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Lyme disease, caused by the spirochete Borrelia burgdorferi, is the most common
vector-borne illness in the United States. Many aspects of the disease are still
topics of controversy within the scientific and medical communities. One
particular point of debate is the etiology behind antibiotic treatment failure of
a significant portion (10-30%) of Lyme disease patients. The condition in which
patients with Lyme disease continue to experience a variety of symptoms months
to years after the recommended antibiotic treatment is most recently referred to
in the literature as post treatment Lyme disease syndrome (PTLDS) or just simply
post treatment Lyme disease (PTLD). The most commonly proposed mechanisms
behind treatment failure include host autoimmune responses, long-term
sequelae from the initial Borrelia infection, and persistence of the spirochete.
The aims of this review will focus on the in vitro, in vivo, and clinical evidence
that either validates or challenges these mechanisms, particularly with regard
to the role of the immune response in disease and resolution of the infection.
Next generation treatments and research into identifying biomarkers to predict
treatment responses and outcomes for Lyme disease patients are also discussed.
It is essential that definitions and guidelines for Lyme disease evolve with the
research to translate diagnostic and therapeutic advances to patient care.

Lyme, borreliosis, persistence, PTLDS, PTLD, antibiotic, autoimmune, inflammation

1. Introduction

Lyme disease (LD) is the most common vector-borne disease in the United States and
displays an increasing trend in recent years. A recent study estimated that there have been about
476,000 new cases every year since 2010 (1) while a previous similar analysis for 2005-2010
estimated about 329,000 LD cases per year (2). LD is a bacterial infection caused by a spirochete
belonging to the Borrelia burgdoferi sensu lato complex. In North America this infection is most
commonly referred to as Lyme Disease, whereas in Europe and other locations of the world it
is commonly called either Lyme Borreliosis or Borreliosis. LD is a zoonotic infection transmitted
to humans through the bite of an Ixodid tick. The species of Borrelia and Ixodes involved varies
by geographical region throughout North America, Europe, and parts of Asia. In North America,
Borrelia burgdorferi sensu stricto (Bb) causes the majority of infections and is transmitted either
by Ixodes scapularis or 1. pacificus (3). In Europe and parts of Asia borreliosis is transmitted by
I ricinus ticks predominantly infected by either B. afzelii, B. garinii, or B. bavariensis (4). The
predominant reservoir in the United States is the white-footed mouse where typically larval
Ixodes ticks acquire the spirochetes via a blood meal (5). Once infected, a tick remains infectious
throughout the remainder of its life cycle. Both nymphal and adult ticks can transmit the disease
to humans, but it is the former that is responsible for the majority of human cases. An important
aspect of LD research is understanding the complexities of how the spirochete adapts and
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survives the harsh tick environment, as well as the phenotypic changes
required to persist in both its reservoir host and humans.

Untreated LD in humans can be divided into three disease stage
progressions that include both unique and overlapping clinical
manifestations. The stages are labeled as early localized, early
disseminated, and late disseminated, and the various signs and
symptoms include erythema migrans (EM), malaise, arthralgia,
fatigue, arthritis, carditis, and various neurological manifestations
such as facial palsy (6, 7). The diagnosis of LD is not as straightforward
as with many other infectious diseases, where detection by culture,
PCR, or serology is typically more reliable and conclusive. Laboratory
diagnostic testing for LD is based upon indirect methods using a
serological two-tiered testing of enzyme immunoassay (EIA) and
immunoblotting with varying degrees of sensitivities based upon the
stage of illness; whereas direct detection via culture or PCR is used
mainly only in research studies (8-10). The issues with LD diagnostic
testing can lead to false negative results and misdiagnoses that
ultimately delay proper treatment. The course, duration, and success
of antibiotic therapy for LD varies according to the disease stage and
site of disease manifestations (joint, heart, nervous system, etc.);
however, the typical treatment regimen consists of either oral
doxycycline, amoxicillin, cefuroxime, or IV ceftriaxone (11, 12).

Despite differences in treatment regimens and other
methodologies, several early studies reported detection of spirochetes
or their components in patients treated for LD (13-16). Further
insight has revealed antibiotic therapy is most successful in cases
diagnosed in the earlier stages of illness and delays in diagnosis
increase the odds for treatment failure (17, 18). Retrospective studies
of LD patients at least 1 year post treatment found that patients treated
within 4 weeks of disease onset were more likely to have a successful
treatment outcome, whereas delayed treatment led to a higher
frequency (up to 50% or more) of cognitive and musculoskeletal
impairment (19, 20). This was confirmed in a more recent study that
demonstrated that chronic symptoms were statistically more likely to
develop in LD patients where treatment was delayed for 30 days or
more (21). There are three recognized outcomes with the
recommended course of antibiotic therapy for LD: resolution/cure;
antibiotic refractory Lyme arthritis (also referred to as post-infectious
Lyme arthritis), post-treatment Lyme disease syndrome (PTLDS) or
post-treatment Lyme disease (PTLD). The first two outcomes are the
simplest in terms of a consensus for their definition and observations.
The latter possible outcome however is wherein the most controversy
resides over its definition, symptom inclusion profile, cause, and
continued treatment. PTLD is estimated to affect 10-20% or of treated
LD patients that present with an EM rash and is defined as persistent
or relapsing symptoms such as fatigue, musculoskeletal pain, and
cognitive impairment for more than 6 months after completion of the
recommended antibiotic therapy (22, 23). A recent report estimated
the cumulative presence of PTLD to be near 2 million people in 2020
(24). These manifestations are usually subjective and can range from
mild to severely debilitating. It has been suggested that the PTLD
incidence could be even higher due to the underdiagnoses of LD
patients that do not present a known early-localized EM rash, and thus
are not diagnosed and treated until they present with signs and
symptoms of more disseminated disease (25, 26). In fact some groups
have suggested alternative names for PTLD that incorporate broader
definitions and inclusion criteria such as Lyme-multiple systemic
infectious disease syndrome (MSIDS) (27), or by delineating chronic
LD into untreated (CLD-U) and treated (CLD-PT) categories (26).
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This review will use PTLD to refer to persistent symptoms with
varying degrees of severity following treatment for LD. A group of
researchers have also attempted address the symptom heterogeneity
of PTLD by dividing it into three separate subgroups based upon the
severity of six different symptom profiles (28). Despite what
terminology, definition, and symptom profile is used to describe this
significant cohort of LD patients, they all share an element of antibiotic
treatment failure. Thus, the main problem that needs solving is
determining the mechanisms behind the development and pathology
of PTLD. One consensus behind PTLD is the agreement for the
identification of several risk factors for its development such as
microbiological factors including genospecies/strain of the Borrelia
involved or co-infection with other tickborne pathogens; host factors
such as genetics, environment, and the presence of comorbidities; and
clinical factors such as the previously discussed delay in proper
treatment. The mechanisms and treatment for PTLD continue to
perplex and create controversy among the scientific and medical
communities. Several mechanisms have been suggested to play a role
in PTLD, but the most common include autoimmunity, sequelae of
previous active infection, and persistent Borrelia infection (Figure 1).

