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ABSTRACT

Building on Part 1's exploration of Chronic Inflammatory Response
Syndrome (CIRS) in pediatric neuroimmune disorders, this article (part 2
in a series of four) examines Lyme disease and its associated co-infections
as infectious drivers of neuroinflammation overlapping with autism
spectrum disorder (ASD). In a cohort of 1,722 children with treatment-
resistant ASD and Pediatric Acute-onset Neuropsychiatric Syndrome
(PANS/PANDAS), all met clinical CIRS criteria through bedside diagnosis,
with notable improvements in cognition, motor skills, and gastrointestinal
function following CIRS-directed therapies. Within this cohort, 47 children
living in tick-endemic regions presented with Lyme-specific features—
including facial palsy, joint pain and swelling, difficulty chewing, cyclical
fevers, and low muscle tone. They were diagnosed clinically according to
CDC guidelines, supported by parental reports of bull’s-eye rashes or tick
attachments. Borrelia burgdorferi and co-transmitted pathogens such as
and Bartonella henselae can sustain  immune

Babesia microti

dysregulation through mechanisms including blood-brain barrier
disruption, Th17/Treg imbalance, complement activation, mitochondrial
dysfunction, and microglial priming, contributing to cognitive, behavioral,
and developmental impairments. Clinically, these children exhibited
fatigue, attention deficits, anxiety, obsessive-compulsive behaviors, and
developmental regression—features that complicate differential
diagnosis with ASD. Conventional serologic testing shows limited
sensitivity in early or chronic cases, underscoring the importance of
clinical evaluation. While early antibiotic therapy remains the standard of
care, adjunctive strategies adapted from CIRS protocols—including
immune modulation and environmental remediation—appear to improve
outcomes. As the second article in a four-part series on pediatric
neuroimmune conditions, this work highlights infectious contributions to
neurodevelopmental disruption and sets the stage for Part 3's focus on

herbal therapeutics for CIRS, the primary driver of illness in this cohort.
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As discussed in Part 1 of this series, complex
neuroimmune and neuroinflammatory disorders,
including  Chronic  Inflammatory ~ Response
Syndrome (CIRS), are increasingly recognized as
contributors to chronic illness and developmental

disruption in pediatric populations®®.

Part 1 highlighted how CIRS, triggered by
microbial toxins and environmental exposures,
overlaps with autism spectrum disorder (ASD)
through shared cytokine profiles, Th17/Treg
imbalances, and microglial activation, establishing

a common neuroimmune endotype in some
children®®,

Among pediatric neuroimmune conditions, ASD,
pediatric acute-onset neuropsychiatric syndrome
(PANS) and its autoimmune subset PANDAS, and
CIRS represent distinct yet often overlapping
These

etiologies

clinical  entities. disorders  involve

multifactorial spanning  genetic
susceptibility, environmental exposures, microbial
triggers, immune dysregulation, and neurovascular
injury—creating  diagnostic and  therapeutic

challenges  for clinicians  operating  within

conventional frameworks®”,

Clinicians are increasingly observing children
presenting with complex symptom constellations
that defy single-diagnosis models. For example,
children diagnosed with autism may concurrently
experience post-infectious behavioral regressions,
autonomic instability, or relapsing neuropsychiatric
flares—hallmarks ~ of  neuropsychiatric ~ Lyme

disease®*.

Similarly, children with prior Lyme disease may
develop chronic fatigue, cognitive dysfunction, and
multisystem complaints indistinguishable from
mold-associated illness®*. These observations
underscore the urgent need for a systems-level
understanding of how overlapping inflammatory,
infectious, and immunogenetic processes coalesce

into chronic pediatric syndromes.

The clinical rationale for integrating these

conditions into a shared investigative and

therapeutic framework is supported by mounting
evidence from immunology, transcriptomics,

neuroimaging, and environmental medicine.

Common pathophysiological themes include
persistent activation of innate immune pathways,
priming, blood-brain

mitochondrial

microglial barrier

compromise, dysfunction, and
impaired detoxification mechanisms'?>*?. These
mechanisms may be triggered by diverse insults—
ranging from streptococcal infections to tick-borne
building

exposures—but converge on shared inflammatory

pathogens to water-damaged

networks that sustain chronic illness.

Lyme disease, caused by Borrelia burgdorferi and
transmitted by Ixodes ticks, has long been
recognized for its capacity to cause acute and
chronic  multi-system illness. In  children,
neuroborreliosis may present with subtle cognitive
dysfunction, mood instability, and sensorimotor
symptoms. Importantly, some patients continue to
experience symptoms long after treatment,
suggesting persistence of immune dysregulation
or occult co-infections. When unresolved, post-
treatment Lyme syndrome may trigger immune
priming, mitochondrial dysfunction, and cytokine
elevations that overlap with both PANS and CIRS

138

pathophysiology

Despite the apparent distinctions among these
conditions, their co-occurrence in pediatric clinical
settings is increasingly common. These children
often fall through the cracks of conventional care
pathways, receiving fragmented treatment for
individual symptoms rather than an integrated
workup of underlying inflammatory and infectious
drivers. The development of a unified clinical
biology,

framework—grounded  in  systems

environmental medicine, and neuroimmune

science—is essential for identifying shared
etiologies, stratifying risk, and implementing

effective, individualized interventions.

This article presents a comprehensive scientific

overview of the clinical and mechanistic
intersections among autism and Lyme disease. It

begins by summarizing the clinical science behind
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each condition and then examines their shared

immunopathological features, overlapping
transcriptomic and neuroanatomical findings, and
mutual exacerbating triggers. Particular attention is
diagnostic  challenges,

paid to

potential

endotypes, and implications for long-term
developmental outcomes. The final sections
explore emerging precision medicine strategies
and propose an integrated model of care for these

often-misunderstood pediatric syndromes.

This is Part 2 of a four-part retrospective review
series. This review builds on the clinical framework
established in Part 1 68, which investigated
Chronic Inflammatory Response Syndrome (CIRS)
in a cohort of 1,722 children at Bionexus Health
Clinic, drawn from over 53 countries. All children
were initially diagnosed with treatment-resistant
autism spectrum disorder (ASD) and Pediatric
Acute-onset Neuropsychiatric Syndrome
(PANS/PANDAS), showing minimal improvement
with standard protocols. Through detailed clinical
evaluation, all met CIRS criteria, defined by
multisystem symptoms including fatigue, cognitive
deficits, sensory disturbances, and autonomic
dysfunction, consistent with established WDB-
related illness definitions*>¢2.  PANS/PANDAS
diagnoses adhered to the 2013 consensus criteria,
acute-onset

including obsessive-compulsive

60,61

behaviors or tics Due to unavailability of

specialized laboratory tests and behavioral
challenges with blood draws in ASD patients,
diagnoses relied on bedside clinical assessment.
The control group, established via literature
review, included 83 well children (33 from
McMahon and Smith®?, averaging 2/37 PANS
symptoms; 55 from Shoemaker’s pediatric CIRS
study*, without WDB exposure or CIRS symptoms).
Treatment with the Shoemaker protocol for CIRS,
targeting biotoxin  exposure and immune
dysregulation, led to improvements in cognition,
health, and

motor  skills, gastrointestinal

speech/language.

