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ABSTRACT

Lyme disease is the leading vector-borne infection in temperate climates and
presents with heterogeneous cutaneous, neurologic, cardiac, and rheumatologic
manifestations that complicate diagnosis and follow-up. This narrative review
integrates current evidence on Borrelia burgdorferi transmission dynamics,
virulence strategies, organ-specific pathophysiology, host immune responses, and
pharmacologic management. We summarize how phase-regulated outer surface
proteins, complement evasion, antigenic variation and biofilm-like phenotypes
enable persistent infection, while dysregulated Th1-skewed immunity, inadequate
IL-10 signalling and genetic susceptibility contribute to antibiotic-refractory
arthritis and post-treatment Lyme disease symptoms. Key diagnostic issues,
including limitations of two-tier serology in early localized disease and the role
of modified ELISA algorithms and CSF analysis in neuroborreliosis, are critically
appraised. Finally, we outline evidence-based antimicrobial regimens for stage-
specific disease and highlight the need for immunomodulatory strategies in
refractory cases. A mechanistic understanding of pathogen-host interactions
is essential to improving outcomes and long-term functional recovery in this
increasingly prevalent multisystem disorder.
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INTRODUCTION

Lyme disease stands as the most prevalent
vector-borne infectious disease in North
America and Europe, representing a significant
and evolving public health challenge with
multisystem  manifestations  that often
confound clinical diagnosis and management.
Caused by the spirochete bacterium Borrelia
burgdorferi and transmitted through the bite of
infected Ixodes scapularis tick nymphs, Lyme
disease encompasses a spectrum of clinical
presentationsranging fromlocalized cutaneous
erythema migrans (EM) rash to disseminated
disease affecting the cardiovascular, nervous,
and rheumatologic systems (Schwan et al., 2002;
Msdmanuals.com, 2025). The epidemiologic
burden is substantial, with approximately
49.6+15.5 cases per 100,000 reported annually in
endemic northeastern and midwestern United
States regions, representing a considerable
increase from historical incidence rates and
reflecting expanding Ixodes tick populations
and geographic distribution driven by
ecological and climatologic changes (Pepin et
al., 2012; Logan et al., 2024)."¢

The clinical significance of Lyme disease
extends beyond acute infection, as the disorder
demonstratesadistinctivetemporal progression
with early-stage disease responding
exceptionally well to antimicrobial therapy
(>95% curerates with promptantibiotics), while
late disseminated manifestations, particularly
antibiotic-refractory Lyme arthritis, persist
despite appropriate antibiotic regimens in
approximately 10-15% of patients (Steere et
al., 2024). This dichotomy between treatment-
responsive and treatment-refractory disease
presents a profound paradox: spirochetal
organisms are effectively eradicated by
antibiotics, yet inflammatory manifestations
persist, indicating that treatment failure in late
disease reflects dysregulated host immune
responses rather than bacterial antibiotic
resistance.”* The pathophysiologic basis for this
immune dysregulation remains incompletely
understood but appears to involve complex
interactions between spirochetal virulence
factors,  host  genetic = predisposition
(particularly HLA-DR4 genetic associations),
and persistent spirochetal antigens that sustain
chronic inflammation despite spirochetal
eradication (Iliopoulou et al., 2009; Steere et al.,
2006).

Understanding  the  pathophysiology
of Lyme disease has become increasingly
sophisticated through advances in molecular
microbiology, immunologic investigation, and
mechanistic studies revealing the remarkable
array of virulence mechanisms employed by
B. burgdorferi to establish persistent infection
and evade host immune responses (Bankhead
et al., 2016; Moore et al., 2021). The spirochete
demonstrates sophisticated phase variation of
outer surface proteins, complement evasion
through factor H recruitment, organized
antigenic variation through VISE molecular
switching generating 10711 potential epitope
variants, and phenotypic persistence as
biofilm-like microcolonies with markedly
reduced antibiotic susceptibility (Feng et
al., 2016; Tan et al., 2022). Simultaneously,
recent evidence reveals organ-specific
pathophysiologic mechanisms, such as B.
burgdorferi’s preferential tropism for the
cardiac atrioventricular (AV) node owing to its
unique glycolytic metabolism contrasting with
cardiomyocyte reliance on fatty acid oxidation,
and transcellular and paracellular mechanisms
of blood-brain barrier penetration enabling
persistent CNS infection in immune-privileged
sites (Radesich et al., 2022; Nature, 2025).%1