Each suggested mechanism will be discussed separately; however,
it is important to note that the role these mechanisms play could exist
singly, in combination with each other, or involve other unknown
mechanisms. The main argument centered around treatment of PTLD
concerns whether or not further antibiotic therapy is helpful, hurtful,
or benign to patient care (29, 30). This review will examine in vitro, in
vivo, and clinical studies that support or challenge each of these
mechanisms, viewed through how the host immune system responds
to infection. We also discuss research into next generation treatments
and the discovery of biomarkers to predict treatment responses
and outcomes.

2. Potential causes of antibiotic
treatment failure for Lyme disease

2.1. Autoimmunity

The purpose of the immune system is to combat and prevent
infections. Its ability to perform that duty is critically reliant on being able
to distinguish self from non-self. Autoimmune disorders occur when
that line gets distorted and results in an immunological assault on self-
tissues. The pathology of several autoimmune diseases such as Systemic
Lupus Erythematosus (SLE), Myasthenia Gravis, and Grave's disease in
which self-reactive T-cells and/or antibodies attack host tissues are well-
characterized (31-33). The etiology of most autoimmune disorders is
thought to arise from a mixture of genetic and environmental factors.
However, the role of specific microbial antigens in triggering
autoimmune disorders is less well understood. Perhaps the most well-
known association between a specific infectious agent and autoimmunity
is between the gram-positive bacteria Streptococcus pyogenes and
rheumatic fever. Yet there are several autoimmune and chronic
inflammatory conditions in which microbial antigens are thought to
trigger the self-reactive response, including Crohn’s disease, ulcerative
colitis, Multiple Sclerosis (MS), and Guillain-Barre’ syndrome (GBS)
(34-36); however, the traditional Koch’s postulates are not sufficient to
determine the complex etiology for these diseases (37). It is understood
that the presence of autoreactive T-and/or B-cells alone is not enough to
induce an autoimmune reaction. A breakdown in central and peripheral
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Possible mechanisms for persistent symptoms after antibiotic treatment for LD. 1) Autoimmunity in which self-antigens are targeted by B- and/or
T-cells due to molecular mimicry or other immune dysregulated mechanisms. 2) Post-infectious immune mediated sequalae from the spirochete or its
cellular components such as peptidoglycan could cause damage to tissues/organs during the initial infection. Evidence for these first two mechanisms
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doesn't involve the recovery of whole, intact spirochetes after treatment. 3) Persistent infection in which a small number of spirochetes survive after
antibiotic treatment as viable, viable non-cultivable (VBNC), or non-viable cells. Evidence for B. burgdorferi antibiotic persistence can be found in in

vitro culture studies and several in vivo animal models such as mice, dogs, and non-human primates (NHPs). It should be notes that these mechanisms

may not exist independently of one another and involve other unknown mechanisms.

tolerance must also happen before an autoimmune disorder can manifest
(38). There are several mechanisms of how autoimmunity induced by
foreign antigens can occur such as molecular mimicry, epitope spreading,
bystander activation, and polyclonal B-and T-cell activation due to
persistent pathogens and chronic inflammation (39). Molecular mimicry,
the most investigated autoimmune mechanism regarding LD, refers to
the idea that a high degree of similarity between Borrelia antigens and
self-antigens can lead to a cross reactivity of T cells and/or antibodies to
host tissues. The most evidence and support for molecular mimicry in
PTLD originates from research in Lyme arthritis. The so-called “post-
infectious Lyme arthritis” is one of the more well-characterized possible
outcomes after antibiotic treatment, but it is generally considered to
be clinically distinct from PTLD due to a lack of other clinical
manifestations such as fatigue and malaise.

In the early 1990s, several researchers investigating the role of
autoimmunity in association with chronic LD symptoms found
homology between a few Borrelia proteins and human proteins (40-42).
The correlation between autoimmunity and antibiotic refractory Lyme
arthritis was originally supported by its association with specific MHC
II alleles, such as HLA-DRB1 (43, 44). Further investigation into
treatment of refractory Lyme arthritis also revealed a connection
between HLA-DRA4 alleles and antibody to B. burgdorferi (Bb) outer
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surface lipoproteins OspA and OspB (45). Thus, investigations into the
hypothesis that molecular mimicry between specific Borrelia proteins
and human proteins was the autoimmune source behind treatment
resistant Lyme arthritis began. Further research found sequence
homologies between human leukocyte function-associated antigen-1
(hLFA-1 ) and Bb OspA (46, 47). Autoreactive T cells and/or B cells to
a variety of human proteins such as the heat shock protein (hsp) family,
myosin, myelin basic protein (MBP), hLFA-1, annexin A2, endothelial
growth cell factor (EGCF), apolipoprotein B-100 (apoB-100), and matrix
metalloproteinsase-10 (MMP-10) have been correlated with post
treatment Lyme arthritis (41, 46, 48-51). However, a study identifying
several cross-reactive self-antigens as ligands that also recognize OspA-
specific T cells demonstrated that cross-reactivity may be a common
occurrence and that its existence alone does not necessarily imply that it
will result in autoimmune pathology (52). Thus, molecular mimicry
between spirochetal antigens and host proteins alone is likely not enough
to induce persistent Lyme arthritis. This is supported by a mouse study
that determined both CD4+ and CD8+ T cells were stimulated via
bystander activation through an upregulation of TLR2 expression on T
cells (53).

