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Unfortunately, even among those diagnosed and treated in the acute stages of the disease, 10% to 20% continue to suffer chronic, even
debilitating, symptoms which can last 6 months or more, and include joint and muscle pain, fatigue, and neurocognitive impairment
Figure 1).1 This chronic illness, termed post-treatment Lyme disease (PTLD), may affect large numbers of people, as shown in a recent
mathematical model estimating that by 2020, there were between 81,713 to 1,944,189 individuals with PTLD in the US. 2 Researchers do
not clearly understand what causes PTLD, with one suspect being antibiotic-tolerant ‘persister’ bacteria.3-5
Numerous pathogens, including Borrelia burgdorferi, the spirochete bacterium that causes Lyme disease, have the ability to form
persisters, which are dormant cells that have developed antibiotic tolerance.4,5 Based on evidence seen in vitro (in lab culture),
exposure to antibiotics kills the majority of bacterial cells, but a small number survive. This subpopulation is made up of persister
cells, which are tolerant, but not resistant to antibiotics.4 In this white paper, we will examine general themes of bacterial persistence.
We will also discuss evidence of Borrelia persisters in vitro and in vivo (in animals and humans), along with the potential contribution
of these persister cells to symptoms experienced in PTLD. Although patient genetic and epigenetic factors, or immune dysfunction,
could contribute to PTLD, those are the subject of separate articles.
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FIGURE 1. THE STAGES OF LYME DISEASE
Lyme disease early symptoms start at the bite site in most, but not all cases. An expanding rash known as erythema migrans (EM) may be
accompanied by flu-like symptoms. If untreated, disease progresses through early and late disseminated stages, with new symptoms appearing.
For those who are diagnosed and treated, 10-20% may continue to suffer debilitating symptoms, known as post-treatment Lyme disease.
©2021 Global Lyme Alliance
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BORRELIA BURGDORFERI: A MASTER OF SURVIVAL
B. burgdorferi is a biological marvel, having evolved to survive and evade host immune defenses as well as antibiotic treatment via numerous mechanisms. These bacteria, which take the form of spiral-shaped spirochetes, have adapted to vastly different host
environments, including tick, bird and mammal, including humans. They have thus evolved adaptations to survive under diverse and
sometimes harsh environments,6 including forming persister cells.4,5
B. burgdorferi is a motile bacterium whose movement resembles a corkscrew drilling or boring (Figure 2). After initially colonizing
the skin after a tick bite, it spreads to many parts of the body, including the joints, heart, and central and peripheral nervous system.7
Patients whose treatment with antibiotics may be delayed as a result of missed or misdiagnosis, allows the disease to progress. They
may be at risk for more complicated disease, especially involving tissues where antibiotic concentrations may be limited, such as the
brain. When treatment is delayed, arthritis, carditis, and meningitis can become more severe, and arthritis in particular can be chronic
and unresponsive to antibiotic therapy.8 Given the ineffectiveness of current antibiotic regimens to kill drug tolerant persisters, they
are suspected as a potential cause in the development of PTLD and its associated chronic symptoms.

FIGURE 2
Borrelia burgdorferi, the cause of Lyme disease is a motile, corkscrew-shaped bacterium.

Persistence of bacteria after standard treatment also may be attributed to additional survival mechanisms that B. burgdorferi and
other pathogens possess. For example, there is in vitro evidence that B. burgdorferi can form biofilm-like colonies of spirochetes that
may protect them against the effects of antibiotics.9-13 While these studies have been highly publicized among the lay community and
touted as a target for treatment, there is scant evidence for their existence in vivo. The in vitro evidence for biofilm formation in Lyme
disease and other diseases will be examined here. B. burgdorferi also has some intriguing mechanisms to avoid host cellular and
humoral immune defenses.14 Normally, pathogens display antigens on their cell surface, a red flag for the immune system to “seek and
destroy” through the action of specific antibodies that are produced. However, B. burgdorferi has an elaborate mechanism for altering
its cell-surface antigens in response to immune attack, thus effectively camouflaging itself against the immune system (Figure 3).14-16
B. burgdorferi also can protect itself against clearance mechanisms associated with the complement system17, and can hijack the host’s
ability to suppress inflammation, which would normally limit tissue damage, but may also allow spirochetes to persist unhindered.18
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FIGURE 3
Illustration of antigen variation. Some pathogens thwart their recognition by the host immune system by continually changing a prominent surface
antigen through changes in the allele expression or gene conversion events to modify the expressed allele. In the schematic, the changing surface
antigen of a pathogen is depicted by the red and blue ovals. Modified and reused from Chaconas G, 2020, ref 52, under terms of the Creative
Commons CC-BY license.