This comprehensive review synthesizes
current understanding of Lyme disease
pathogenesis, organ-specific pathophysiology,
virulence mechanisms, innate and
adaptive immune responses, antimicrobial
pharmacology and mechanisms of action,
and the emerging challenge of treatment-
resistant manifestations. The integration
of recent mechanistic and clinical research
provides essential insights for clinicians and
researchers regarding disease pathogenesis,
optimal diagnostic and therapeutic strategies,
identification of high-risk patients for
persistent disease, and future directions for
therapeutic innovation in treating refractory
manifestations resistant to conventional
antimicrobial approaches. Particular emphasis
is placed on the distinction between treatment-
responsive early disease amenable to standard
antibiotic monotherapy and treatment-
refractory late disease requiring immunologic
rather than antimicrobial intervention,
with comprehensive examination of the
immunogenetic, cytokine, and cellular
mechanisms distinguishing these clinical
entities.
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Pathophysiology and Transmission

1. Initial Infection and Dissemination

Borrelia burgdorferi lodges in the tick midgut
following >24 hours of attachment (Schwan et
al.,2002). Temperatureincreasesand blood meal
ingestion trigger downregulation of OspA and
upregulation of OspC, enabling mammalian
adaptation (Schwan et al., 2002). Following
inoculation into human skin, spirochetes
establish perivascular lymphocytic infiltrates
characteristic of erythema migrans (EM) rash

(Msdmanuals.com, 2025). Dissemination
occurs through three mechanisms: (1) direct soft
tissue migration, (2) lymphatic system transit,
and (3) hematogenous spread (Frontiersin.org,
2017). Strategic targeting of vascular regions
with reduced pericyte coverage and sequential
invagination by lymphatic endothelial cells
facilitate efficient dissemination (Nature, 2025).
The spirochete’s acquisition of host-derived
plasmin enables proteolytic degradation of
tissue barriers." "2

Disease Manifestations And Organ-Specific Pathophysiology

2. Clinical Presentation by Disease Stage

Table 1: Clinical Manifestations and Pathophysiological Mechanisms by Disease Stage

Primary Pathophysiology

Immune Response Treatment Response

Perivascular lymphocytic
infiltrate; centrifugal spirochete
dissemination from tick bite

Neurologic: BBB penetration
via host proteases;

CD4+/CD8+ T cell-
mediated; early IgM
antibodies (3-5 days);

TNEF-a, IL-6, IL-12
production

Elevated IL-6, IL-
8, IL-12, IFN-y in

>95% cure (Doxycycline
100 mg BID x 7-14
days)

92% cure (Ceftriaxone
2¢ IV Q12H x 14 days

leptomeningeal infiltration;
CSF pleocytosis (>100 mg/

Disease Stage Clinical
Manifestations
Early Localized Erythema migrans
(Days 3-32) (70-80%); flu-like
illness; myalgias;
headache site
Early Secondary skin
Disseminated lesions; facial palsy
(Weeks-Months) (CN VII); meningitis;
fluctuating AV block;
migratory arthritis

Late Disseminated
(Months-Years)

Chronic arthritis
(especially knee);
encephalopathy;
cognitive
dysfunction;
peripheral
neuropathy

dL protein) Cardiac: AV
node targeting (glycolytic
metabolism preference);
transmural infiltration Joint:
Synovial fibroblast activation;
IgG antibody production