Further evidence of a link between an autoimmune mechanism
and antibiotic refractory Lyme arthritis involves the role of regulatory
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T (T, cells. Lyme arthritis patients with lower levels of T, cells in
synovial fluid had longer durations of symptoms in antibiotic
refractory Lyme arthritis (54), and a subsequent study using a mouse
model demonstrated that T, cells may play an anti-inflammatory role
to limit arthritis development with B. burgdorferi infection (55). In
addition, a TH17 immune response in the early phases of the later
stages of LD correspond with development of autoantibodies and
antibiotic refractory Lyme arthritis (56). Another possible mechanism
could involve B cells and the phenomenon of epitope spreading and
post-translational or epigenetic modification of self-proteins, which
has been seen in rheumatoid arthritis (57). These studies imply that
disruption to immune regulation in conjunction with the presence of
autoreactive B and/or T cells likely play a role in the pathology behind
antibiotic refractory Lyme arthritis. The success of reducing or
eliminating symptoms when treating antibiotic refractory Lyme
arthritis with immune-modulating drugs such as methotrexate and
TNF inhibitors strengthens this role of this mechanism (58).

However, when these same autoimmune hypotheses and research
are applied to other Lyme disease pathologies and conditions such as
Lyme carditis, Lyme neuroborreliosis, and PTLD, the results and
conclusions are variable. In the late 1990s and early 2000s a group of
researchers identified several Bb and human protein sequences that
matched a T cell clone generated from the CNS of a Lyme disease
patient; however, during in vitro testing, the clone recognized and
bound human proteins (autoantigens) at much higher concentrations
compared to the Borrelia proteins, emphasizing that autoimmunity
from molecular mimicry may only happen when very specific
conditions are met (59, 60). This finding is consistent with the idea
previously mentioned that the presence of self-antigens may be a fairly
common occurrence and these autoreactive T or B cells may not
necessarily depend on the presence of Bb antigens to develop. An in
vivo study using mice showed evidence of molecular mimicry between
murine myosin protein and Bb OspA to aid in generating a cross-
reactive response against heart and musculoskeletal tissue, as well as
finding that in the presence of autoimmune conditions, Bb caused
more inflammation and persisted longer in mouse heart tissue (61).
Various host factors and genetic predispositions to autoimmune
disorders may play a role in the severity of Lyme carditis as well as
other Lyme disease pathologies.

A group of researchers studying autoantibodies in Lyme arthritis
actually found that a small number of patients with carditis in the early
disseminated stages of LD had increased levels of IgG3 autoantibodies
to apoB-100 compared to patients with neuroborreliosis or arthritis
(62). However, how these patients responded to antibiotic treatment was
not part of the study’s design. Thus, whether or not apoB-100 or myosin
autoantibodies continue to be elevated and contribute to the pathology
behind carditis or even PTLD remains to be investigated. The role of
TH17 cells and autoimmunity in PTLD is also unclear. A study using
IL-23 levels to measure the TH17 immune response in PTLD patients
compared to treated LD patients without symptoms found that the
PTLD group had a statistically significant increase in IL-23 levels and
were commonly correlated with autoantibodies to EGCF that, however,
did not display any statistical significance (63).

Since the clinical manifestations of PTLD are mainly subjective
and many likely involve the central and peripheral nervous systems,
an autoimmune response against neural tissues is a logical hypothesis
and could provide a link between Lyme neuroborreliosis and
PTLD. Antibodies against assorted neural proteins were found to
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be significantly higher in PTLD patients vs. post-Lyme healthy
controls and would seem to support an autoimmune mechanism for
chronic neurological Lyme disease symptoms (64-66). However,
seronegative PTLD patients also had anti-neural antibodies,
suggesting additional antigen-independent mechanisms likely also
play a role in the development of PTLD (64). Since molecular mimicry
is antigen-dependent, perhaps other autoimmune mechanisms could
be at play, such as epitope spreading or bystander activation, a likely
culprit behind antibiotic refractory Lyme arthritis. Whether or not the
correlation between PTLD and the presence of these anti-neural
antibodies could be the pathological cause for the neurological
manifestations of PTLD needs to be further investigated. In that
regard, a study in 2018 examined autoantibodies against a glycolytic
enzyme, gamma enolase, from a LD patient as a possible cause for the
chronic neurological symptoms in some cases of PTLD by interfering
with glycolysis in nerve cells (67). A previous study also suggested a
possible role for the cytokine IFN-alpha behind the immune
dysregulation mechanism for persistent neurological symptoms (66).

Unlike the connection between Lyme arthritis and specific
HLA-DRB alleles, as association between PTLD patients and a specific
HLA class II genotype has yet to be identified that would strengthen
the argument for an autoimmune pathology (68). Though there are
very few such studies in the literature specifically related to PTLD and
host genetic factors, this does not rule out innate or adaptive immune
system genetic elements in the generation of the dysregulated immune
response. Immunological responses, other than autoimmunity, and
microbial factors during early and disseminated LD are likely to have
plausible roles in PTLD pathogenesis.