In this second article, we analyzed the same cohort
to explore Lyme disease and co-infections as
contributors to neuroinflammatory pathology.
Among the 1,722 children, 47 presented with
clinical features consistent with Lyme borreliosis,
including facial palsy, difficulty chewing, joint
swelling and pain, difficulty walking, cyclical fevers,
and low back pain. All resided in regions known to
be endemic for Ixodes ticks. Parental histories
provided additional context: 19 caregivers
reported observing an erythema migrans (“bull’s-
eye”) rash without a recalled tick bite; 7 recalled an
engorged tick attached to the child; and 43
described multiple insect bites and erythema
migrans—like rashes during summer months,
initially presumed to be mosquito bites. According
to current Centers for Disease Control and
Prevention (CDC) guidance, Lyme borreliosis
remains primarily a clinical diagnosis. Based on
their symptomatology and exposure histories,
these 47 children met bedside clinical criteria for
Lyme disease and were further evaluated for
potential co-infections such as Babesia and
Bartonella, guided by presenting symptom

patterns.

The charts of 1722 children with ASD and CIRS,
previously diagnosed by established specialists
were retrospectively reviewed. There were fifty-
three nationalities represented in the study group.
It was noted that a subgroup of 47 children had
also been diagnosed with Lyme Disease and a few
with other tickborne infections. These children had
some specific tickborne diseases associated
symptoms that have been listed in table. The
symptoms data was compared with two separate
cohorts of 55 children from a 2009 IACFS study
from a 2018 PANS/PANDAS paper presented at a

recent international CIRS conference*?.

Prior treatment for Autism consisted of recognized
ASD therapies used unsuccessfully. These included

specialized  diets, nutritional  supplements,

Hyperbaric oxygen Therapy (HBOT), Fecal
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microbiota transplant (FMT), prescription anti-
fungal medications, occupational therapy, speech
and language therapy, feeding therapy and
applied behavior analysis therapy (ABA). For the 47
children with Lyme Disease, antibiotic therapy was
administered for a period of 5-14 days. 22 of the
47 children also received prescription anti-fungal

Table 1: Autism Symptoms in the Study Group

medication and a probiotic supplement for the
same duration as the antibiotic regimen. Parents
reported no significant improvements. As per
parental reports, 39 of 47 children experienced
gastrointestinal distress while on the prescription
medications.
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Table 2: Summary of the Symptoms in the Control Groups

Symptoms

2009 Controls N =

2018 Controls N =

No acute or chronic illness 55

identified. No symptoms

reported.

33

Data used with permission from Shoemaker et al 2009 and McMahon et al 2018
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Table 3: Lyme Disease Subgroup (N=47) Summary of Additional Symptoms Reported

Symptoms Pre Percentage | Improved | Percentage
Treatment % Post Improved
(N=) Treatment | %

N=
Cyclical Fevers 11 23% 9 82%
Bell’s Palsy 4 9% 4 75%
Transient recurrent hemiparesis 9 19% 5 56%
Selective Mutism 2 4% 2 100%
Suicidal Ideation 2 4% 2 100%
Muscle contracture 6 13% 2 33%
Osteomyelitis (pelvis) 1 2% 1 100%
Bulls Eye Rash 19 40% 19 100%
Erythema Migrans 43 91% 32 74%
Catatonia 1 2% 1 100%
Difficulty Walking 5 1% 4 80%
Trendelenburg Gait 7 15% 4 57%
Joint pain 47 100% 41 87%
Arthritis 14 30% 11 79%
Air Hunger 34 72% 27 79%
Foot drop (+ toe walking) 21 45% 18 86%
Ptosis and visual symptoms 19 40% 11 58%
Low muscle tone 46 98% 27 59%

Table 4: Summary of Coinfections Reported (N=47)

Coinfections N= %
Babesia 34 72%
Anaplasma 5 1%
Bartonella 23 49%
Mycoplasma 31 66%

The official symptoms of ASD for the entire study
cohort of 1722 cases are presented in Table 1. The
data for symptoms for the control groups*®? is
shown in Table 2. The children in the control group
had no acute or chronic illness and no symptoms.
Referring back to Part 1, the results The list of
coinfections and associated data for this subgroup
of 47 cases is highlighted in Table 4. The data for
symptoms of tickborne infections in the BNHC
in Table 3 along with

cases is presented

percentages of symptoms respectively. The

percentages of improvements observed per

symptom are also noted in Table 3.

Looking back at the results from Part 1, treatment
for CIRS utilizing the established Shoemaker
methods, including alternative herbal medicine
options (as highlighted in Part 3 of the series) was
associated with notable improvements in
cognition, motor skills, respiratory, nasal, and
gastrointestinal health, along with gains reported
in speech and language®. These findings suggest
that CIRS may

component in

represent a critical missing

these  treatment-resistant
populations. In accordance with that, in this
subgroup of 47 cases, treatment for CIRS utilizing

the established Shoemaker methods, including

© 2025 European Society of Medicine 5



alternative herbal medicine options and treatment
for Lyme disease utilizing botanical extracts (as
highlighted in Part 3 of this series), was associated
with improvements seen in associated symptoms
(Table 3). These findings suggest that CIRS and
Lyme Disease may represent a critical missing
component in the treatment-resistant patients with
ASD, and that addressing the conditions together
may be considered best practice to achieve
optimal clinical outcomes. Given the steadily rising
prevalence of ASD, this information deserves
international attention in order to assist families
and provide children with respite from
neuroimmune inflammatory states which can be
traumatic, and impede the functional development

of children with ASD.

The findings presented in this review highlight the
importance of recognizing Lyme disease and
associated tick-borne infections (TBIs) as significant
contributors to chronic neuroimmune dysfunction
in children, particularly those diagnosed with
autism spectrum disorder (ASD) or PANS/PANDAS.
The methodological framework encompassed the
evaluation of 1,700 children at BioNexus Health,
drawn from more than 50 countries, all of whom
had been classified as treatment resistant under
conventional management protocols. In many of
these cases, bedside clinical assessment was
prioritized over laboratory confirmation, reflecting
both the global unavailability of specialized
diagnostic assays and the practical challenges of
blood draws in children with severe behavioral or
neurological  impairments.  Despite  these
limitations, a consistent clinical pattern emerged:
children with overlapping neurodevelopmental
and psychiatric diagnoses frequently met the
criteria for infection-associated chronic illness, with
Lyme disease and coinfections standing out as

underrecognized drivers of symptom chronicity.

