV catheters [30,70,152,179,181-184]. In fact, reports of severe or fatal
bacterial infections resulting from long-term antibiotic therapy require serious consideration [185].

Current research on potential treatments for PTLDS and recommendations of CDC indicated
that patients treated with either oral or IV antibiotics faced higher risks of developing infections and
electrolyte imbalances compared to those who did not receive antibiotic treatment [186]. Studies on
the repeated use of antibiotics showed an increased risk of infection without symptom improvement
[185]. A 2017 case study highlighted that ceftriaxone caused hemolytic anemia and acute kidney
injury in a patient with PTLDS [187]. These findings suggest antibiotics may not offer significant relief
and that PTLDS may not stem from a latent B. burgdorferi infection [188]. As there is no definitive
treatment standard beyond supportive care, there is a need for new therapies to effectively address
PTLDS. Although the exact cause of PTLDS remains unclear, some studies suggest that antimicrobial
resistance emergence in B. burgdorferi may contribute to its development [189,190].

III. Vaccines to prevent B. burgdorferi infection and Lyme disease

Research into vaccines for Lyme disease prevention has seen renewed interest in current years.
LYMErix was the only licensed vaccine in the United States from 1998-2002 and effectively reduced
Lyme disease infections in vaccinated adults by 80%. However, the vaccine was discontinued due to
concern about vaccine triggering an autoimmune response and thus, low adoption rates. A six-
component vaccine targets the outer surface protein A (OspA) to induce an antibody response against
all stains of Borrelia causing Lyme disease [191]. OspA is a lipoprotein on the outer membrane of B.
burgdorferi that can be targeted by antibodies to kill the organism in the tick’s midgut before
transmission. A multivalent OspA-based vaccine (VLA15), that targets various clinically relevant
Borrelia species and OspA serotypes found in US and Europe is composed of three proteins with
each harboring the C-terminal fragment of OspA serotypes linked in pairs to form three fusion
proteins. Triple immunization of mice with the vaccine protected them from infection when
challenged with in vitro grown spirochetes as well as the infected ticks [11,192,193].

Similarly using same approach as VLA15, a prototype vaccine that makes use of Helicobacter
pylori ferritin nanoparticles that are fused with seven OspA serotypes from B. garinii, B. bavariensis,
B. afzelii and B. burgdorferi, exhibited long-lasting high-titer antibody response in both rhesus
macaque and mouse infection models [191]. Other vaccine approaches include an OspA-encoding
lipid nanoparticle-encapsulated nucleoside-modified mRNA (mRNA-LNP) vaccine assessed for
protective efficacy and immunogenicity in comparison to alum-adjuvanted OspA protein subunit
vaccine [194]. In addition, a subunit vaccine containing a combination of OspA and 14 immunogenic
linear epitopes (“chimeritope”) from different OspC isotypes [195] has also been evaluated as
promising candidate. In another study experimental study, the outer surface protein, Cspz,
associated with complement evasion had also been explored as a vaccine candidate [196]. Currently,
Valneva SE and Pfizer Inc report positive Phase 2 clinical trial data with the phase three trials about
to start. VLA15 testing after two (0 and 6 months) or three (0, 2 and 6 months) administrations of
primary series doses in 5-11, 12-17 and 18-65 year age groups showed higher success in the adult
participants (18-65) who received three doses compared to those who received two doses [10,197].
Multiple tick-borne disease can also be prevented by developing ant-tick vaccines. For instance, mice
that were administered with antiserum to the tick protein, Salp15, then subsequently challenged with
B. burgdorferi were protected from colonization [198]. Moreover, tick protein could elicit “tick
immunity” or a situation whereby the host is resistant to tick bites.

IV. Future prospective

Although copious amount of evidence suggests the presence of drug-tolerant persisters,
antigenic debris, impaired immunological response or a combination of these as culprits, the exact
root cause behind the prolongation of the post treatment symptoms still remains unclear [199][220].
Some antibiotics act synergistically and could serve as a future therapeutic intervention in alleviating
Lyme disease symptoms. These include trimethoprim and sulfonamide, aminoglycosides and B-
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lactams [200]. Also, fluoroquinolones and aminoglycosides have been shown to kill or non-growing
cells [201,202].

Acupuncture has been used for centuries in Asian medicine to alleviate pain and inflammation.
From a clinical perspective, ST36 (sciatic nerve) stimulation is the most common treatment in
acupuncture for inflammatory and infectious disorders by acting through stimulation of Vagus nerve
[203]. Recent studies show that electroacupuncture can alleviate LA symptoms in mice although it
didn't impact spirochete burden [204]. Further reports highlight acupuncture's effectiveness in
alleviating Lyme disease symptoms like migraines and musculoskeletal pain. In a case of a 44-year-
old female who underwent acupuncture alongside antibiotic treatment, in significant symptom
resolution was observed over 10 months suggesting that it could also reduce Lyme disease
symptoms [205,206]. A novel therapeutic approach to treat PTLDS involved engineering Chimeric
Antigen Receptor (CAR) T-cells to target and eliminate B. burgdorferi. The efficacy of these CAR T-
cells needs to be tested in vitro and in vivo using reliable animal models before being administered to
patients. This innovative proposal seeks to establish a treatment protocol for PTLDS, offering relief
and hope to patients suffering from this chronic and debilitating condition [207].

To summarize, treatment of Lyme disease could also be tailored to patients’ immune response
system, genetic make-up, and other host-factors to minimize relapses or degeneration to chronic
conditions which could improve outcomes. There is need for technological remote monitoring of
individuals in rural communities where Lyme disease is endemic. In addition, public awareness in
the form of education, surveillance and early intervention could go a long way to reduce burden of
infection in the rural communities. Finally, a combinatorial approach involving antibiotic and
alternative treatment approaches like acupuncture or the use of anti-inflammatory agents in the cases
of severe symptoms could be explored to alleviate suffering and patients’ post-treatment and
improving their quality of life.

A tick bite resulting in the development of erythema migrans is often a clear indication of Lyme
disease in the endemic regions. In some cases, erythema migrans may be treated prophylactically
without a confirmed diagnosis of Lyme disease; however, after confirmed diagnosis, antibiotic
treatment is usually initiated. Despite antibiotic therapy, some patients may continue to exhibit Lyme
disease symptoms, which could be attributed to either reinfection or incomplete clearance of
spirochetes. In such cases, additional antibiotic treatment is often administered, and the commonly
used antibiotics are doxycycline (100 mg, twice per day orally), amoxicillin (500 mg, three times per
day orally) and cefuroxime (500 mg, twice per day orally). While many patients experience symptom
resolution after completion of antibiotic treatment regimen, ~10-20% report persistent symptoms,
including fatigue, cognitive impairment, joint and muscle aches, and depression or PTLDS. In the
absence of a documented tick bite history or erythema migrans but the presence of non-specific
symptoms, treatment is delayed and could result in the development of late stage disseminated Lyme
disease presenting a range of symptoms affecting the joints, nervous system, and ACA. Treatment of
late-stage Lyme disease may result in symptom resolution or progression to PTLDS. Although no
standard treatment is recommended for PTLDS at present, a combinatorial therapeutic intervention
including antibiotics with anti-inflammatory agents or with alternative treatments like acupuncture
could be explored in the future to manage PTLDS.
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