2.2. Post-infectious immune-mediated
sequelae

Clinical manifestations experienced during an infection are either
the result of the direct action of the infectious agent and/or its toxins,
or the indirect product of the host immune response to the infection.
These reactions usually subside and resolve after the infection is
eliminated, homeostatic conditions are restored, and the host repairs
any direct or collateral damage. This section will examine the literature
involving the innate and adaptive immune responses in early and
disseminated LD and how their role is possibly linked to the
pathogenesis of PTLD. Bb infects its reservoir hosts persistently
without causing any disease pathology such as arthritis or carditis, and
the spirochete also lacks any known endo-or exotoxins in its genome.
Thus, the clinical manifestations of LD in its non-reservoir hosts, such
as humans, are due to the immune response to the pathogen (69, 70).
These immune-mediated effects are directed by cells of the innate and
adaptive immune system through the complex interactions of various
pro-and anti-inflammatory chemokines and cytokines. In connection
with this hypothesis as a potential mechanism for PTLD, a study
published in 2015 that followed antibiotic treated patients with
culture-confirmed early LD for 10-20years observed not only that the
nonspecific symptoms of PTLD can persist for extremely long periods
of time, but also the symptoms for a very small subset of patients they
followed could possibly have been due to nerve damage from the
initial LD infection (71). PTLD studied in patients who developed EM
during the early phase of infection showed that the average duration
of acute illness was significantly longer in patients developing
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persistent than in patients with resolved illness (72). In addition, a
recent study on carditis in a murine model demonstrated changes in
the regulation of mitochondrial components of the heart tissue as well
as functional changes in macrophages as a consequence of infection
with B. burgdorferi (73). This study, however, did not examine the
effect of antibiotic treatment in the infected mice, but does support the
importance of a timely diagnosis and treatment before potential long-
term, chronic damage can be generated., Functional changes to
mitochondrial components in other tissues besides the heart, such as
nerve and skeletal muscle that are often targeted during Bb infection,
remains to be investigated. Such research could provide insight into a
few of the chief symptoms among PTLD patients including fatigue,
cognitive changes, and musculoskeletal pain or weakness. When Bb
affects the nervous system, neuroborreliosis, the cascade of
immunomodulatory inflammation can trigger apoptosis of glial cells
leading to an assortment of neurological manifestations (74-76). If the
majority of this damage is sustained before antibiotic treatment is
initiated, then it is conceivable that some of the symptomology could
continue during and after antibiotic treatment considering the amount
of time it takes the body to repair nerve cells (77). However, how some
patients who suffer PTLD symptoms for many years fit into this
explanation is unclear.

Two of the larger questions at hand are how could differences in
the immune response to Bb infection contribute to persistence of
symptoms after antibiotic treatment and why do they occur? To
analyze these questions, a brief understanding of the pathogenesis and
immune response to Bb is required. There are several excellent reviews
that give a detailed and thorough understanding of the immune
response and pathogenesis of LD in both animals and humans such
as those by Coburn et al., Radolf, and Bockenstedt (69, 70, 78). Both
the innate and adaptive immune responses are important for
controlling the spirochetal burden in various tissues. The initial innate
immune response is mainly triggered via the surface pathogen
recognition receptor TLR-2 signaling leading to NF-kB and an
inflammatory cytokine response. This response is critical to
controlling the bacterial burden of the initial infection by recruiting
macrophages, neutrophils, and other lymphocytes to the site of
infection. It also appears that interferon gamma (IFN-y) is a major
instigator in the inflammatory pathology seen in early LD, especially
in the joints and nervous system (79-82). IFN-y from macrophages
stimulated in vitro by Bb outer surface proteins increased the
production of nitric oxide (NO) as well as other pro-inflammatory
cytokines that contribute to the inflammatory pathology seen in LD
(83). Consequently, tight regulation of these inflammatory
components is needed during infection to minimize damage to host
cells and tissues and allow a return to homeostatic conditions. The
expression of the Thl cytokine IFN-y was decreased in the skin of
European patients with persistent symptoms after being treated for
EM compared to post-treatment asymptomatic patients, who
exhibited a more prominent IFN-y response (84). Other groups
studying the differentiation between Th1 vs. Th2 immune responses
in patients with antibiotic refractory Lyme arthritis observed that a
robust IFN-y response correlated with a decrease in the expression of
genes for tissue repair, proliferation, and metabolism (85, 86).

Inflammation of the CNS has been found in mice during early Bb
infection and induces changes histologically and in the expression
profiles of inflammatory genes, especially interferon-stimulated genes
(ISGs), which can also be induced when no spirochetes can
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be detected in the brain parenchyma (82). The differences between
these IFN-gamma studies further support claims that the role of
specific immune signals for manifestations of LD may be unique
according to the system affected (87-89). Therefore, it further
maintains the observations that antibiotic refractory Lyme arthritis
and PTLD are distinct disease states with unique pathologies and
triggers. Additional cytokines and chemokines also are important in
the response to Bb infection and the pathology for PTLD. Another
TH1-associated chemokine, CCL19, was shown to be elevated in some
PTLD patients compared to patients who remained asymptomatic
after treatment, suggesting possible ongoing immune-mediated
reactions after treatment (90). Study of IL-10 levels in mouse models
found a correlation between higher levels of IL-10 with decreased
levels of TNF-a, suggesting that circumstances which lead to less
IL-10 production during Bb infection could result in more TNF-alpha
mediated inflammatory damage to various tissues (91).

While the innate immune response during early infection is
indispensable for controlling the bacterial burden, it is the adaptive
immune system that becomes crucial during the later disseminated
stages of infection. Studies using severe combined immune-deficient
(SCID) mice infected with Bb show that initially they are able to
control the bacterial burden the same as the wild-type mice; however,
after several weeks the inflammation remained active in the SCID
mice while it was fairly resolved in the immunocompetent mice (92—
94). It has also been shown that a strong B-cell/antibody response to
Bb in treated patients led to a quicker return to health than patients
that had a poorer B-cell response (95). However, the antibodies
generated during Borrelia infection must be able to penetrate and
access the tissues, such as the joints and heart, in order to help
ameliorate the inflammation (70). It is also clear that T-cells also have
a more marked role in the pathology in human LD compared to
numerous strains of inbred laboratory mice, and this is evident in the
immune cell composition of skin, joints, heart, and cerebrospinal fluid
(CSF) of human patients infected with Bb (70). CD4+ T cells appear
to help generate antibody production during LD, but do not aid in
affinity maturation or class switching to provide long-term protection
(96). These findings reinforce the notion that a strong antibody
response is central to controlling the infection, but it is not able to
provide long-term protection in the form of memory cells. Regulatory
T cells (Tregs) are necessary for controlling the amount of
inflammation and tissue damage during Bb infection. The Th17 cell-
associated cytokine IL-23 has also been found to be increased among
certain cohorts of PTLD patients (63).

Another important consideration in the differential immune
response is the form/shape of the spirochete during the course of
infection. The induction of cell-wall deficient, round bodied, and
biofilm-like forms of Bb in vitro has led to the interrogation of the
infectivity and the pathogenicity of these forms in vivo. An in vitro
analysis showed that the round body form of Bb showed differential
phagocytosis by macrophages, cytokine responses, as well as protein
and antigenicity profiles than the traditional spirochetal form of Bb
(97). These different morphological forms of Bb are more difficult to
study under host adapted conditions, therefore, their contribution and
significance to the pathology behind LD and PTLD in humans is not
clear. A recent report described the antibiotic tolerance and
pathogenicity of biofilm-like microcolony (MC) forms, stationary
phase (SP) forms with round bodies and logarithmic phase (LOG)
forms of Bb. MC and SP variant forms were not only more tolerant to
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the standard antibiotics used for Lyme, but also caused more severe
arthritis in mice than the log phase spirochete form (98).