This observation underscores a central theme:
overlapping inflammatory cascades can obscure

diagnostic clarity. Many of the children initially

presented with symptom constellations attributed
exclusively to ASD or PANS/PANDAS—ranging
from regression and cognitive decline to anxiety,
sensory disturbances, and motor dysfunction. Yet
closer  evaluation  revealed that these
manifestations were frequently sustained or
amplified by tick-borne pathogens. By situating
pediatric presentations within the context of
environmentally acquired infection, this work
reframes the etiology of persistent symptoms:
rather than being explained solely by psychiatric or
neurodevelopmental pathology, they often reflect
an unchecked inflammatory burden driven by

microbial triggers.

The improvements observed following infection-
targeted interventions reinforce this perspective.
Even when treatment was limited to foundational
antimicrobial

strategies—such as antibiotics,

herbals, or supportive immunomodulation—
families frequently reported sustained gains in
language, behavior, gastrointestinal stability, and
sleep regulation. These findings parallel broader
trends in pediatric Lyme literature, where
treatment-resistant cohorts demonstrate recovery
once infectious and inflammatory drivers are
addressed. For children with developmental
vulnerabilities, such as those on the autism
spectrum, these outcomes are particularly salient:
they illustrate that diagnostic labels may mask
underlying treatable contributors and that
restoring immune balance can create conditions for

developmental and functional recovery.

A methodological lesson also emerges from this
synthesis. While laboratory assays for Borrelia and
coinfections remain valuable, their absence did not
preclude therapeutic progress. In this cohort,
reliance on clinical pattern recognition allowed for
timely initiation of care, validating the use of
bedside criteria in resource-limited contexts. This
pragmatic  approach  mirrors  longstanding
principles in infectious disease medicine, where
empiric treatment is sometimes necessary to
prevent prolonged morbidity. The inclusion of

published control data—such as McMahon and
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Smith’s cohort and Shoemaker's

analysis—further grounds these findings in

pediatric

comparative evidence, demonstrating that the
observed trajectories are not simply coincidental

but consistent with infection-mediated pathology.

The broader implication of this work is a paradigm
shift in pediatric care. Conventional management
of ASD or PANS/PANDAS often emphasizes
psychiatric, behavioral, or immunomodulatory
therapies, with little attention to the role of
persistent infection. By contrast, when Lyme and
coinfections are recognized as hidden drivers,
initial therapeutic sequencing changes: infection-
directed strategies are prioritized, creating a
physiological ~ foundation  for  subsequent
interventions. This shift is particularly critical in
children, where developmental plasticity permits
meaningful recovery if inflammatory drivers are

removed early.

Finally, the present findings support the integrative
arc of this article series. Just as CIRS has been
proposed as a concealed yet modifiable driver of
chronic pediatric illness, Lyme disease and
associated  TBIs may represent another
underappreciated factor shaping developmental
and neuropsychiatric outcomes. Addressing these
infections in children initially labeled as ASD or
PANS/PANDAS not only broadens diagnostic
precision but also expands the therapeutic window
for long-term functional gains. By situating
infection-driven inflammation at the forefront of
clinical strategy, this work advances a systems-
based approach in which pediatric neuroimmune
disorders are reframed through the lens of

infection, immunity, and developmental resilience.

LYME DISEASE AND ASSOCIATED CO-
INFECTIONS

Lyme disease, caused primarily by Borrelia
burgdorferi in North America, is the most common
vector-borne illness in the United States. The
infection is transmitted by Ixodes ticks, with clinical
manifestations ranging from early localized

erythema migrans to disseminated involvement

affecting the joints, heart, and nervous system.
Early recognition is often challenging because
erythema migrans may be absent or atypical in up
to 30-40% of cases. Untreated infection can lead
to  neurological  complications, including
meningitis, cranial neuropathies, radiculopathy,
and cognitive impairment. Cardiac manifestations,
such as atrioventricular conduction abnormalities,
may also occur, particularly in the early

disseminated phase.

Co-infections are common due to shared vectors,
with pathogens such as Babesia microti and
Bartonella henselae frequently co-transmitted
alongside B. burgdorferi. These co-infections can
inflammation,  dysregulate

amplify  systemic

immune responses, and complicate clinical
presentation, often resulting in more severe
fatigue, arthralgia, and neurological symptoms
than Lyme disease alone. Persistent infection may
stimulate chronic cytokine production, endothelial
activation, and blood-brain barrier compromise,
contributing to sustained inflammation and multi-

organ involvement.

Clinically, Lyme disease exhibits a spectrum of
manifestations influenced by host immune status,
pathogen strain, and co-infections. Recognition of
the complex interplay between these factors is
critical for accurate diagnosis and effective
management. Comprehensive assessment
typically includes serologic testing, molecular
diagnostics, and evaluation for potential co-
targeted

infections  to  guide therapeutic

interventions and mitigate long-term sequelae.

BORRELIA BURGDORFERI:
EVASION AND NEUROINVASION

B. burgdorferi employs sophisticated immune

IMMUNE

evasion tactics, including antigenic variation,
complement inhibition, and biofilm formation.
Surface proteins like VISE undergo antigenic
changes to avoid host antibody response’. The
bacterium also binds host complement regulators
(e.g., factor H), reducing complement-mediated

destruction. These strategies facilitate persistent

© 2025 European Society of Medicine 7



infection, particularly within immune-privileged

sites like the central nervous system (CNS).

Neuroborreliosis occurs in approximately 10-15%
of untreated cases, with presentations including
meningitis, cranial neuropathies, radiculopathy,
and encephalopathy?'®.  B.
penetrate the blood-brain barrier (BBB) by
modulating
(ICAM-1, VCAM-1), eliciting local inflammation that

compromises tight junction integrity . In animal

burgdorferi can

endothelial adhesion molecules

models, it has been shown to invade glial cells and
perivascular neurons, activating microglia and
astrocytes and increasing  pro-inflammatory
cytokines like IL-6, IL-17, and TNF-a'"'?,

Peripheral immune activation is reflected in

elevated circulating inflammatory mediators
months to years after infection, particularly in
patients with post-treatment Lyme disease
syndrome (PTLDS)". In a subset with persistent
symptoms, single-photon emission computed
tomography (SPECT) imaging has shown perfusion
deficits in frontal and temporal lobes, correlating
with  cognitive  impairment and  mood

disturbances’.

BABESIA MICROTI: PARASITIC IMMUNE
DISRUPTION

Babesia microti is an intraerythrocytic protozoan
that causes babesiosis, characterized by hemolytic
anemia, fever, and fatigue. Co-infection with Lyme
disease is well-documented; both pathogens share
the Ixodes tick vector. Babesiosis can compound
immune activation, exacerbate systemic cytokines,
and contribute to chronic symptomatology due to
persistent low-level parasitemia.

Ongoing parasitemia stimulates innate immune
responses, especially macrophage activation and
high levels of IFN-y and TNF-a, which in turn can
provoke anemia of inflammation and neurological
symptoms™. Chronic babesiosis may perpetuate
cytokine-mediated BBB dysfunction and activate
microglia, although direct neuropathological
studies remain limited. Clinically, concurrent

infection often results in more severe fatigue,

arthralgia, and cognitive fog than Lyme disease

alone.