PERSISTERS IN OTHER CHRONIC INFECTIONS
As research is still ongoing to prove or disprove the presence and contribution of persisters in PTLD, it’s useful to look at the impact
of persisters in other diseases, which utilize mechanisms that may be similar to that used by B. burgdorferi. One such example occurs
in most patients with late-stage cystic fibrosis (CF), who ultimately succumb to infection with the bacteria Pseudomonas aeruginosa
despite prolonged antibiotic treatment.19 Like many other bacteria, P. aeruginosa forms a biofilm, which confers protection against
antibiotics.20
Biofilms, which are communities of microorganisms that attach to each other and to surfaces, are a common survival mechanism used
by bacteria to protect themselves against environmental stressors such as extreme pH or temperatures, host defenses, and antibiotics
(Figure 4). They often form on indwelling medical devices, such as implants or catheters.21 Bacteria aggregate together in a complex
mesh, secreting an extracellular polymeric substance which forms a protective slimy mucus layer around the bacterial colony.10 P.
aeruginosa survives antibiotic treatment as a biofilm, remaining dormant during treatment, but becoming active afterward, replicating
and repopulating the biofilm. In studies by Dr. Kim Lewis and colleagues at Northeastern University, persister variants of P. aeruginosa
were isolated from CF patients, and this post-antibiotic remnant was proposed to hinder full eradication of P. aeruginosa infection.19
In another study by the same group, drug tolerant persister strains of the yeast, Candida albicans were isolated from patients who had
an 8 week-long infection of chronic oral thrush. These persister fungal pathogens also formed biofilms, with an enhanced tolerance
to an antifungal drug.22
While there is evidence in humans of biofilms forming and contributing to persistence in other diseases (e.g., CF and oral thrush), in the
case of B. burgdorferi, the evidence of biofilms mainly comes from in vitro studies, and thus its relevance to human disease is unknown.
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FIGURE 4
Potential biofilm development by B. burgdorferi.
Modified and reused from Kostakioti M, 2013, Ref. 53, with permission from ©Cold Spring Harbor Laboratory Press.