Ongoing immune responses to bacterial components such as
nucleic acids, peptidoglycan, bacterial lipoprotein debris, and outer
membrane vesicles are also plausible sources for inflammatory
responses in PTLD. Bb DNA has been discovered in infected mice
after antibiotic treatment (99), and in vitro cultures of Bb treated with
ceftriaxone revealed that DNA could be detected up to 56 days after
treatment (100). The residual spirochete DNA is also capable of
triggering recognition by PRRs of immune cells and a subsequent
inflammatory response in mice suggesting that some of the symptoms
after antibiotic treatment could be explained by persistent material
from the original infection (101). Peptidoglycan from Bb, which does
elicit a pro-inflammatory response in human PBMCs, has also been
shown to persist in patients with Lyme arthritis (102). What
contribution this has towards the development of PTLD is unclear,
especially in cases where symptoms persist for years.

Some of the research studies into the pathology of immune-
mediated sequelae, separate from autoimmunity, do not
characteristically take into consideration the duration of the effects
and/or any antibiotic treatment. Care should also be taken in
comparing immune responses between reservoir hosts, different
strains of inbred laboratory mice, and non-reservoir hosts such as
nonhuman primates (NHPs) and humans. In order to ascertain the
etiology of tissue or nerve damage found months and years after the
completion of antibiotic treatment, two significant factors would need
to be addressed: (1) re-infection and/or (2) persistent infection. While
laboratory studies can easily control for re-infection with Bb, human
and veterinary case studies, especially those in highly endemic regions
for LD, would benefit from conclusive diagnostic markers that could

differentiate between recent and past Borrelia infections.

2.3. Persistent infection

In the absence of any therapeutic intervention, B. burgdorferi
establishes a persistent/chronic infection in both its reservoir and
non-reservoir hosts. This aspect of Lyme disease is not contentious,
and there is a great deal of information supporting the immune
evasion tactics of the spirochetes, especially in regard to gene
regulation and protein expression that enables the spirochete to
survive some fairly unfavorable and dynamic conditions in its
arthropod and mammalian hosts (6, 103). For example, spirochetal
burden in immunocompetent mice infected with Bb peaks about
2 weeks after infection and then its numbers decline, but still is found
to persist even up to a year after infection (104). Similar observations
have been found in untreated dogs, horses, and NHPs infected with
B. burgdorferi (105-107). The disagreements concerning chronic
infection with Bb revolve around the question of whether or not the
bacteria can persist after antibiotic treatment and whether or not they
are capable of causing the symptoms experienced in PTLD patients.

In order to address the topic of persistent infection, the definition
and parameters of what bacterial persistence is needs to
be acknowledged. The term “persisters” was first coined by Joseph
Bigger in the 1940s to describe the small fraction of bacterial cells that
survived penicillin treatment by entering a nondividing state and
whose progeny did not demonstrate any antibiotic resistance (108).
Since then, there has been a great deal of research into antibiotic
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tolerance and its mechanisms for a diverse range of bacterial genera
and its role in chronic infections. There are many bacterial species
associated with persistent infections in humans such as Mycobacterium
tuberculosis, Pseudomonas aeruginosa, Escherichia coli, Staphylococcus
aureus, and B. burgdorferi (109). Bacterial tolerance is very different
from resistance in that the bacteria are not actively growing in the
presence of the antibiotic and there is no heritable genetic change in
the persistent bacteria’s genome (110, 111). The stress response and
other mechanisms allow bacteria, including Borrelia, to survive lethal
conditions such as limited nutrients, extreme pH levels, and the
presence of certain antibiotics. A thorough review for understanding
persister cells and how they are studied in vitro can be found in
Balaban et al. (112). Essentially, drug-induced bacterial persisters
demonstrate a biphasic killing curve and the regrown persister cells
have the same minimum inhibitory concentration (MIC) to the
administered antibiotic as the original population but a higher
minimum bactericidal concentration (MBC) (112).

2.3.1. Antibiotic tolerance by Borrelia burgdorferi

Several early reports linked LD patients with ongoing symptoms
treated with different regimens of antibiotics to a persistent Borrelia
infection (13, 113, 114). This sparked the investigation for surviving
spirochetes both in vitro and in vivo using animal models. The growth
requirements, slow growth rate, genetic composition of B. burgdorferi,
and the occult nature of the infection brings challenges to studying
persistence both in vitro and in vivo. Despite these challenges, several
independent studies have demonstrated that Bb can form drug-
tolerant persister cell in vitro. A preliminary in vitro study aimed at
examining the viability of two different Bb strains showed the inability
to re-culture spirochetes from ceftriaxone-treated mice but the
detection of nucleic acid (100). Interestingly, the same study also
displayed a variability in the rate in the declining viability between the
two Bb strains (100). In contrast, time-kill assays using a variety of
antibiotics, including ceftriaxone, confirmed a biphasic killing curve
of Bb and that the regrowth of surviving cells were persisters based
upon MIC values (115). In this study Bb formed persisters against all
the drugs tested but one, Mitomycin C. Another study determined
that the development of persister cells are likely driven by a slower
growth rate, demonstrating that Bb treated with doxycycline during
the stationary growth phase had a higher probability of regrowth after
removal of the antibiotic compared to those in the exponential growth
phase (116). This phenomena in stationary phase treated cultures was
also reported by Sharma et al., and both independent findings support
a previous report that Bb, which has a much slower replication rate,
developed persister cells in vitro at higher frequencies than E. coli,
which has a much faster doubling time (117). This phenomenon is
also seen in slower growing strains of other bacteria (118). Collectively,
these results demonstrate the capability of Bb to develop persister cells
in vitro and support a mechanism of persistence that has been
observed in various animal models after antibiotic treatment.