BABESIA DIAGNOSIS

Babesia infections present significant diagnostic
challenges, particularly in the context of
overlapping symptomatology with Lyme disease
and other co-infections. Traditional blood smear
evaluation remains the gold standard; a Giemsa-
stained thick blood film increases sensitivity for
detecting intraerythrocytic parasites, though
repeated sampling is often required due to
fluctuating parasitemia®’. Quantitative laboratory
markers of hemolysis may further support
diagnosis. Decreased haptoglobin levels, resulting
from hemoglobin binding and clearance, provide
indirect evidence of intravascular hemolysis, while
the presence of free hemoglobin in urine
(hemoglobinuria) reflects ongoing red blood cell
destruction®”.  These findings are particularly
relevant in pediatric patients, where anemia and
hemolysis may manifest with fatigue, pallor, or
jaundice that can be mistaken for viral or
autoimmune etiologies. Although polymerase
chain reaction (PCR) assays and serology are
increasingly available, their sensitivity varies with
disease stage, and serologic cross-reactivity
remains a confounder in endemic areas®.
Therefore, an integrative diagnostic framework
combining microscopy, biochemical markers, and
molecular testing is recommended to establish
Babesia infection and differentiate it from other

hemolytic disorders.

CROSS-REACTIVITY OF GPI ANTIGENS

A critical challenge in the serological diagnosis of
Babesia and related apicomplexan parasites is the
high degree of antigenic conservation among
(GP)-anchored
molecules. These glycolipid anchors, present on

glycosylphosphatidylinositol

the surface of Babesia, Plasmodium (malaria),
Toxoplasma gondii, Eimeria, and Sarcocystis, share
structural epitopes that can induce broad antibody
enzyme-linked

responses®®.  As a result,

immunosorbent assays (ELISAs) targeting GPI-

© 2025 European Society of Medicine 8



associated antigens often yield false-positive
results, complicating interpretation in regions
where multiple protozoan infections co-exist.
Experimental studies have demonstrated cross-
reactive IgG responses between malaria and
babesiosis®®, and similar patterns have been
observed with toxoplasmosis and coccidial
infections. In clinical practice, such cross-reactivity
risks overestimating prevalence rates and may lead
to inappropriate treatment if relied upon without
confirmatory  testing. Recognition of these
antigenic overlaps underscores the importance of
using parasite-specific molecular assays (PCR or
next-generation sequencing approaches)
alongside serology, rather than depending on
ELISAs.

characterization of

single-antigen Furthermore, deeper
parasite-specific
glycoconjugates is needed to refine diagnostic
specificity and to develop immunoassays capable
of distinguishing true Babesia infection from

serologic noise caused by GPI cross-reactivity.

BARTONELLA HENSELAE: VASCULAR AND
NEUROENDOCRINE EFFECTS

Bartonella  spp.—notably B. henselae—are
emerging as significant tick-related co-infections
contributing to neurovascular and inflammatory
dysfunction. The bacterium infects endothelial cells
vasculitis,

and erythrocytes, causing

granulomatous inflammation, and increased

production of VEGF and IL-8'¢.

Neurologically, Bartonella infection can result in
encephalopathy, seizures, and neuropsychiatric
symptoms such as anxiety, insomnia, and cognitive
dysfunction'. In children, co-infection with Borrelia
and Bartonella has been linked anecdotally to
more severe neurocognitive outcomes, though

large-scale quantitative studies are lacking.

ANAPLASMA PHAGOCYTOPHILUM:
PATHOGENESIS AND CLINICAL
MANIFESTATIONS

Anaplasma phagocytophilum is a Gram-negative,

obligate intracellular bacterium transmitted by

Ixodes ticks, primarily causing human granulocytic
(HGA)™®, The
preferentially infects neutrophils, leading to

anaplasmosis pathogen
functional impairment and immune dysregulation.
Clinical manifestations range from mild febrile
illness to severe presentations including
pancytopenia, multiorgan failure, and in rare cases,
encephalitis®. Laboratory findings often show
leukopenia, thrombocytopenia, and elevated
hepatic transaminases. Diagnosis is primarily
confirmed through polymerase chain reaction
(PCR) detection of bacterial DNA, while serology
provides supportive evidence. Early treatment with
doxycycline is highly effective; delayed therapy
increases the risk of severe complications'.
Coinfections  with  other Ixodes-transmitted
pathogens, including Borrelia burgdorferi and
Babesia microti, can exacerbate the clinical course
and complicate diagnosis. Emerging strains with
variable virulence highlight the need for ongoing
surveillance and research to optimize diagnostic
accuracy and therapeutic strategies™®®*. HGA
underscores the complex interplay between tick-
borne pathogens and host immune responses,
emphasizing the importance of early recognition in

endemic regions.

MYCOPLASMA PNEUMONIAE: CLINICAL
AND PATHOPHYSIOLOGICAL INSIGHTS

Mycoplasma pneumoniae is a cell wall-deficient
bacterium that primarily infects the respiratory
tract, causing atypical pneumonia and a range of
extrapulmonary manifestations??.  Transmission
occurs via respiratory droplets, and incubation
typically spans 1-4 weeks. The pathogen adheres
to respiratory epithelial cells using specialized tip
organelles, initiating cytotoxic effects and local
immune activation?. Infection elicits a Th1/Th17-
skewed immune response, with production of
proinflammatory cytokines including IL-6, IL-8, and
TNF-a, contributing to pulmonary tissue damage
and systemic inflammation. Extrapulmonary
involvement can manifest as neurologic, cardiac,
hematologic, or dermatologic complications,

reflecting both direct microbial invasion and

© 2025 European Society of Medicine 9



immune-mediated processes?. Molecular mimicry
between bacterial antigens and host tissues has
been implicated in autoimmune phenomena post-
infection. Diagnosis relies on PCR amplification of
bacterial DNA or serologic detection of specific
IgM and IgG antibodies, while culture is rarely used
due to slow growth. Macrolides, doxycycline, or
fluoroquinolones are first-line treatments, with
choice guided by age, comorbidities, and local
resistance patterns. Coinfection with other tick-
borne pathogens, particularly in endemic regions,
may exacerbate systemic inflammation and
complicate clinical presentations”. Ongoing
research explores the role of persistent infection,
biofilm formation, and host immune modulation in
chronic or relapsing disease states. Awareness of
the diverse manifestations of M. pneumoniae
infection is essential for timely diagnosis and
effective management, particularly in
immunocompromised individuals or those with

pre-existing respiratory disease.

ADDITIONAL COINFECTIONS
ASSOCIATED WITH LYME DISEASE

Ehrlichia chaffeensis is an obligate intracellular

OFTEN

bacterium transmitted by Amblyomma ticks and is
the etiological agent of human monocytotropic
ehrlichiosis (HME)". It infects monocytes and
macrophages, causing systemic immune activation

and endothelial dysfunction

Rickettsia rickettsii, the causative agent of Rocky
Mountain spotted fever (RMSF), is transmitted by
Dermacentor ticks and targets vascular endothelial
cells, leading to systemic vasculitis and increased
vascular permeability®.