Eva Sapi et al. have published some of this work evaluating B. burgdorferi biofilms.10,11 They showed that B. burgdorferi appears to form
biofilms in culture medium and that these biofilms have characteristic features similar to well-established biofilms produced by other
microorganisms.10 In addition, Sapi evaluated 5 antibiotics against biofilm-like colonies of B. burgdorferi , reporting that 70%-85% of
viable organisms remained after antibiotic treatment.11 However, their in vitro studies with one of these antibiotics gave conflicting
results from that of another researcher’s study in mice.23 Thus, in vitro evidence either is contradictory or remains to be confirmed by
other researchers. And, with only one in vivo study,24 which also awaits independent confirmation, there clearly is a need for more
research in this area.
Another survival strategy used by persisters is to invade host cells. For example, dormant as well as replicating Salmonella persisters
have been found after engulfment by macrophages.25 Another such example is dormant Mycobacterium tuberculosis persisters in lung
lesions in tuberculosis patients. This bacterium persists in a latent state in untreated or incompletely treated tuberculosis patients,
and drugs that are very effective in vitro require long treatment periods to be effective. 26-28 The lesions are a source of new infection,
as persister mycobacteria can transition from a dormant to an actively growing state. Interestingly, B. burgdorferi has also been found
in vitro and in vivo inside of cells, specifically in macrophages, neurons, glial cells, and keratinocytes in the skin.2 The same is true for
Treponema pallidum, the spirochete bacterium that causes syphilis. It too has been found inside neurons, glial cells, and macrophages.
However, it is important to note that only in studies of B. burgdorferi invasion of non-professional phagocytes (e.g., fibroblasts and
endothelial cells) were researchers able to recover viable spirochetes from antibiotic-treated cells.29,30 The general consensus in
the field is that internalization of spirochetes by professional phagocytes (e.g., neutrophils, monocytes/macrophages, and dendritic
cells) results in killing of the spirochetes, both in vitro and in vivo.31
Other intriguing traits shared by B. burgdorferi and T. pallidum that may contribute to persistence and chronic disease include the ability
of these spirochetes to morph from their typical spiral form into other forms.2,32,33 There is some evidence that, as a result of adverse
conditions, both can form vesicles in vitro that bud from their cellular membranes, producing chains of free vesicles or granules (also
called cysts).2,33 In the case of B. burgdorferi, these tiny spore-like granules, of 0.1–0.3 micrometers in diameter, contain DNA and
surface proteins specific to the spirochete form.2 Another similarity to note is that just as T. pallidum occurs in the brain in syphilis
patients, B. burgdorferi may possibly persist in the brain of patients with chronic Lyme neuroborreliosis 2 and has been proposed, but
not conclusively shown to contribute to dementia.34 These preliminary findings open the door to further studies that would include
rigorous testing in animal models, in addition to well-controlled, carefully documented post-mortem histopathological studies.
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Studies of other pathogenic bacteria also suggest that adopting alternate morphologies provides survival advantages, allowing them
to disseminate through different tissues and to potentially persist even after therapeutic treatment and despite challenges from the
host immune response. B. burgdorferi is a master shape-shifter, changing from a familiar corkscrew-shaped spirochete form to a
variety of other forms that include granules and L-forms (with spheroplast and protoplast subtypes).2,35-37 Cysts, propagules, round,
and spherical blebs have also been used to describe atypical forms of B. burgdorferi. However, these names are scientifically inaccurate
as they have other definitions.37 There is likely an overlap in some of these atypical forms described by different researchers.36 A few
in vitro studies have shown that atypical forms can convert back into a motile spirochete form.35,36 B. burgdorferi mobile spirochetes
introduced into spinal fluid transform into dormant “cysts”, specifically spheroplast L-forms, within a 1-24 hour time frame.35
Transferring these spheroplast L-forms to a suitable culture medium then allows their transition back to to motile spirochetes after 9 to
17 days. However, such studies must be done with great care to ensure that absolutely no motile spirochetes are transferred from one
growth medium to another. If these findings are borne out by further experiments, they would have ramifications for diagnostic testing.
For example, cases of neuroborreliosis (a neurological manifestation of Lyme disease) might require screening for both spheroplast
L-forms and spirochetes through imaging techniques or other procedures. 35 Culturing B. burgdorferi has revealed a wide variety of
forms the bacteria can adopt and their existence has led to speculation these atypical forms may contribute to the spirochetes’ ability
to persist and perhaps cause chronic disease. However, a systematic review of B. burgdorferi morphologic variants does not support
a role in chronic Lyme disease.37
In addition to in vitro evidence, limited small-scale post-mortem studies provide evidence of atypical and cystic forms of spirochetes
in brain cells. Specifically, in 2008, atypical and cystic forms identical to in vitro forms were found in the brains of a very small case
study of three patients with Lyme neuroborreliosis and concurrent Alzheimer’s disease.2 It is hypothesized that these atypical forms
and the intracellular location in glial cells and neurons may contribute to the persistence of B. burgdorferi in these infected tissues.
However, rigorous controls documenting an absence of these forms in normal brains were not presented. In addition, the staining
techniques used for detection were not strictly controlled and no evidence was provided that the atypical forms were metabolically
active let alone capable of replication. At best, the limited scope of this study suggested a possible association between B. burgdorferi
atypical forms and dementia. However, further in-depth studies with updated methods and larger sample sizes might generate more
conclusive evidence and shed further light on this intriguing question. Clearly, there is much more research to be done in animals
and humans to confirm the existence of these atypical forms in the context of natural infection and what, if any, role they play in Lyme
disease pathogenesis.
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ERADICATING B. BURGDORFERI PERSISTERS:
IN VITRO STUDIES
Although the “jury may still be out” on the presence and role of persisters during human infection, identifying drugs that can kill
persister forms of B. burgdorferi and testing their efficacy in vitro and in animal models would be of potential interest. Persister cells
can be formed naturally in culture media if spirochetes are allowed to grow to high enough densities or can be induced through antibiotic
treatment.38 Antibiotics generally will kill a large number of B. burgdorferi in culture, or in the case of bacteriostatic antibiotics such as
doxycycline, prevent B. burgdorferi from replicating, so that the immune system can kill the bacteria. However it’s possible that, after
antibiotic treatment, a small population remains, and these are the persister cells that tolerate (but are not resistant to) antibiotics
(Figure 5).4 Generally, persisters are thought to be slow-growing or dormant forms of bacteria that return to normal growth when
antibiotics are removed. Researchers have found that persisters share common mechanisms of survival after antibiotic treatment.
FIGURE 5
Resistance Resistance occurs when a rare genetic mutant
within a bacterial population survives the addition of an
antibiotic. This mutant is able to replicate in the presence
of the antibiotic, and its progeny carry a resistance gene
as a heritable trait. Bacteria can also acquire resistance
genes through gene transfer from other bacteria.
Resistant mutants become the dominant bacteria within
the population, and higher concentrations of antibiotics
are needed to kill them than the original susceptible
population.
Tolerance Tolerance occurs when bacteria switch to
slow growth or dormancy in the presence of antibiotics.
Although the same concentration of drug kills them as
susceptible bacteria, the time required to kill them may
be increased. Tolerance is generally not due to heritable
gene changes, but due to changes in the expression of
genes.
Persistence: Persistence occurs when a very rare subset
(typically < 1%) of bacteria survives and continues to
replicate very slowly while in the presence of antibiotics.
They are killed at a much slower rate than susceptible
bacteria. Persistence is not heritable, but persistent cells
may be resuscitated into normal replicating cells after
removal of antibiotics. These populations, after another
exposure to antibiotics, may again be mostly killed, with a
small subpopulation of persisters that survive.
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For example, using Escherichia coli as model bacteria, Dr. Ying Zhang and colleagues at Johns Hopkins University reported that
persisters that form in response to different antibiotics (tetracycline and rifampin) exhibit an upregulation of common DNA repair
pathways, as well as common genes corresponding to metabolism (folate and energy), flagella biosynthesis (for bacterial locomotion),
cellular transporters, etc.38 This type of information on common pathways provides researchers insight into the mechanisms of how
these bacteria become antibiotic-tolerant.
To study the mechanism of persister formation in Borrelia burgdorferi, Dr. Zhang and colleagues analyzed RNA transcription by
stationary-phase bacteria grown in the presence of doxycycline or amoxicillin5. This study, funded by GLA, suggests how genes are
differently expressed in persister bacteria compared to normally replicating bacteria grown in the absence of antibiotics. Figure 6
shows gene transcription changes in persister B. burgdoreri.
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FIGURE 6
Differentially expressed genes in doxycycline tolerant B. burgdorferi persister grouped into pathways. The blue upward pentagons indicate
upregulated genes, and the red downward pentagons indicate downregulated genes. Modified and reused from Feng J, 2015, ref 5, under terms of
the Creative Commons CC-BY license.