Arthritis: Marked synovial
fibroblast proliferation;
obliterative vascular lesions
(50%); persistent IFN-y
despite bacterial eradication;
spirochetal peptidoglycan
retention on cartilage

CSF; transmural
B lymphocytes in
myocardium; Th1l

differentiation with
high IFN-y

Exaggerated Thl
(IFN-y elevated 3-5
fold); inadequate IL-10
(2-3 fold decreased);

reduced Treg/ Teff ratio;
HLA-DR4 associated in

79% of refractory cases

or Doxycycline x 14-21
days)

75-90% responsive;
10-25% develop
post-infectious
manifestations

refractory to antibiotics

CNS: Persistent intramural
spirochetal localization in
immune-privileged sites;

chronic neuroinflammation

2. Dermatologic and Cardiovascular Pathology

Erythema migrans demonstrates variable
histopathology with perivascular lymphocytic
infiltration, superficial and deep dermal
inflammation, and interstitial plasma cells/
eosinophils (Wilson et al., 2012; Miraflor et al.,
2016). The centrifugal pattern reflects spirochetal
dissemination from the bite site (Vertis.
frontiersin.org, 2025).Lyme carditis (5-10% of
cases) involves AV node preferential targeting
due to its high-glycolytic metabolism contrasting
with fatty acid-dependent cardiomyocytes

(Radesich et al.,, 2022). Despite sparse
spirochete presence, extensive B lymphocyte
and plasma cell infiltration predominates,
indicating immune-mediated injury (Young et
al., 2020). Fluctuating AV block (first through
third degree) reflects dynamic inflammatory
responses, with normalization within 2-6
weeks post-antibiotics (Young et al., 2020).3*

3. Neurologic and Rheumatologic Involvement

Blood-brain  barrier penetration occurs
primarily through transcellular routes via host-
derived fibrinolytic enzymes degrading tight-
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junction proteins (Grab et al., 2005; Rupprecht
et al., 2007). B. garinii demonstrates enhanced
CNS tropism in European populations
(Golovchenko et al., 2023). Following CNS
invasion, resident immune cells produce
excessive proinflammatory cytokines (IL-6,
IL-8, IL-12, IEN-y), contributing to neuronal
dysfunction and  persistent symptoms
despite antibiotic therapy (Rupprecht et al.,
2007). Lyme arthritis pathogenesis involves
initial spirochetal invasion of synovial
tissues and tendons with delayed -clinical
manifestation (Arvikar et al., 2022). Acute
arthritis demonstrates marked mononuclear
infiltration, yet spirochetes are typically absent,
indicating immune-mediated disease (Arvikar

Virulence Factors and Immune Evasion

et al., 2022).">® Antibiotic-refractory arthritis
(10% of cases) persists months-to-years post-
treatment due to:

* Exceptionally elevated synovial IFN-y
(Th1 skewing)

* Inadequate IL-10 production (failed anti-
inflammatory regulation)

* Reduced Treg/Teff
immune tolerance)

ratio (impaired

* Spirochetal peptidoglycan persistence on
cartilage (Jutras et al., 2019)

e HLA-DR4 genetic predisposition binding
OspA165-173 peptide strongly, driving
pathogenic Thl responses (Iliopoulou et
al., 2009; Steere et al., 2006)

Table 2: Borrelia burgdorferi Virulence Mechanisms and Immune Evasion

Virulence Strategy Specific Mechanisms

Functional Outcome Clinical Significance

Phase Variation

(OspAl/OspC)

Outer Surface
Proteins (OSP)

Complement
Evasion (OspE/
CRASP)

Antigenic Variation
(VISE)

Persistent Biofilm
Phenotypes

OspA predominates in unfed tick
midgut; temperature and blood
trigger OspC upregulation; OspC
downregulated post-infection
establishment (Schwan ef al., 2002;
Caine et al., 2016)