In vivo studies of Bb antibiotic persistence often use different
parameters that can make comparisons between two or more studies
difficult: (a) variability in the strain and growth phase of Bb used for
infection; (b) the choice of the animal model, in particular the inbred
strain of the murine model; (c) the mode of infection (needle-
inoculated vs. tick); (d) the timing, choice, duration, dose, and
delivery of antibiotic in treatment; (e) the amount of time allowed to
elapse between the end of treatment and necropsy; and (f) the
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methods used to detect the spirochete such as culture, DNA/RNA,
xenodiagnoses, and immunofluorescence. Several different animal
models have been used to study and confirm antibiotic persistent
Borrelia infection such as dogs (106, 119, 120), horses (105), mice (98,
121-125), and non-human primates (NHPs) (107, 126, 127). The
conclusions for persistence are based upon the ability to culture Bb
from either tissues or xenodiagnostic ticks, detect nucleic acid (DNA
and/or RNA) to various Bb housekeeping and outer surface protein-
encoding genes from both tissues and xenodiagnostic ticks, and/or
immunofluorescence (IFA) of Bb antigens in various tissues from
infected and treated animals. Immunofluorescence staining was able
to detect, albeit rarely, morphologically intact spirochetes in the brain
or heart of three individual NHPs that had been treated with
doxycycline for 28days (127). Xenodiagnosis involves placing
uninfected Ixodes ticks and allowing them to feed on the host animal
then examining the fed tick for the presence of Bb through culture,
PCR, and/or IFA. While this has been useful for several murine and
NHP studies mentioned previously, its use in humans has had very
limited success (128).

Some studies claim that Bb does not survive antibiotic treatments
because of the failure to re-culture the organisms shortly after
antibiotic treatment has ended (129, 130), while sometimes only
nucleic acids or antigens from Bb are detected in various treatment
models (99-101, 131). The discrepancy between these two vastly
different conclusions regarding antibiotic persistent infection is
perhaps one of the more contentious topics for mechanisms behind
PTLD among clinicians and researchers. Studying persistent Bb
infection in animals and humans involves distinguishing between
viable, viable-non cultivable (VBNC), and/or non-viable Borrelia and
their potential role in the pathogenicity of PTLD. It has been
recommended that these heterogenous descriptions of persister cells
be addressed in an updated version to Bigger’s original “persisters”
definition (132). Several researchers assert that VBNC and non-viable
Borrelia that remain after antibiotic treatment are not the cause behind
the symptoms for PTLD (133-135). In contrast to these claims, a
group of researchers revealed that VBNC Bb located in the tissues of
immunocompetent, antibiotic treated mice could cause disease when
transplanted into immunocompromised mice (123). Also, various
murine tissues demonstrated a resurgence of Bb DNA 12 months after
antibiotic treatment comparable to DNA levels found in the untreated
control group (124). Thus, some animals thought to be free of Bb
when examined shortly after treatment stops may still be harboring a
few persistent spirochetes that take several months to regrow to a level
that can be detected on a molecular level. This later report also very
importantly demonstrated via RNA transcription of various host
factors that the VBNC Bb was still capable of eliciting a host response
(124). The discovery of Bb peptidoglycan during post infectious
phases of Lyme arthritis could also lend support to persistent infection
with intact spirochetes in that only actively dividing Borrelia
shed into  the
environment (102).

continually peptidoglycan extracellular

Consequently, symptoms that persist for several months to years
after treatment could be attributed to a response to only a very few
functioning spirochetes and various components that simply are not
perceived using conventional detection methods such as culture or
serology. Earlier in vitro studies found live Borrelia activated human
monocytes to produce more pro-inflammatory cytokines than lysates

containing lipids, proteins, carbohydrates, etc. from Borrelia (136,
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137). A recent report also found that non-viable Bb actually had a
greater neuropathogenicity effect on frontal cortex and dorsal root
ganglia explants than intact-viable Bb in a rhesus macaque ex vivo
model (138). While this mainly has implications for understanding
the pathogenicity of neuroborreliosis, it does demonstrate that
non-viable Borrelia are still capable of eliciting an immune response.
A study published in 2021 used IFA and PCR on post-mortem central
nervous system tissues to identify Bb DNA in the brain and an intact
spirochete in the spinal cord of a patient that had known history of a
LD diagnosis and treatment; however, the study was unable to confirm
if any spirochetes were still metabolically active or if they played any
role in the neurodegenerative disease that lead to the patients death
(139). A study in 2019 found that Bb treated with doxycycline in vitro
displaying diminished motility were able to infect scid and C3H mice
based upon positive cultures and/or RT-PCR from organ tissue (140).
Together these findings imply that VBNC and/or non-viable Bb are
not just a benign presence in incidental hosts, especially humans.
More research is needed to affirm and connect these correlations and
findings to biological mechanisms and pathways that could provide
more specific explanations for the symptoms of PTLD.

2.3.2. Antibiotic tolerance mechanisms: gene
expression, morphology, and immune evasion

There are various mechanisms that allow bacteria to adapt and
survive under a vast range of conditions. Some of these mechanisms
include changes in gene and protein expression, changes in
morphology and growth in biofilms, and immune evasion tactics.
Antibiotic tolerance and the development of the previously discussed
persister cells is possibly an essential mode of survival for Borrelia that
utilizes these mechanisms. This section will discuss briefly the genetic
mechanisms behind the formation of drug-tolerant Bb persister cells,
as well as how morphological differences, growth changes, and
immune evasion tactics likely play a role in the persistence of Bb in
incidental hosts such as humans.

Exposure to various environmental stressors is known to induce
the formation of bacterial persisters. These stressors include changes in
pH, temperature, nutrient availability, and antibiotics. Faster growing
bacteria such as E. coli and Salmonella are typically used to study the
genetic mechanisms related to antibiotic tolerance and bacterial
persister cell formation; nevertheless, mechanisms that induce persister
cell formation in Bb are gradually becoming understood. Cabello et al.
have published an extensive review of the scientific literature regarding
the molecular mechanisms that trigger formation of persister cells of
Bband PTLD (141, 142). Briefly, changes in environmental conditions,
such as changes in amino acid availability, temperature, pH, etc., trigger
the stringent response that leads to alterations in growth, motility,
transport of amino acids, utilization of different sugars, and
morphology (141, 142). Researchers have examined differences in
protein expression using RNA sequencing between persister cells
formed during amoxicillin and doxycycline treated Bb and non-treated
controls in vitro (143). This study found several similarities in the genes
that were up-regulated and down-regulated between the two different
antibiotic-treated groups. Both doxycycline and amoxicillin had
two-fold increases in expression in genes corresponding to transport,
DNA repair, chemotaxis, and membrane or envelope proteins, while
also showing two-fold decreases in genes associated with numerous
outer membrane proteins and ribosomal proteins. Additional evidence
for doxycycline upregulating gene expression in genes involved in
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persister cell formation can be found in a study using next generation
RNA sequencing on doxycycline treated Bb, treated Bb after regrowth,
and untreated Bb (140). Together these results support changes in gene
expression during exposure to antibiotics aids the survival and
persistence of spirochetes in humans.