Tick-borne relapsing fever (TBRF) is caused by
several Borrelia species, transmitted primarily
through soft ticks of the genus Ornithodoros®.
TBRF is characterized by recurring febrile episodes
separated by afebrile periods, resulting from

antigenic variation of the bacterial surface proteins.

Tick-borne encephalitis virus (TBEV) is a positive-
sense RNA flavivirus transmitted by Ixodes ticks,

primarily Ixodes ricinus and Ixodes persulcatus, in

Europe and Asia?. Following a tick bite, the virus
initially replicates in regional lymphoid tissues,
leading to viremia and subsequent central nervous

system (CNS) invasion.

MECHANISMS OF IMMUNE
DYSREGULATION AND CO-INFECTION
SYNERGY

Co-infections profoundly affect host immunity.
Chronic exposure to Borrelia, Babesia, and
Bartonella can disrupt T-cell homeostasis, skew
Th1/Th17 differentiation, and suppress regulatory
T-cell (Treg) function. This imbalance fosters
chronic inflammation, autoantibody production,
and neuroinflammatory CNS phenotypes. Similar
immunomodulatory effects have been observed
with  other tick-borne pathogens such as
Anaplasma, Ehrlichia, and Rickettsia, which can
induce monocytic  activation, endothelial
inflammation, and cytokine cascades, further
amplifying immune

systemic perturbations.

Mycoplasma  pneumoniae  and  Tick-Borne
Encephalitis Virus infections can also contribute via
persistent  antigenic  stimulation, molecular
mimicry, and neurotropic invasion, compounding
the dysregulatory milieu. Tick-Borne Relapsing
Fever spirochetes additionally promote cyclic
bacteremia and recurrent immune activation,

sustaining a proinflammatory environment.

Concurrently, persistent antigenic stimulation can
prime microglia via peripheral-to-central immune
signaling, resulting in a trained immunity state. This
contributes to recurrent sensitivity to new triggers,
reminiscent of PANS  or  post-infection
encephalopathy?®®. Endothelial activation and BBB
cytokine-mediated MMP

upregulation, VEGF signaling, oxidative stress, and

leakage—via

pathogen-induced  vascular  injury—facilitate
immune cell infiltration and autoantibody entry into

neural tissues®?.

Neurologically, children with Lyme and co-
infections may develop regression, anxiety, mood
instability, attention-deficit symptoms, OCD-like

behaviors, and tics. Cognitive testing may reveal
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executive dysfunction and memory impairment.
These features overlap with ASD and PANS,
especially in children with abrupt symptom onset
or relapsing-remitting courses. The additive effects
of co-infections suggest a cumulative burden on
immune and neural networks, warranting a
comprehensive assessment in cases with multiple
tick-borne or respiratory pathogens. However,
detailed clinical overlaps and biomarker patterns

will be addressed in later sections.

CLINICAL PRESENTATION AND
DIAGNOSTIC FRAMEWORK
Diagnosis of Lyme disease relies on clinical

presentation and serology. Initial erythema
migrans may be absent in up to 30-40% of cases,
complicating early recognition’. Standard two-tier
serology (ELISA followed by Western blot) is
recommended, though  sensitivity varies—
particularly in early infection or in chronic/late-
stage cases. PCR testing of cerebrospinal fluid,
synovial fluid, or skin biopsy can be informative,
especially for neurologic involvement, but is
seldom used in routine practice due to limited

sensitivity?’.

For babesiosis, diagnosis is primarily based on
blood smear visualization, PCR amplification of
Babesia DNA, and serologic testing. Bartonella
infections are often confirmed via blood culture or
PCR, though
immunofluorescence assay (IFA) serology is

sensitivity is  low; indirect

commonly employed but demonstrates variable
Other

Anaplasma, Ehrlichia, Rickettsia, Mycoplasma

specificity®. co-infections—including
pneumoniae, Tick-Borne Relapsing Fever, and
Tick-Borne Encephalitis Virus—may present with
febrile

hepatosplenomegaly, or neurologic features,

nonspecific syndromes, cytopenias,
necessitating pathogen-specific molecular and

serologic testing®.

Given the overlapping symptomatology and high

prevalence of co-infections, clinicians are
encouraged to adopt a comprehensive diagnostic

framework when evaluating neuropsychiatric and

systemic illness associated with Lyme disease.
Recommended assessments include standard and
extended Lyme serologies, Babesia and Bartonella
testing, pathogen-specific PCR or serology for
Anaplasma/Ehrlichia/Rickettsia, CBC, inflammatory
markers (ESR, CRP), cytokine profiling, and
neuroimaging when indicated. Neurocognitive and
behavioral evaluations may also reveal subtle
deficits in attention, executive function, memory,
and mood regulation, particularly in pediatric

populations with abrupt symptom onset'.

While detailed treatment protocols are addressed
later, standard guidelines emphasize early
antibiotic therapy for Lyme disease, often
complemented by antimicrobial  regimens
targeting co-infections. Adjunctive measures—
such as anti-inflammatory agents, immune
modulation, and supportive care are frequently
employed in chronic cases, particularly when
lingering cognitive, neuropsychiatric, or systemic

symptoms persist.

Lyme disease and its co-infections represent
complex multisystem disorders involving immune
evasion, neurovascular compromise, and persistent
These

mechanisms intersect significantly with pathways

systemic  inflammation. overlapping
implicated in autism spectrum disorder, justifying
integrated neuroimmune diagnostic frameworks
and mechanistic research models. While this
section focuses on Lyme and co-infections,
subsequent sections on Mechanistic Overlaps will
further explore these intersections, emphasizing
immune, endothelial, and neuroinflammatory

contributions to shared phenotypes.

SHARED PATHWAYS AND DIVERGENT
EXPRESSIONS

While the immune dysregulation across these
disorders shares overlapping mediators, the
ultimate clinical manifestation is shaped by genetic
susceptibility, environmental exposures,
developmental timing, and the immune milieu. For
example, the same cytokine storm in a developing

brain may result in regression in ASD. This
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highlights the necessity of viewing these cytokine
profiles as part of a broader systems-level immune
network rather than isolated biomarkers.

Further, the interdependence of innate and

adaptive  immunity—through  dendritic  cell
signaling, T cell polarization, and cytokine
feedback

interventions

loops—suggests  that therapeutic

targeting  upstream  immune
checkpoints may hold promise across multiple
conditions. These shared immune features
underscore the rationale for integrative diagnostic
and therapeutic approaches grounded in
immunological commonalities rather than isolated

clinical silos.