DbpA/DbpB bind dermatan
sulfate/decorin (cartilage/tendons);
BBK32 binds fibronectin/ GAG; P66
binds vascular endothelial integrins;

RevA secondary adhesion

OspE paralogs bind factor H
forming tripartite complexes with
C3dg fragments; selective species-
specific binding (Hovis ef al., 2006;

Moore et al., 2021)

Continuous nonreciprocal
recombination between
chromosomal visE and 15 silent
1p1-28 plasmid cassettes generates
~11710 variants (Bankhead et al.,
2016; Tan et al., 2022)

Stationary-phase microcolonies and
biofilm-like structures with altered
gene expression (Feng ef al., 2016)

Evades tick immune responses
while enabling mammalian
survival; phase-specific
expression prevents sustained
antibody recognition

Tissue-specific colonization and
tropism: joints, tendons, CNS,
vasculature

Local C3b/C3dg inactivation
prevents opsonophagocytosis

Epitope variation outpaces host
antibody generation; VIsE-
mediated shielding of other

surface antigens

Markedly reduced antibiotic
susceptibility vs. logarithmic-
phase spirochetes; phenotypic

drug tolerance

Early infections escape vector
immunity; persistent infection

capability

Explains organ-specific
dissemination and chronic
tissue localization

Spirochete persists despite
complement activation;
explains systemic
dissemination

Chronic persistence;
reinfection risk; unsuccessful
vaccine development

Treatment failures; therapeutic
implications for combination
therapy

1. Specific Evasion Mechanisms

OspE paralogs demonstrate species selectivity
in factor H binding, suggesting ecological
adaptation to specific hosts (Hovis et al., 2006).
The inability to bind murine factor H despite
mice serving as reservoirs indicates alternative
complement evasion operates in animal models
(Hovis et al., 2006). VISE antigenic variation

generates sufficient diversity (1011 potential
variants) to exceed spirochete numbers (~10"7
organisms), ensuring populations containing
variants escaping host antibody responses
(Bankhead et al., 2016). Passively transferred
non-VIsE antibodies confer immunity against
VIsE-deficient clones but not wild-type strains,
demonstrating ~ VIsE-mediated = immune
evasion (Bankhead et al., 2016).
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Pharmacological Management
1. Antibiotic Mechanisms and Regimens
Table 3: Antibiotic Therapy - Mechanisms, Pharmacokinetics, and Clinical Efficacy
Antibiotic Mechanism & Disease Indication Dosing Clinical Efficacy = Key Pharmacologic
Pharmacokinetics Regimen Feature
Doxycycline Bacteriostatic; 30S Early localized EM; 100 mg PO BID >95% cure EM Extended half-life
ribosomal subunit binding  early disseminated x 7-14 days (7-day equivalent  permits BID dosing;
blocks aa-tRNA delivery (uncomplicated); (EM); x 14-28 to 14-day courses; superior CNS
(Patel et al., 2025); serum Lyme arthritis days (arthritis) ~ Stupica et al., 2023)  penetration among
half-life 18-22 hours; oral agents
exceptional lipophilicity
enables BBB penetration
(Patel et al., 2025)
Amoxicillin Bactericidal; binds Early localized EM; 500 mg PO TID >90% cure EM and Good
penicillin-binding early disseminated x 14-21 days early disseminated bioavailability;
proteins (PBPs) inhibiting (pediatric/ disease safe in pregnancy/
peptidoglycan cross- pregnant patients (Hopkinslyme.org,  pediatric; requires
linking; serum half-life 1-1.5 alternative) 2023) TID dosing
hours (Akhavan ef al., 2023;
Bui et al., 2024)
Cefuroxime Bactericidal; inhibits Early 500 mg PO BID >90% efficacy Moderate spectrum;
axetil peptidoglycan cross- neuroborreliosis; x 14-21 days (moderate CSF BID dosing
linking; serum half-life 3-5  early disseminated penetration) convenience;
hours (Bui et al., 2024) disease suitable for early
CNS disease
Ceftriaxone Bactericidal; inhibits Late disseminated 2 g IV QI2H x >90% efficacy Preferred IV agent
peptidoglycan cross- (CNS involvement, 14-28 days despite limited for disseminated
linking; serum half-life carditis); Lyme CSF penetration; disease; limited
8-9 hours; 90-95% plasma neuroborreliosis extended CSF CSF entry but
protein binding limits free elimination half- clinically effective
drug (Nau et al., 2010); life (17 hours)
CSF/plasma ratio ~0.04 maintains sustained
despite high-dose IV (Zhao supratherapeutic
et al., 2014) concentrations
(Zhao et al., 2014)
Azithromycin Bacteriostatic; 505 Alternative for 500 mg PO daily ~90% efficacy Exceptional half-
ribosomal binding doxycycline x 14-21 days (limited clinical life enables QD
blocks peptide bond contraindications data compared to dosing; superior
formation; half-life 68 (pregnancy, first-line agents; tissue penetration
hours; exceptional tissue pediatric, allergy) Klein et al.,, 1997)  for biofilm-infected