In addition to the common spiral shape attributed with
spirochetes, Borrelia is actually pleomorphic, capable of transforming
into atypical, non-motile shapes such as L-form, blebs, round bodies
or cystic forms, and even found to grow in what can only be described
as biofilm-like conditions (144-147). The same conditions, such as
lack of nutrients and antibiotics, that trigger the stringent response
mentioned previously are used in vitro to observe these morphological
changes (144, 145). When deprived of amino acids, fatty acids, and
lipids, serum-starved Bb rapidly changes to round or cystic forms
(148). These transformed spirochetes, however, are capable of
reverting back to their normal and motile shape (145, 149). Some of
the genes up-regulated from exposure to amoxicillin are thought to
aid in the change to the round bodied form (143). Atypical Bb
identified as cystic and granular forms were found in the CNS of three
patients  suffering from  chronic  neuroborreliosis  via
immunohistochemistry and microscopy (150). However, based upon
in-depth reviews of the scientific literature, it is not entirely clear what
role morphological variants of Bb may play in PTLD (151). Borrelia
have been demonstrated to form aggregates in ticks and under certain
in vitro culture conditions, and this has led to the hypothesis that these
biofilm-like aggregates of Bb could play a role in antibiotic treatment
failure and persistent infections in humans (146, 152, 153).

Bb has many immune evasion strategies against both the innate
and adaptive immune responses. There are numerous in-depth
reviews that discuss these strategies at length from the beginning of
the infection cycle with transmission of Bb during tick feeding all the
way through local and disseminated stages of infection (103, 154, 155).
This review will only focus on areas of immune evasion that are more
involved with antibiotic persistence of Bb and PTLD since the
commonly most prescribed antibiotics for LD, such as doxycycline
and amoxicillin, are bacteriostatic drugs that target actively dividing
cells and rely on the immune system to clear debris and target any
slower growing spirochetes.

One very effective evasive maneuver is disseminating into tissues
that immune cells are either not frequently found or cannot access. Bb
is only transiently found in the bloodstream due to its relatively quick
dissemination and preferences for distal body sites such as joints,
heart, and brain. Thus, if phagocytic cells or large antibody molecules
such as IgM cannot eliminate any potential remaining spirochetes that
are able to tolerate antibiotic exposure, those remaining cells can
remain in those sites for prolonged periods of time. It has also been
hypothesized based upon in vitro studies that Bb may also avoid
clearance by the immune system by residing temporarily inside
various cell types such as dermal fibroblasts and chondrosarcoma cells
(156, 157). However, evidence has yet to be established for intracellular
infection of Bb from either in vivo or clinical studies.

3. Next generation treatments and
biomarkers

Since the scientific community cannot come to a consensus for a
pathological cause behind PTLD, it makes sense that treating PTLD is
another source of disagreement among clinicians and researchers. There
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is division regarding the use of further antibiotic treatment for patients
with PTLD (29, 30, 158, 159). There are several studies that conclude
additional antibiotic treatment is not beneficial for persistent LD
symptoms (160-162). Yet, in contrast, a biostatistical review of the
literature found that retreatment of LD with antibiotics may be beneficial
in certain cases (163). These discrepancies likely revolve around the
complexity and lack of consensus over definitions and diagnosis
guidelines for PTLD. Research for treating PTLD is typically either
based around autoimmunity and other immune-mediated factors, and/
or persistent infection, and most drugs fit into one of three categories:
antibiotics, pathogen specific inhibitors, and immune therapies. Most
studies are in vitro and in vivo, while a smaller percentage of treatments
have been or are currently undergoing clinical trials.

3.1. Antibiotics and pathogen-specific
inhibitors

New and existing antibiotics have been discovered to have
potential against bacterial persister cells from various bacterial genera
including Staphylococcus and E. coli that could either directly kill
persisters or re-activate persister cells (164-168). Most studies using
antibiotics and small molecule drugs for LD and PTLD are generally
either novel synthetic drugs or homeopathic extracts that have not yet
received FDA approval, or use pre-approved drugs that are repurposed
alone or in combination with current antibiotics.

Several studies have screened vast drug libraries, such as those from
the Food and Drug Administration (FDA) and National Institute of
Health (NIH), for compounds that have activity against the various
forms and growth states of Borrelia (169-173). Some drugs that already
have FDA approval to treat other disorders and conditions, such as the
drug disulfiram, have demonstrated borreliacidal activity in vitro and in
vivo (174-176). Consequently, in the future several medications may
be repurposed for new uses in infectious diseases. There is evidence that
the antibiotic vancomycin may have efficacy against stationary phase Bb
based upon cultures and evaluation in SCID mice (177). The
rediscovered hygromycin A has shown efficacy against Bb, without
disturbing the gut microbiome like so many broad-spectrum antibiotics,
in vitro and in an in vivo mouse assay, but it’s use in preventing persistent
infections was not determined (178). Various drug combinations such
as daptomycin or artemisinin, cefoperazone, and doxycycline as well as
the combination sulfachlorpyridazine, daptomycin, and doxycycline
have shown evidence of in vitro activity against Bb persisters and round
bodied forms (117, 172). A separate study also discovered that the
antibiotics azlocillin and cefotaxime are effective in in vitro killing against
Bb persisters induced by doxycycline, which appear to be more tolerant
to other antibiotics (179). Therefore, previous treatment with doxycycline
should be taken into account for future in vivo and clinical therapeutic
LD or PTLD studies. The efficacy of antibiotics against biofilm-like
colonies of Bb are not as fruitful in discovering successful single or
combination drugs. Drugs such as ceftriaxone and mitomycin C have
not been shown to eradicate these structures but combinations including
daptomycin or daunomycin, doxycycline, and cefuroxime have had
success in sterilizing in vitro Bb biofilm-like microcolonies (180, 181).
Dapsone, used in treatment of leprosy, has had success when combined
with other antibiotics in killing biofilm-like Bb (182), and dapsone has
had positive effects in a small PTLD and co-infection clinical study (183).