In a study by Dr. Kim Lewis and colleagues using B. burgdorferi grown in culture, antibiotic treatment with either amoxicillin or
ceftriaxone killed off the majority of the spirochete population, but persister cells survived. These remaining bacteria were tested for
possible antibiotic tolerance or antibiotic resistance, and were found to be tolerant, which meant they had not developed or acquired
a genetic basis for resistance.4 In studies funded by GLA, Lewis’ group also tested a variety of antibiotics in culture medium to see
which were most effective in eradicating persister cells. What they found was that the anticancer agent mitomycin C killed multiple
forms of B. burgdorferi, including persisters as well as growing and stationary cultures of spirochetes. Successful elimination of all
live persisters also was obtained by pulse dosing with ceftriaxone, i.e., by treating with the antibiotic, washing it away to allow the
persisters to reproduce, and adding the antibiotic again, through four rounds.3
Another class of agents that show promise of antimicrobial activity are plant-derived essential oils, some of which have anti-persister
activity. Dr. Zhang’s group tested 34 essential oils in vitro against B. burgdorferi and found three that completely eliminated persister
population re-growth: clove bud, oregano, and cinnamon bark.13 Some essential oils even had anti-biofilm activity.
Collectively, these studies have identified possible strategies to eliminate persister forms of B. burgdorferi in controlled, laboratory
culture environments. Extending these findings to humans will need careful validation in animal models, experiments to determine
safety, and a thorough understanding of how these compounds are metabolized and interact in vivo.
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ANIMAL AND HUMAN STUDIES
OF B. BURGDORFERI PERSISTERS
While studies in culture medium have provided promising preliminary evidence of persisters and the means of their eradication,
studies in animals and humans are key to gaining a complete biological picture. Living organisms have an immune system and other
physiological factors that can influence the development and progression of Lyme disease. There is evidence from studies with
mice39,40, dogs 41 and monkeys 42 of persistence of B. burgdorferi DNA after antibiotic treatment, even though scientists cannot cultivate
the persisting spirochetes directly from the animals. Using a mouse model of Lyme borreliosis, one to three months after treating mice
with the antibiotic ceftriaxone for one month, researchers found that B. burgdorferi DNA was present in the mice and that spirochetes
could be seen using sensitive and specific imaging techniques.39 While the presence of DNA does not alone confirm live B. burgdorferi,
the evidence is stronger when combined with imaging.
In another mouse study, the researchers followed the levels of B. burgdorferi DNA in tissues two, four, and eight months after antibiotic
treatment for Lyme disease, and found declining DNA, as expected. However, after 12 months, several tissues had a resurgence in
B. burgdorferi DNA, with about the same amount of DNA as found in control (saline-treated) mice.40 Spirochetes were observed
in mouse tissue through imaging as well as by using a diagnostic technique in which uninfected ticks were allowed to feed on the
infected animal. This is known as xenodiagnosis, which tests the ability of uninfected ticks to acquire B. burgdorferi in blood meals
from infected, antibiotic-treated animals.40 Successful tick acquisition of spirochetes from these animals, after a clear resurgence of
bacteria following antibiotic treatment, provides strong evidence that these are B. burgdorferi persisters.
In another small-scale study, monkeys were infected with B. burgdorferi and treated aggressively with antibiotics, and the animals
were monitored to see if B. burgdorferi persisted. Six to 12 months after treatment, the animals were euthanized and B. burgdorferi
DNA, RNA, and antigen were detected in the tissues of treated animals. Small numbers of intact spirochetes also were visualized
by fluorescence microscopy is some tissues, including brain, and were recovered via xenodiagnosis (Figure 7), though not by direct
culture methods.42
Despite evidence of antibiotic-tolerant B. burgdorferi persisters in animals, more needs to be done to reproduce and expand these
preliminary results in other labs. The presence of bacterial DNA or antigens suggests there may be fragments of bacteria, or intact
bacteria that are viable, but not culturable after removal from animals or humans. Development of techniques other than xenodiagnosis
that allow recovery of live persisters directly from animal tissues would be helpful. Additionally, larger studies could provide a greater
level of statistical support for the hypothesis that antibiotic-tolerant spirochetes contribute to persistent symptoms.
Thus far, evidence in humans for persisters is even more sparse and indirect than in animals. One study conducted two systematic
reviews of the literature through 2013 to identify reported cases of round morphologic variants of B. burgdorferi isolated from patients.37
The researchers found six studies obtained from 32 patients in which round atypical forms or morphological variants were observed.
Another 29 studies described the typical corkscrew-shaped spirochete form isolated from patients with Lyme disease. The authors
noted that no study established causal relationships between the atypical forms and treatment failure and severity or chronicity of

FIGURE 7.
Spirochetes recovered by
xenodiagnosis from animals
treated in the disseminated
phase of infection. Images from
direct fluorescent staining of
B. burgdorferi spirochetes
found in xenodiagnostic tick
midgut culture (A) or tick
midgut preparation (B) from
antibiotic-treated macaques.
Modified and reused from
Embers M, 2012 ref. 42, under
terms of the Creative Commons
Attribution license.
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clinical disease.37 Also, they found no association between the presence of atypical forms and patients with only subjective symptoms
such as fatigue or pain, which are commonly reported by patients with PTLD. This review revealed some gaps that can provide guidance
for more clinical research. One study since this systematic review did reveal a patient with PTLD who was positive for B. burgdorferi
DNA, as recovered through xenodiagnosis.43 However, neither live B. burgdorferi in an atypical or spirochetal form were recovered.
A recent post-mortem study55 analyzed central nervous system (CNS) tissues from a patient with a history of Lyme disease, who
was treated with antibiotics and years later, developed neurodegenerative symptoms. Pathological examination of autopsy tissues
revealed Lewy body dementia, consistent with the patient’s gradual worsening, and concurrent with antibodies against B. burgdorferi.
Using polymerase chain reaction, B.burgdorferi DNA was found in the spinal cord and amygdala samples. Additionally, careful imaging
revealed an intact spirochete in the spinal cord, close to blood vessels. This study was better-controlled than previous studies
examining B. burgdorferi in autopsied CNS samples. Negative controls were post-mortem CNS tissues from a tissue collection, and
positive controls were nonhuman primate CNS tissues that were cultured with B. burgdorferi. In addition, the researchers found that
RNA degradation rendered B. burgdorferi RNA detection unfeasible, which was not unexpected given the extreme fragility of RNA.
While these findings do not prove a causal relationship between Lyme disease and dementia, they are indications that bacteria persisted
in the CNS even after repeated antibiotic treatment. Since the presence of live, replicating B. burgdorferi has not been definitively
established or excluded in PTLD patients 44, more sensitive and better controlled methods will be instrumental in answering this
question. The field awaits improvements in technology.