NEUROVASCULAR AND BLOOD-BRAIN
BARRIER DYSFUNCTION

The integrity of the neurovascular unit, particularly
the blood-brain barrier (BBB), is a critical
determinant of central nervous system (CNS)
homeostasis. Disruption of the BBB has emerged
as a unifying pathophysiological feature across
autism spectrum disorder (ASD). A growing body
of literature implicates vascular endothelial growth
factor (VEGF), matrix metalloproteinase-9 (MMP-9),
complement split product Cda, and systemic
infammation as key modulators of BBB
permeability in these conditions. Understanding
these mechanisms offers insight into their
overlapping neuroimmune pathophysiology.

ENDOTHELIAL PERMEABILITY AND VEGF
DYSREGULATION

VEGF is a potent regulator of vascular permeability
and endothelial tight junction modulation. While
VEGF plays an essential role in angiogenesis and
neurogenesis, aberrant VEGF signaling has been
implicated in pathological BBB leakage. In the
context of neuroinflammation, elevated VEGF
levels have been observed to disrupt endothelial
tight junctions by downregulating occludin and
claudin-5, key structural components of the BBB*'.
In infectious models such as neuroborreliosis,

Borrelia burgdorferi has been shown to stimulate

local VEGF expression in glial and endothelial cells,
contributing to localized inflammation and vascular

leakage'".

MATRIX METALLOPROTEINASE-9 AND
TIGHT JUNCTION DISRUPTION
MMP-9, a

degrading components of the basal lamina and

proteolytic enzyme capable of
tight junctions, plays a central role in BBB

disruption  across  multiple  neuroimmune
conditions. MMP-9 expression is upregulated in
response to proinflammatory cytokines such as
TNF-a and IL-1B and is associated with increased

BBB permeability.

In Lyme disease, MMP-9 levels are also increased
during acute and chronic phases, contributing to
perivascular infiltration and breakdown of vascular
barriers in the CNS*?23, Borrelia burgdorferi has
been shown to induce MMP-9 secretion in
astrocytes and microglia, which facilitates the
organism'’s transmigration across the BBB3?¢>,
Animal models of maternal immune activation
relevant to ASD have also demonstrated MMP-9

altered
32,65,66

upregulation, which correlates with

neuronal migration and synaptic patterning

COMPLEMENT ACTIVATION AND C4A-
MEDIATED PERMEABILITY

Complement component C4a, a split product
released during activation of the classical or lectin
complement pathways, has emerged as a potent
marker of innate immune activation in conditions
such as Lyme disease, tick-borne co-infections, and
autism spectrum disorders. Elevated Cda levels
have been associated with endothelial injury, mast
vascular

cell activation, and increased

permeability*.

In Lyme disease, C4a is generated during innate
responses to Borrelia lipoproteins, and its levels
have been correlated with disease severity and

vascular inflammation3®.

Autism spectrum disorder has also been linked to
dysregulated complement activity, particularly
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involving early components such as C4, which are
critical in synaptic refinement and CNS immune
surveillance. Abnormalities in complement gene
expression, including increased C4 copy number,
have been proposed to contribute to aberrant
neural pruning during development, potentially
through microglia—endothelial signaling®-®.

TH17/TREG IMBALANCE AND MAST CELL
ACTIVATION
T helper 17 (Th17) cells and regulatory T cells

(Tregs) maintain a crucial balance in immune
homeostasis. Inflammatory skewing toward Th17
dominance is a hallmark of chronic neuroimmune
activation, often observed in Lyme disease. Th17
cells secrete IL-17A and IL-22, cytokines known to
compromise tight junction proteins in brain
endothelial cells and facilitate BBB leakage®. IL-
17A-mediated signaling induces the production of
reactive oxygen species and activates endothelial
adhesion molecules, promoting immune cell
extravasation into the CNS.

Similar Th17/Treg imbalances have been identified
in ASD, often
proinflammatory cytokines such as IL-6 and TGF-
B1, both of which influence Th17 differentiation
and BBB disruption?®.

accompanied by elevated

Mast cells are increasingly recognized as effectors
of BBB modulation through release of histamine,
tryptase, prostaglandins, and cytokines. In ASD,
mast cell activation is frequently observed in
conjunction with elevated VEGF and IL-6, which
synergistically degrade endothelial integrity®.

BLOOD-BRAIN BARRIER BREAKDOWN
ACROSS CONDITIONS

The cumulative impact of VEGF dysregulation,
MMP-9 overexpression, complement activation,
and Th17 skewing results in compromised BBB
architecture, allowing neurotoxic molecules,
autoantibodies, and pathogens to infiltrate the

brain parenchyma.

In Lyme disease, persistent infection by Borrelia
species and co-infections such as Babesia and
Bartonella can directly or indirectly disrupt the
BBB, leading to chronic encephalopathy and
neurocognitive deficits®. These pathogens utilize
adhesins and induce host enzymes such as MMPs
to breach endothelial layers.

Although mechanistically diverse, these conditions
converge on a final common pathway of
neurovascular vulnerability. Whether driven by
environmental toxins, infections, or autoimmunity,
the resulting barrier dysfunction creates a
permissive state for sustained neuroinflammation,
maladaptive

plasticity, =~ and  progressive

symptomatology.

MITOCHONDRIAL DYSFUNCTION AND
OXIDATIVE STRESS

Mitochondrial dysfunction and oxidative stress are
increasingly recognized as core pathophysiological
features across neuroimmune conditions including
autism spectrum disorder (ASD)* and Lyme
disease. These systems-level disruptions are
closely intertwined, representing both upstream
and downstream consequences of chronic immune
activation and environmental insult. Disruptions in
mitochondrial oxidative phosphorylation, excess
generation of reactive oxygen species (ROS), and
redox imbalance collectively drive impairments in
energy metabolism, neuromodulation, and
immune signaling. Mitochondrial abnormalities
also intersect with neuroinflammatory signaling
cascades, contributing to the phenotypic
expression of fatigue, cognitive slowing, and

behavioral regression.

Mitochondrial bioenergetic failure has been
documented across pediatric neurodevelopmental
and chronic inflammatory conditions. In ASD,
multiple studies have reported impaired activities
of mitochondrial electron transport chain (ETC)
complexes |, Ill, and IV in peripheral tissues and
postmortem brain. Dysfunction appears to be

region-specific within the brain and is often
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exacerbated by immune  activation  or

environmental triggers.

In the context of Lyme disease and co-infections,
Borrelia burgdorferi and Bartonella spp. have been
shown to directly interfere with host mitochondrial
dynamics. Borrelia infection downregulates host
mitochondrial gene expression, disrupts fission—
induces  mitochondrial

fusion balance, and

apoptosis  via caspase-3  pathways''.  This
contributes not only to neuronal loss but also to the
development of central fatigue, muscle weakness,
and neuropsychiatric manifestations. Furthermore,
Bartonella-induced intracellular persistence may
increase mitochondrial oxidative stress while
impairing mitophagy, perpetuating chronic energy

deficits.