The discovery and development of new drugs against Bb is a much
more expensive and slower process. Essential oils such as those from
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oregano, cinnamon bark, clove, and various flowers, grasses, and
berries, as well as natural compounds such as those found in bee
venom and its component melittin have demonstrated potential in
vitro growth inhibition against Bb and its various forms (184-188).
However, these discoveries need further refinement to identify specific
chemical compositions and activity of these compounds as well as
safety and pharmacokinetic studies in several animal models before a
more conclusive determination for their efficacy can be made. Other
novel treatments recommended for targeting Bb include inhibiting
colonization by blocking binding to glycosaminoglycan (GAG)
proteins (189), delivering toxic molecules and binding essential
enzymes (190) and bacteriophage therapy (191). These innovative
ideas are still in early phases of development and testing.

3.2. Immune therapies: biologicals and
immune-modulating adjunctive treatments

Since the host immune response is central to generating and
resolving the signs and symptoms of LD, the last category of
therapeutics encompasses the use of antibodies and
immunomodulating drugs. Immunomodulatory drugs affect the
immune system by either dampening or enhancing the immune
response. Potential therapeutic targets that could modulate innate and/
or adaptive immune response towards Bb could be used in conjunction
with antibiotic treatment in hopes of preventing chronic infection
(192, 193). Unfortunately, studies testing immunomodulatory drugs
for treating LD or PTLD are not widely available yet in the literature.
However, modulating the level of neutrophil chemoattractants during
early LD infection may help to attenuate infection and the development
of Lyme arthritis and carditis (194, 195). Curative treatment during
early LD stages is a key to solving the current PTLD public health
problem. In addition to modulating the immune response using small
molecules and compounds, therapeutic monoclonal antibodies
(mAbs) also called biological therapies could be effective in providing
a clinical cure for LD and PTLD. Several types of cancers, autoimmune,
and infectious diseases use mAbs to target soluble cytokines or
membrane-bound proteins and can even be conjugated with small
molecule drugs for efficient targeting and delivery (196). There are
only a few approved mAbs approved for treating bacterial infections
such as those caused by Clostridium difficile or Bacillus anthracis (197),
and currently there are no approved biological drugs for PTLD
treatment. There is, however, current research into the use of
humanized mAb to OspA for preventing transmission of Borrelia in
both mice and NHPs (198-200). Antibody derived from anti-Borrelia
plasmablasts could be an achievable next generation treatment (95).
Also, there are hopes for future therapeutic development and
evaluation combining immune therapies, such as mAbs, with
antibiotics to target Bb persistence associated antigens (140).

3.3. Biomarkers

Biomarkers can fall into several categories such as diagnostic,
prognostic, and treatment response markers. Identification of
biomarkers for various stages of LD (localized vs. disseminated) and
PTLD would be highly beneficial to improve the identification,
prognosis, and evaluation of therapeutics. A preliminary study found
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692 distinct proteins in the CSF of PTLD patients differed from other
protein signatures found in patients with chronic fatigue syndrome
(201). This could help distinguish PTLD patients from other post-
infectious syndromes that manifest similar symptoms such as fatigue
and musculoskeletal pain. Conversely, two European studies found
that PTLD patients did not significantly differ in laboratory or clinical
characteristics from similar symptomatic cohorts, but did discover
several significant proteins in patients with neuroborreliosis (202, 203)
Reasons for these discrepancies could include differences in Bb strains
according to geography, and the research strategy design such as size
and inclusion criteria. Given that genetic background can affect the
immune response, researching genetic polymorphisms among LD
patients to determine predictive and treatment response biomarkers
seems a logical step. A study in Europe evaluated levels of
pro-inflammatory cytokines and single nucleotide polymorphisms
(SNPs) among different categories of borreliosis patients and found
increases in IL-1p and IL-8, decreases in M2 macrophages, and a shift
in the IL-6 promoter SNP rs1800795 in patients persistently infected
compared to other groups and healthy controls (204).

The IgG antibody to the C6 Bb peptide is a useful diagnostic
biomarker but was not successful in indicating the effectiveness of
antibiotic treatment (205). The gut microbiome from PTLD patients
was compared to healthy controls and a computer model was able to
identify PTLD patients solely based upon their microbiome profile
(206). While sampling and sequencing a patients’ microbiome is not
a standard clinical practice, technological improvements may make
this more feasible in the future. The chemokine CCL19 has potential
use as a predictor for PTLD as it is elevated in patients treated for LD
and then develop PTLD symptoms (90). Monitoring various host
metabolites is also a prospective marker for monitoring disease
progression in early LD and in identifying PTLD (207, 208). However,
it is unclear if these metabolic markers could also be used to track
treatment responses in these groups of patients. The use of “omics”
and biomarkers to identify disease and progress is a fast-growing field
of research that may hold the key for treating numerous diseases and
conditions including LD and PTLD.

4. Conclusions/future directions

Studying PTLD in humans is severely limited due to the current
inability to sufficiently identify persistent infection. It is likely that
more than one mechanism may be involved in antibiotic treatment
failure that leads to PTLD. These various combinations of known and
unknown mechanisms and conditions may help to explain the
heterogeneity and complexity of the signs and symptoms associated
with PTLD. For example, spirochetes that survive after antibiotic
treatment could contribute to autoimmunity or other immune-
mediated responses to whole intact bacterial cells and/or their
components. A constant battle between Borrelia and the immune
system could help explain the cycle of remitting symptoms for some
PTLD patients. The current treatment guidelines for LD are dependent
upon the immune system’s ability to clear any persistent spirochetes,
and conditional to the surviving spirochetes being non-viable and not
enough to sustain a prolonged immune response. Insights and
discoveries from in vitro experiments and animal models can translate
into better patient care. It is hopeful that as personalized medicine
evolves and progresses with scientific and technological discoveries
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and innovations, it will bring with it a true clinical cure for all LD cases
thus making PTLD a thing of the past.
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