DO ANTIBIOTICS ALLEVIATE LONGTERM SYMPTOMS?
If PTLD is caused by residual bacterial replication, then it follows that antibiotic therapy might kill them and alleviate symptoms.
Multiple clinical trials have explored using additional rounds of antibiotics to kill presumed persistent bacteria. Ideally, such studies
would be double-blinded, placebo-controlled randomized trials that monitor clinical outcomes. Sufficiently lengthy follow-up would
determine whether any improvements in health are sustained. An influential article published in 2001 by Klempner and colleagues
detailed two trials, in which patients with well-documented Lyme disease had been previously treated, but continued to suffer
symptoms that caused considerable impairment of quality of life. These included neurocognitive deficit, musculoskeletal pain,
dysesthesia (abnormal sensations) and fatigue.45 One trial, of 78 patients, had IgG-seropositive individuals, while the other, with 51
patients, was composed of seronegative patients. Patients were randomly assigned to receive intravenous antibiotics for 30 days,
followed by oral antibiotics for 60 days. Control-treated individuals received matching intravenous and oral placebos for the same
length of time. The researchers found no difference in symptom improvement between the antibiotic-treated and placebo-treated
patients. While 37% of the patients who received antibiotics reported improvement, 40% in the placebo group also experienced
improved symptoms. These results indicate that 40% of patients eventually improved without any additional treatment beyond the
initial standard treatment.
The outcome measures for these studies relied on patient responses to the SF-36, a survey of subjective measures of health quality
of life. However, a careful statistical analysis of this study suggested that the number of patients per group was insufficient to detect a
minimum clinically important difference in symptom improvement using this method54. The authors of the statistical review suggested
that diseases with similar levels of disability as PTLD measure the improvements of SF-36 scores differently, and that the Klempner
study was underpowered to detect meaningful clinical improvements. Thus, they argued that larger studies of antibiotics to treat
lingering Lyme disease are still warranted.
Impaired cognitive function is a frequently reported symptom of PTLD. A study of 129 previously treated Lyme disease patients
evaluated the effect of 90 days of antibiotics, with a focus on cognitive functioning, but also tracked pain, attention, memory and
executive function46. Over the course of the study, antibotic and placebo treated groups had improvements in symptoms, but there was
no statistical difference between the two.
An important study addressing the effect of antibiotic therapy on neurocognitive functioning, pain and fatigue was led by Dr. Brian
Fallon, a GLA grantee, at Columbia University. In this trial, patients were randomized to receive either 10 weeks of intravenous
ceftriaxone or placebo, followed by no treatment47, a regimen that targets neuroborreliosis. Subjects were followed for 24 weeks, and
it was found that while antibiotic-treated subjects had cognitive improvement by week 12, it was not sustained at week 24, at which
time point the antibiotic-treated subjects had been without drug for 14 weeks. However, among patients with more severe pain and
physical impairment at baseline, there was sustained improvement of these symptoms by week 24, an important finding, since these
are significant symptoms. The authors pointed out that this benefit must be balanced against the observation that 26% of patients
had adverse effects attributed to the intravenous ceftriaxone, which should not be considered as an effective approach for sustained
improvement of cognitive function.
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An obstacle to obtaining credible data in clinical trials of post-acute antibiotic therapy is the difficulty in enrolling sufficient numbers of
patients with validated evidence of past Lyme disease. This reflects the problems with diagnosis. Many patients lack concrete clinical
or serology-based diagnoses, and thus do not meet the inclusion criteria for enrollment in a clinical trial. For example, in the Fallon
study47, 3,368 patients were initially screened, but 1,828 (54%) did not meet CDC diagnostic criteria or have seropositive Western blot
tests. Recruiting more patients with validated diagnoses, along with precise characterization of symptom severity would increase the
strength of these studies.