Oxidative stress plays a synergistic role in
damaging mitochondrial membranes and DNA.
Chronic  immune  activation increases the
generation of ROS and reactive nitrogen species
(RNS), overwhelming endogenous antioxidant
systems such as superoxide dismutase (SOD),
catalase, and glutathione. Elevated levels of
oxidative biomarkers, including 8-hydroxy-2'-
deoxyguanosine (8-OHJG), protein carbonyls, and
malondialdehyde, have been reported in ASD and
Lyme disease. In children with autism, for example,
increased lipid peroxidation and decreased
glutathione redox ratios correlate with symptom
severity and mitochondrial dysfunction, suggesting
a tight link between oxidative stress and

phenotypic expression.

One emerging model that integrates mitochondrial
dysfunction with immune dysregulation is the
concept of the “metabolic trap.” This model posits
that specific metabolic intermediates, once
dysregulated, can create self-reinforcing loops that
perpetuate immune exhaustion and bioenergetic
failure. For instance, disruption in nicotinamide
adenine dinucleotide (NAD*) metabolism can lead
to impaired sirtuin activity, altered DNA repair, and
increased susceptibility to oxidative damage. Such
metabolic traps have been hypothesized in ASD,
wherein mitochondrial incapacity not only reduces

ATP availability but also immune

creating a

impairs
resolution, chronic  inflammatory

feedback loop

Additionally, mitochondria serve as
immunometabolic hubs, integrating danger signals
with  innate immune responses. Damaged
mitochondria release danger-associated molecular
patterns (DAMPs) such as mitochondrial DNA and
formyl peptides, which activate pattern recognition
receptors (PRRs), including toll-like receptor 9
(TLRY) and the NLRP3 inflammasome. This leads to
enhanced secretion of IL-18 and IL-18, further
amplifying These

interactions are bidirectional; pro-inflammatory

systemic  inflammation.
cytokines such as TNF-a and IL-6 also impair
mitochondrial function via suppression of complex
| activity and induction of nitric oxide synthase. In
Lyme disease, such cycles may explain persistent
symptoms following immune triggers despite
pathogen clearance.

Neurocognitive deficits observed in Lyme and
related immune-mediated disorders’®'® such as
working memory impairment, processing speed
delays, and executive dysfunction are strongly
linked to regional deficits in mitochondrial energy
metabolism, particularly in the prefrontal cortex
and hippocampus. PET imaging studies in Lyme
disease have identified hypometabolism in these
regions, consistent with mitochondrial energy
failure.

Fatigue, a hallmark symptom of Lyme, is
increasingly understood as a manifestation of
systemic energy production collapse. Beyond
behavioral symptoms, this fatigue is biochemically
anchored in ATP depletion, redox imbalance, and
Chronic

impaired  mitochondrial  respiration.

fatigue  syndrome/myalgic  encephalomyelitis

(CFS/ME), which overlaps symptomatically with
these conditions, has also been associated with
similar mitochondrial deficits, supporting the

shared pathomechanisms.

Finally, mitochondrial dysfunction modulates

immune cell differentiation and  cytokine
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Effector T cell
metabolically driven: Th17 cells rely on glycolysis

production. polarization s
and mitochondrial ROS, whereas Tregs favor
oxidative phosphorylation. Perturbation of these
pathways skews T cell balance toward pro-
inflammatory phenotypes, exacerbating
autoimmunity and delaying resolution. This
immunometabolic  disequilibrium  is  now
considered a hallmark of neuroimmune disorders,
linking environmental, infectious, and genetic
insults with sustained mitochondrial-immune

crosstalk.

MICROGLIAL PRIMING AND
NEUROINFLAMMATION

Microglia are central nervous system (CNS)-

resident macrophages essential for brain
development, synaptic pruning, neuroplasticity,
and neuroprotection®. In the context of
neuroimmune disorders such as Autism Spectrum

Disorder (ASD)*" and Lyme disease, dysregulated

microglial activity emerges as a common
mechanistic ~ thread.  Persistent  microglial
activation—whether  driven by infectious,

inflammatory, or toxic insults—can result in a
“primed” phenotype, wherein microglia overreact
to secondary stimuli, exacerbating
neuroinflammation and contributing to chronic

neurological symptoms.

TRAINED
IMPRINTING

The concept of trained immunity—first observed in

IMMUNITY AND IMMUNE

peripheral monocytes—has been extended to
microglia, which display long-lasting epigenetic
reprogramming  after exposure to initial
inflammatory triggers. Early-life immune insults®,
including maternal immune activation (MIA)*¢7,
viral infections, or environmental toxicants, can

durable

responsiveness. Such imprinting influences the

lead to changes in  microglial
developmental trajectory of neural circuits and

increases the wvulnerability of the CNS to

subsequent immunologic or  environmental

challenges.

Rodent models of MIA using poly (l:C) or
lipopolysaccharide (LPS) demonstrate offspring
with behavioral abnormalities resembling human
neurodevelopmental conditions. These effects are
associated with elevated microglial expression of
major histocompatibility complex class Il (MHC 1),
interleukin-1B (IL-1B), and complement proteins
such as Clg and C3. These proteins mediate
aberrant synaptic pruning, a process increasingly
recognized as abnormal in both ASD and
schizophrenia®.

In human postmortem studies, increased microglial
density and activation markers such as HLA-DR and
CDé68 have been found in the prefrontal and
cerebellar cortices of individuals with ASD.
Similarly, elevated cerebrospinal fluid (CSF) levels
of proinflammatory cytokines—particularly IL-6, IL-
1B, and TNF-a—further support the hypothesis of
chronic neuroimmune activation and microglial

involvement in these conditions*'.

MICROGLIAL DYSREGULATION IN ASD
AND LYME DISEASE

In ASD, microglial activation is linked not only to
impaired synaptic pruning but also to disrupted
neurodevelopmental timing. The prefrontal cortex,
amygdala, and cerebellum—all critical regions for
social behavior and sensory integration—show
regional microglial overactivation in ASD. This is
accompanied by increased expression of oxidative
enzymes like NADPH oxidase and inducible nitric
oxide synthase (INOS), both of which drive

neurotoxic inflammation and mitochondrial stress.

Similarly, in Lyme neuroborreliosis, Borrelia
burgdorferi can directly activate microglia via toll-
like receptors (TLRs), particularly TLR2, triggering
nuclear factor-kappa B (NF-kB) signaling and the
release of IL-6, IL-1B, and nitric oxide'. Microglial
activation in this context contributes to CNS injury
through  excitotoxicity, increased glutamate
release, and disruption of the blood-brain barrier

(BBB).
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MATERNAL IMMUNE ACTIVATION (MIA)

Maternal immune activation during gestation—
triggered by infection, systemic inflammation, or
environmental toxins—has profound implications
for offspring neurodevelopmenté7. Experimental
models have shown that activation of the maternal
immune system via viral or bacterial mimetics (e.g.,
poly(l:C), LPS) leads to offspring exhibiting
behavioral and neuroimmune features reminiscent
of ASD, schizophrenia, and anxiety disorders.
Cytokines such as IL-6 and IL-17 a produced during
MIA can cross the placenta and disrupt fetal brain
development, including cortical lamination and

synaptic pruning®“.