penetration (intracellular
and ECM accumulation;
Sadovsky et al., 1998)

tissues

2. Pharmacodynamic Principles

Beta-lactam bactericidal activity is

time-

dependent, requiring serum concentrations

3. Resistance and Treatment Failure

B. burgdorferi demonstrates minimal antibiotic

resistance;

resistance
rare

to Dbeta-lactams is
with no

documented

exceeding MIC for 40-50% of the dosing interval
(T/MIC=40-50%) (Antibiotic Treatment, 2009).
This principle explains why twice-daily dosing
remains adequate despite shorter serum half-
lives —the goal is achieving sufficient T/MIC
rather than maximizing peak concentrations.
Mouse models demonstrate that T/MIC, not
peak serum concentration, governs cure rates,
explaining lower total daily doses required in
humans versus animals with shorter drug half-
lives (Antibiotic Treatment, 2009).

exceedingly
PBP mutations (Hopkinslyme.org, 2023).
Tetracycline  resistance  via  ribosomal
protection proteins (Tet(O), Tet(M)) and efflux
mechanisms remains rare (Patel et al., 2025).
Treatment failure derives from host immune
dysregulation rather than bacterial resistance
in late disease.””®
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Immune Dysregulation and Post-Treatment
Manifestations

1. Antibiotic-Refractory Disease Mechanisms

The distinction between antibiotic-responsive
and antibiotic-refractory Lyme arthritis re-
veals fundamental differences in immune reg-
ulation:

Antibiotic-Responsive disease demonstrates
balanced Th1l/Th2 responses with adequate
IL-10  anti-inflammatory suppression  of
proinflammatory cytokines. B cell responses
generate effective antibody-mediated
immunity against spirochetal antigens,
facilitating bacterial clearance (Dennis et al.,

2006; Murthy et al., 2000). Antibiotic-Refractory
disease shows exaggerated and persistent
Th1l responses with elevated IFN-y (3-5 fold
above responsive disease), IL-6 (4.3-fold), IL-8
(4.3-fold), and CXCL9 (22.7-fold elevation),
coupled with inadequate IL-10 production (2.3-
fold decrease) (Bockenstedt et al., 2020). This
immune imbalance perpetuates inflammatory
responses targeting synovial structures even
after spirochetal eradication. HLA-DR4 genetic
predisposition (79% of refractory vs. 46%
responsive) drives polarization toward OspA-
specific CD4+ Thl responses with minimal
antibody-mediated immunity (Steere et al.,
2006; Iliopoulou et al., 2009).