CONCLUSIONS: MUCH MORE WORK REMAINS
Whether persister bacteria contribute to chronic symptoms of Lyme disease remains unclear, as current research is inconclusive in
patients. What is clear is that in vitro, persister bacteria have been documented after antibiotic exposure, and Borrelia bacteria have
characteristics that provide them antibiotic tolerance. Their relative contribution to long term symptoms, perhaps in combination with
systemic immune dysregulation, should be evaluated through further study.
There also are an amazing variety of unique characteristics of B. burgdorferi that may help it survive, thrive, and persist, such as
its ability to morph into different forms, become dormant, potentially invade different cells and organs, camouflage itself from the
immune defenses, and possibly form biofilms. All of these characteristics have been observed in vitro, with some limited evidence of
a few of these atypical forms in vivo. Again, further studies done in meaningful, well-controlled ways, would reveal whether these are
a contributing factor to longterm illness.
Clearly, there are bacterial persisters that hinder effective antibiotic treatment of certain chronic diseases. For example, it is widely
accepted that antibiotic-tolerant persisters contribute to the difficulty in treating tuberculosis, a known intracellular pathogen.27,28 In
the case of Lyme disease, to date, there is only limited evidence that persisters contribute to chronic symptoms. Most of the evidence
from the limited small-scale animal studies is via imaging, the detection of B. burgdorferi DNA, or the presence of B. burgdorferi in
ticks used in xenodiagnostics. What is needed is direct isolation of persisters in well-controlled animal experiments. Spirochetes
and atypical forms are technically difficult to isolate from tissue, and newer tests could potentially distinguish between active and
prior infection. Another gap is that, in general, much of the research done both in vitro and in vivo remains to be reproduced by other
research groups.
Prolonged treatment with antibiotics for persistent symptoms post-treatment has been controversial and widespread among many
patients, but currently the clinical evidence does not support its efficacy. Clinical studies carried out to date have revealed that at least
under the conditions tested, there is no sustained benefit in reducing chronic symptoms after initial standard treatment. However, a
variety of conventional antimicrobials, essential oil regimens, and combinatorial treatment strategies of varying duration have yet to
be tested in humans. Also, better diagnostics are needed, to increase the numbers of patients included in trials and to increase their
statistical power. The development of identifiable, measurable treatment endpoints would also help in the determination of efficacy
of novel treatment strategies.
More evidence-based research in vitro and in clinical trials will lead to a greater understanding of persisters and tackle the chronic
symptoms that result from infection by this highly complex and exquisitely adapted pathogen.

12

REFERENCES
1.

Aucott JN, Crowder LA, Kortte KB. (2013) Development of a foundation for a case definition of post-treatment Lyme disease
syndrome. Int J Infect Dis 17, e443-449, doi:10.1016/j.ijid.2013.01.008.

2.

DeLong A, Hsu M, Kotsoris H. (2019) Estimation of cumulative number of post-treatment Lyme disease cases in the US, 2016 and
2020. BMC Public Health 19, 352, doi:10.1186/s12889-019-6681-9.

3.

Miklossy J. et al. (2008) Persisting atypical and cystic forms of Borrelia burgdorferi and local inflammation in Lyme neuroborreliosis.
J Neuroinflammation 5, 40, doi:10.1186/1742-2094-5-40.

4.

Sharma B, Brown AV, Matluck NE, Hu LT, Lewis K. (2015) Borrelia burgdorferi, the causative agent of Lyme disease, forms drugtolerant persister cells. Antimicrob Agents Chemother 59, 4616-4624, doi:10.1128/A AC.00864-15.

5.

Feng J, Shi W, Zhang S, Zhang Y. (2015) Persister mechanisms in Borrelia burgdorferi: implications for improved intervention.
Emerg Microbes Infect 4, e51, doi:10.1038/emi.2015.51.

6.

Aslam B, Nisar MA, Khurshid M, Farooq Salamat MK. (2017) Immune escape strategies of Borrelia burgdorferi. Future Microbiol
12, 1219-1237, doi:10.2217/fmb-2017-0013.

7.

Hyde JA. (2017) Borrelia burgdorferi keeps moving and carries on: a review of borrelial dissemination and invasion. Front Immunol
8, 114, doi:10.3389/fimmu.2017.00114.

8.

Cardenas-de la Garza JA, De la Cruz-Valadez E, Ocampo-Candiani J, Welsh O. (2019) Clinical spectrum of Lyme disease. Eur J Clin
Microbiol Infect Dis 38, 201-208, doi:10.1007/s10096-018-3417-1.

9.

Feng J, Weitner M, Shi W, Zhang S, Zhang Y. (2016) Eradication of biofilm-like microcolony structures of Borrelia burgdorferi
by daunomycin and daptomycin but not mitomycin C in combination with doxycycline and cefuroxime. Front Microbiol 7, 62,
doi:10.3389/fmicb.2016.00062.