Table 4: Post-Treatment Lyme Disease Syndrome (PTLDS) and Predictors of Treatment Resistance

Disease Feature

Antibiotic-Responsive
Arthritis

Antibiotic-Refractory
Arthritis

PTLDS (Persistent Post-Treatment
Symptoms)

Genetic Predisposition

Synovial Pathology

Cytokine Profile

Treatment Response

Predictive Factors

HLA-DR11 (DRB1*1101); weak
OspA-peptide binding — Th2
antibody-mediated immunity

(liopoulou et al., 2009)

Acute inflammatory
infiltration; spirochetes present
in some cases; resolves with
antibiotic therapy

Balanced IFN-y/IL-10;
adequate Treg function;
effective Th1/Th2
coordination

Complete resolution 90-95%
with 14-28 days antibiotic
therapy

Responsive HLA type;
balanced immune response at
disease onset

HLA-DR4 (DRB1*0401); strong
OspA165-173 binding — Th1
skewing (79% of refractory;
Steere et al., 2006)

Marked fibroblast
proliferation; obliterative
vascular lesions (50%); no

viable spirochetes; post-
infectious autoimmune disease

Excessive IFN-y (185 vs.
35 units in responsive);
diminished IL-10 (65 vs.
145 units); Treg/ Teff ratio
markedly decreased

Persistent inflammation 10%
despite 2-3 months antibiotics;
refractory to further antibiotic

monotherapy; may require
immunologic intervention

HLA-DR4; elevated baseline
IFN-y production; inadequate
IL-10; late-stage diagnosis

No single genetic marker;
multifactorial (clinical, psychological,
immunologic)

Not applicable; systemic and CNS
manifestations

Lower IL-10 production upon PBMC
stimulation; elevated IL-23 and
CCL19 at disease onset; inadequate
anti-inflammatory response

10-20% of treated patients develop
persistent symptoms (fatigue,
cognitive impairment, arthralgias)
lasting weeks-months post-treatment

Higher baseline symptom burden;
objective dissemination signs (Bell’s
palsy); elevated depression/anxiety;

lower baseline physical/social
functioning; presence of comorbidities
(71% predictive accuracy; Vrijmoeth
et al., 2023)

5.2 IL-10 Dysregulation in Persistent Disease

In acute B. burgdorferi infection, IL-10 from
regulatory T cells and certain CD4+ subsets
normally suppresses excessive TNF-a, IL-12,IL-
6, and other inflammatory mediators (Dennis
et al., 2006; Murthy et al., 2000). However, in
antibiotic-refractory disease, inadequate IL-
10 accompanies excessive persistent IFN-y,
creating an exaggerated inflammatory state
persisting after  spirochetal eradication

(Bockenstedt et al., 2020). Regulatory T cells
(Treg) expressing FoxP3 normally suppress
effector T cell (Teff) responses. In antibiotic-
refractory arthritis, markedly decreased
Treg/Teff ratio in synovial fluid reflects
failed immune tolerance establishment post-
infection, perpetuating Thl differentiation
and IFN-y production despite absent viable
spirochetes (Arvikar et al., 2022).26%
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Diagnostic Approaches
1. Two-Tiered Serologic Testing
Table 5: Laboratory Diagnosis - Serologic Testing Sensitivity by Disease Stage
Disease Stage/ Clinical Two-Tier ELISA/ CSF/Tissue PCR Optimal Clinical Pearl
Manifestation Presentation Western Blot Diagnostic
Sensitivity Strategy
Early Localized EM  Expanding annular Low (29-48%); Culture/PCR Clinical diagnosis Do not delay
erythema; flu-like insufficient for positive from EM without serology; treatment
symptoms early diagnosis biopsy begin antibiotics awaiting serologic
(Branda et al., 2017) immediately based confirmation
on characteristic
rash
Early Disseminated Facial palsy; Positive IgG (70- PCR/culture Clinical Early serology may
(Neuro) meningitis; 80%); IgM variable  positive in 30-50% presentation still be negative;
headache; of CSF specimens + serology + CSF analysis
photophobia CSF analysis essential
with intrathecal
antibody
production
Late Disseminated Chronic >90% positive IgG;  PCR rarely positive Serology High seropositivity
(Arthritis) monoarticular >5 of 10 IgG bands (spirochetes diagnostic; IgG aids diagnosis;
or oligoarticular by CDC criteria eradicated); Western blot synovial fluid
arthritis; knee peptidoglycan may confirmatory; often culture/PCR
predominance persist clinical correlation negative
essential
Late Disseminated Encephalopathy; >90% positive PCR may detect Serology + clinical Persistent
(CNS) cognitive IgG; intrathecal spirochetal DNA presentation; CSF symptoms despite
dysfunction; antibodies present in CSF despite analysis helpful negative PCR
memory therapy for differential (spirochetal
impairment diagnosis remnants remain)
Lyme Carditis Fluctuating AV Positive IgG; no Not applicable ECG (PR >200 Conduction
block; syncope; specific cardiac ms, 2°-3° AV abnormalities
dyspnea serologies block) + serology predate positive
confirmatory serology by days-
weeks