10. Sapi E. et al. (2012) Characterization of biofilm formation by Borrelia burgdorferi in vitro. PLoS One 7, e48277, doi:10.1371/journal.
pone.0048277.
11. Sapi E. et al. (2011) Evaluation of in vitro antibiotic susceptibility of different morphological forms of Borrelia burgdorferi. Infect
Drug Resist 4, 97-113, doi:10.2147/IDR.S19201.
12. Feng J, Zhang S, Shi W, Zhang Y. (2016) Ceftriaxone pulse dosing fails to eradicate biofilm-like microcolony B. burgdorferi
persisters which are sterilized by daptomycin/ doxycycline/cefuroxime without pulse dosing. Front Microbiol 7, 1744, doi:10.3389/
fmicb.2016.01744.
13. Feng J. et al. (2017) Selective essential oils from spice or culinary herbs have high activity against stationary phase and biofilm
Borrelia burgdorferi. Front Med (Lausanne) 4, 169, doi:10.3389/fmed.2017.00169.
14. Radolf JD, Caimano MJ, Stevenson B, Hu LT. (2012) Of ticks, mice and men: understanding the dual-host lifestyle of Lyme disease
spirochaetes. Nat Rev Microbiol 10, 87-99, doi:10.1038/nrmicro2714.
15. Liang FT. et al. (2004) Borrelia burgdorferi changes its surface antigenic expression in response to host immune responses. Infect
Immun 72, 5759-5767, doi:10.1128/IAI.72.10.5759-5767.2004.
16. Coutte L, Botkin DJ, Gao L, Norris SJ. (2009) Detailed analysis of sequence changes occurring during vlsE antigenic variation in
the mouse model of Borrelia burgdorferi infection. PLoS Pathog 5, e1000293, doi:10.1371/journal.ppat.1000293.
17. Barbosa AS, Isaac L. (2018) Complement immune evasion by spirochetes. Curr Top Microbiol Immunol 415, 215-238,
doi:10.1007/82_2017_47.
18. Lochhead RB et al. (2015) Antagonistic interplay between microRNA-155 and IL-10 during Lyme carditis and arthritis. PLoS One
10, e0135142, doi:10.1371/journal.pone.0135142.
19. Mulcahy LR, Burns JL, Lory S, Lewis K. (2010) Emergence of Pseudomonas aeruginosa strains producing high levels of persister
cells in patients with cystic fibrosis. J Bacteriol 192, 6191-6199, doi:10.1128/JB.01651-09.

13

20. Hall CW, Mah TF. (2017) Molecular mechanisms of biofilm-based antibiotic resistance and tolerance in pathogenic bacteria. FEMS
Microbiol Rev 41, 276-301, doi:10.1093/femsre/fux010.
21. Srivastava S, Bhargava A. (2016) Biofilms and human health. Biotechnol Lett 38, 1-22, doi:10.1007/s10529-015-1960-8.
22. Lafleur MD, Qi Q, Lewis K. (2010) Patients with long-term oral carriage harbor high-persister mutants of Candida albicans.
Antimicrob Agents Chemother 54, 39-44, doi:10.1128/A AC.00860-09.
23. Barthold SW. et al. (2010) Ineffectiveness of tigecycline against persistent Borrelia burgdorferi. Antimicrob Agents Chemother
54, 643-651, doi:10.1128/A AC.00788-09.
24. Sapi, E. et al. (2016) Evidence of in vivo existence of Borrelia biofilm in Borrelial lymphocytomas. Eur J Microbiol Immunol (Bp) 6,
9-24, doi:10.1556/1886.2015.00049.
25. Stapels DAC. et al. (2018) Salmonella persisters undermine host immune defenses during antibiotic treatment. Science 362,
1156-1160, doi:10.1126/science.aat7148.
26. Barry CE 3rd. et al. (2009) The spectrum of latent tuberculosis: rethinking the biology and intervention strategies. Nat Rev
Microbiol 7, 845-855, doi:10.1038/nrmicro2236.
27. Gomez JE, McKinney JD. (2004) M. tuberculosis persistence, latency, and drug tolerance. Tuberculosis (Edinb) 84, 29-44.
28. Zhang Y, Yew WW, Barer MR. (2012) Targeting persisters for tuberculosis control. Antimicrob Agents Chemother 56, 2223-2230,
doi:10.1128/A AC.06288-11.
29. Klempner MS, Noring R, Rogers RA. (1993) Invasion of human skin fibroblasts by the Lyme disease spirochete, Borrelia burgdorferi.
J Infect Dis 167, 1074-1081.
30. Wu J, Weening EH, Faske JB, Hook M, Skare JT. (2011) Invasion of eukaryotic cells by Borrelia burgdorferi requires beta(1)
integrins and Src kinase activity. Infect Immun 79, 1338-1348, doi:10.1128/IAI.01188-10.
31. Petnicki-Ocwieja T, Kern A. (2014) Mechanisms of Borrelia burgdorferi internalization and intracellular innate immune signaling.
Front Cell Infect Microbiol 4, 175, doi:10.3389/fcimb.2014.00175.
32. Coutts WE, Coutts WR. (1953) Treponema pallidum buds, granules, and cysts as found in human syphilitic chancres and seen in
fixed unstained smears observed under dark-ground illumination. Am J Syph Gonorrhea Vener Dis 37, 29-36.
33. Ovcinnikov NM, Delektorskij VV. (1971) Current concepts of the morphology and biology of Treponema pallidum based on electron
microscopy. Br J Vener Dis 47, 315-328.
34. Miklossy J. et al. (2004) Borrelia burgdorferi persists in the brain in chronic Lyme neuroborreliosis and may be associated with
Alzheimer disease. J Alzheimers Dis 6, 639-649; discussion 673-681.
35. Brorson O, Brorson SH. (1998) In vitro conversion of Borrelia burgdorferi to cystic forms in spinal fluid, and transformation to
mobile spirochetes by incubation in BSK-H medium. Infection 26, 144-150.
36. Merilainen L, Herranen A, Schwarzbach A, Gilbert L. (2015) Morphological and biochemical features of Borrelia burgdorferi
pleomorphic forms. Microbiology 161, 516-527, doi:10.1099/mic.0.000027.
37. Lantos PM, Auwaerter PG, Wormser GP. (2014) A systematic review of Borrelia burgdorferi morphologic variants does not support
a role in chronic Lyme disease. Clin Infect Dis 58, 663-671, doi:10.1093/cid/cit810.
38. Cui P. et al. (2018) Identification of genes involved in bacteriostatic antibiotic-induced persister formation. Front Microbiol 9, 413,
doi:10.3389/fmicb.2018.00413.
39. Hodzic E, Feng S, Holden K, Freet KJ, Barthold SW. (2008) Persistence of Borrelia burgdorferi following antibiotic treatment in
mice. Antimicrob Agents Chemother 52, 1728-1736, doi:10.1128/A AC.01050-07.
40. Hodzic E, Imai D, Feng S, Barthold SW. (2014) Resurgence of persisting non-cultivable Borrelia burgdorferi following antibiotic
treatment in mice. PLoS One 9, e86907, doi:10.1371/journal.pone.0086907.