Modified Two-Step ELISA Algorithm: Two-
step whole-cell sonicate ELISA followed
by VISE C6 peptide ELISA demonstrates
superior sensitivity (61-74%) in early disease
compared to conventional two-tiered testing
(Branda et al., 2017). Polymerase chain reaction
directly detecting B. burgdorferi DNA from
CSF and synovial fluid provides diagnostic
confirmation, though sensitivity remains
limited by low spirochete burden (Branda et
al., 2017).%32

Epidemiology and Emerging Challenges

1. Disease Epidemiology

Lyme disease predominantly occurs in the
northeastern and midwestern United States
(95% of cases; 49.6+15.5 per 100,000 in high-
incidence states vs. 2.3+1.7 per 100,000 in
low-prevalence regions). Ixodes scapularis tick
nymphs peak May-August (July maximum),
with bimodal age distribution (children <15
years and adults 40-60 years). Spirochete

transmission from single infected nymph
occurs in ~1% at 24 hours, 5% at 48 hours,
25% at 72 hours, and 75% at >96 hours of
attachment (Logan et al., 2024). B. burgdorferi
sensu stricto predominates in North America,
while B. garinii (neurotropic) and B. afzelii
(dermatotropic) occur in Europe (Pepin et al.,
2012).%5%

2. Treatment-Resistant Manifestations

Approximately 10-15% of antibiotic-treated
patients develop post-infectious disease
refractory to further antibiotics. Predictors
include:! Microbiological: biofilm-like
microcolonies and phenotypic persisters with
markedly reduced antibiotic susceptibility
despite in vitro antimicrobial activity
(Feng et al., 2016);> Host Genetic: HLA-DR4
haplotype and TLR1 polymorphism (1805GG)
associated with exaggerated IFN-y responses;*
Immunologic: inadequate IL-10 production
(27% PTLDS prevalence), elevated IL-23/
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CCL19 at disease onset; (4) Clinical: late-stage
diagnosis  (months-years  post-infection),
multiple organ system involvement; (5)
Environmental: geographic location and
Borrelia strain distribution variation.?”*

CONCLUSION

Lyme disease exemplifies complex pathogen-
host interactions generating multisystem
manifestations.  Early  recognition and
prompt antibiotic therapy achieve >95%
cure rates in early disease. However, 10-
15% of patients develop antibiotic-refractory
disease particularly chronic arthritis reflecting
immune  dysregulation and  potential
spirochetal persistence in immune-privileged
CNS sites rather than bacterial resistance. The
HLA-DR4 genetic predisposition, exaggerated
Thl responses with IL-10 deficiency,
spirochetal peptidoglycan persistence, and
reduced Treg/Teff ratios establish a post-
infectious  autoimmune pathophysiology
requiring novel immunologic rather than
antimicrobial interventions. Understanding
these mechanisms is essential for developing
improved therapeutic strategies for treatment-
resistant manifestations and identifying high-
risk patients before chronic sequelae establish.
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