14

41. Straubinger RK, Summers BA, Chang YF, Appel MJ. (1997) Persistence of Borrelia burgdorferi in experimentally infected dogs
after antibiotic treatment. J Clin Microbiol 35, 111-116.
42. Embers ME. et al. (2012) Persistence of Borrelia burgdorferi in rhesus macaques following antibiotic treatment of disseminated
infection. PLoS One 7, e29914, doi:10.1371/journal.pone.0029914.
43. Marques A. et al. (2014) Xenodiagnosis to detect Borrelia burgdorferi infection: a first-in-human study. Clin Infect Dis 58, 937-945,
doi:10.1093/cid/cit939.
44. Baker PJ, Wormser GP. (2017) The clinical relevance of studies on Borrelia burgdorferi persisters. Am J Med 130, 1009-1010,
doi:10.1016/j.amjmed.2017.04.014.
45. Klempner MS. et al. (2001) Two controlled trials of antibiotic treatment in patients with persistent symptoms and a history of Lyme
disease. N Engl J Med 345, 85-92, doi:10.1056/NEJM200107123450202.
46. Kaplan RF. et al. (2003) Cognitive function in post-treatment Lyme disease: do additional antibiotics help? Neurology 60, 19161922.
47. Fallon BA. et al. (2008) A randomized, placebo-controlled trial of repeated IV antibiotic therapy for Lyme encephalopathy.
Neurology 70, 992-1003, doi:10.1212/01.WNL.0000284604.61160.2d.
48. Klempner MS. et al. (2013) Treatment trials for post-Lyme disease symptoms revisited. Am J Med 126, 665-669, doi:10.1016/j.
amjmed.2013.02.014.
49. Krupp LB. et al. (2003) Study and treatment of post Lyme disease (STOP-LD): a randomized double masked clinical trial. Neurology
60, 1923-1930.
50. Gefen O, Chekol B, Strahilevitz J, Balaban NQ. (2017) TDtest: easy detection of bacterial tolerance and persistence in clinical
isolates by a modified disk-diffusion assay. Sci Rep 7, 41284, doi:10.1038/srep41284.
51. Brauner A, Fridman O, Gefen O, Balaban NQ. (2016) Distinguishing between resistance, tolerance and persistence to antibiotic
treatment. Nat Rev Microbiol 14, 320-330, doi:10.1038/nrmicro.2016.34.
52. Chaconas G, Castellanos M, Verhey TB. (2020) Changing of the guard: how the Lyme disease spirochete subverts the host immune
response. J Biol Chem 295(2), 301-313, doi: 10.1074/jbc.REV119.008583
53. Kostakioti M, Hadjifrangiskou M, Hultgren SJ. (2013) Bacterial biofilms: development, dispersal, and therapeutic strategies in the
dawn of the postantibiotic era. Cold Spring Harb Perspect Med 3(4), a010306. doi: 10.1101/cshperspect.a010306.
54. Delong AK, Blossom B, Maloney EL, Phillips SE. (2012) Antibiotic retreatment of Lyme disease in patients with persistent
symptoms: a biostatistical review of randomized, placebo-controlled clinical trials. Contemp Clin Trials 33, 1132-1142.
55. Gadila SKG, Rosoklija G, Dwork AJ, Fallon BA, Embers ME. (2021) Detecting Borrelia spirochetes: a case study with validation
among autopsy specimens. Front Neurol 10 may 2021/doi: 10.3389/fneur.2021.628045.

The views and opinions expressed in this white paper are interpretations of the current state of scientific knowledge by the author(s) and do not necessarily reflect the
views and opinions of Global Lyme Alliance (“GLA”). Any material provided is for information purposes only. The material (a) is not nor should be considered, or used as
a substitute for, medical advice, diagnosis, or treatment, nor (b) does it necessarily represent endorsement by or an official position of Global Lyme Alliance, Inc. or any
of its directors, officers, advisors or volunteers. Advice on the testing, treatment or care of an individual patient should be obtained through consultation with a physician
who has examined that patient or is familiar with that patient’s medical history. Global Lyme Alliance, Inc. makes no warranties of any kind regarding the Website and the
content therein, including as to the accuracy, completeness, currency or reliability of any information contained herein, and all such warranties are expressly disclaimed.

15

ABOUT GLA
GLA is the leading 501(c)(3) dedicated to conquering Lyme and other tick-borne
diseases through research, education, awareness, and patient services.

C ON TA C TLA
1290 East Main Street
3rd Floor
Stamford, CT 06902
U.S.A
+1 203.969.1333 | INFO@GLA.ORG | GLA.ORG

16