SYMPTOM OVERLAP BETWEEN AUTISM
SPECTRUM DISORDER AND LYME DISEASE

Autism Spectrum Disorder (ASD) and Lyme disease
are etiologically distinct conditions; ASD is a
neurodevelopmental disorder characterized by
persistent deficits in social communication and
restricted, repetitive patterns of behavior, while
Lyme disease is an infectious disease caused by the
spirochete Borrelia burgdorferi, transmitted via
Ixodes ticks. Despite these differences, clinical
overlap between ASD and Lyme disease has been
increasingly recognized, complicating diagnostic
processes and therapeutic strategies. This section
examines  the neuropsychiatric, cognitive,
somatic/neurological, and pediatric onset patterns
shared between the two disorders, highlighting the
importance of detailed clinical evaluation, careful
history taking, and differential diagnosis to

optimize patient outcomes.

NEUROPSYCHIATRIC OVERLAP

Neuropsychiatric manifestations are a common
intersection between ASD and Lyme disease.
Individuals with ASD frequently experience anxiety,
irritability, mood dysregulation, and social
withdrawal, which may be compounded by co-
attention-

occurring  conditions  such  as

deficit/hyperactivity disorder (ADHD) or sleep

disturbances®4¢53 ROS. Chronic Lyme disease can
similarly present with depression, generalized
anxiety, irritability, and emotional lability, a
constellation of symptoms often described as
shared

“Lyme  neuroborreliosis”*%,  These

neuropsychiatric presentations suggest
overlapping pathophysiological mechanisms that
may include immune dysregulation,
neuroinflammation, and altered neurotransmitter

signaling.

Evidence indicates that Borrelia burgdorferi can
cross the blood-brain barrier, triggering CNS
inflammation  mediated by proinflammatory
cytokines such as IL-6, TNF-a, and IL-1B. This
immune activation is thought to underlie the
anxiety, irritability, and depression observed in
chronic infection. Similarly, in ASD, elevated CNS
levels of proinflammatory cytokines have been
reported, alongside microglial activation and
increased  oxidative

stress,  suggesting a

neuroimmune  component to  behavioral

Shared
pathways may contribute to the overlapping

symptoms®>3, neuroinflammatory
clinical picture, complicating differential diagnosis
and potentially delaying appropriate interventions.

Clinicians should recognize that neuropsychiatric
symptoms in children and adults with ASD or Lyme
disease maybe nonspecific and episodic, and
presentation may vary over time. Comprehensive
evaluation structured

including psychiatric

interviews, behavioral assessments, and
consideration of infection history is critical to
distinguishing between primary
neurodevelopmental etiologies and infection-

induced neuropsychiatric manifestations.

COGNITIVE OVERLAP

Cognitive  impairments, including deficits in
executive function, working memory, attention,
and processing speed, are prominent in both ASD
and Lyme disease. In ASD, these deficits often
affect  planning,

problem-solving,  cognitive

flexibility, and social cognition, influencing

academic performance and daily functioning®.
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Cognitive dysfunction in Lyme disease has been
documented in both acute and chronic phases,
with patients reporting memory lapses, difficulty
concentrating, slowed information processing, and

impaired verbal recall’*#.

Mechanistically, cognitive impairments in both
conditions may be linked to neuroinflammatory
processes and mitochondrial dysfunction. In Lyme
disease, neuronal injury may result from microglial
activation, oxidative stress, and direct neurotoxic
whereas in ASD,
mitochondrial dysfunction, oxidative stress, and

effects of spirochetes,
neuroimmune activation have been implicated in
similar  cognitive  deficits’®*.  This overlap
highlights the need for standardized cognitive
testing in individuals with either condition, allowing
for quantification of deficits and monitoring of

intervention efficacy.

SOMATIC/NEUROLOGICAL OVERLAP

Somatic and neurological manifestations further
contribute to the diagnostic complexity between
ASD and Lyme
generalized weakness, headaches, and sensory

disease. Chronic fatigue,
sensitivities are frequently reported in both
conditions. In Lyme disease, these symptoms are
attributed  to
persistent infection, and inflammation of peripheral

systemic immune  activation,
nerves and CNS structures'®*. In ASD, sensory
over-responsivity, gastrointestinal disturbances,
and motor abnormalities may reflect underlying
mitochondrial dysfunction, neuroinflammation, or

comorbid medical conditions 4.

Neurological overlap extends to fine and gross
motor deficits, hypotonia, sleep disturbances, and
autonomic dysregulation, including
gastrointestinal dysmotility and thermoregulatory
abnormalities. Both conditions demonstrate
variability in symptom severity and progression,
making it challenging to distinguish primary
neurodevelopmental symptoms from  post-
infectious neurological sequelae. Clinicians should
conduct thorough neurological examinations,

including assessment of cranial nerve function,

reflexes, coordination, and gait, in combination
with laboratory markers of inflammation or

infection to aid differential diagnosis.

PEDIATRIC ONSET
MISDIAGNOSIS RISK
The pediatric onset of ASD and Lyme disease

PATTERNS &

presents a significant source of potential
misdiagnosis. ASD is generally identified in early
childhood, typically between ages 2 and 4, based
on social communication delays, restricted
interests, and repetitive behaviors. Lyme disease
can affect children of all ages, with early signs
including erythema migrans, fever, fatigue, and
joint pain, and later stages potentially involving

neurocognitive and behavioral symptoms.

Overlap in  behavioral and developmental
presentation can result in misdiagnosis. Children
exposed to Borrelia burgdorferi may exhibit
language delays, social withdrawal, irritability, and
attentional difficulties that mimic core ASD
features. Studies report that pediatric patients in
Lyme-endemic areas are at particular risk of being
diagnosed with ASD when early Lyme infection is
unrecognized or untreated'¢*®% Misdiagnosis can
lead to delayed treatment of the underlying
exacerbation  of

infection, symptoms, and

prolonged neurocognitive sequelae.

Early recognition requires detailed medical history,
including tick exposure and prior rashes, thorough
physical and neurological examinations, and
targeted laboratory testing such as serologic or
molecular assays for Borrelia infection. Integrating
developmental assessments, behavioral
evaluation, and infectious disease screening allows
for accurate differentiation between ASD and
infection-mediated neurodevelopmental

disturbances.

TREATMENT OVERVIEW

The  clinical  management of  complex

neuroimmune syndromes such as autism spectrum
disorder (ASD), Lyme disease, necessitates a
treatment

multipronged  approach.  While
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strategies are often individualized, several core
domains—immunological modulation,
detoxification support, and symptom-targeted
interventions—form the basis of comprehensive

care. These conditions are rarely responsive to

single-agent therapy and require dynamic
protocols responsive to evolving immune,
neurological, and metabolic findings.
IMMUNOMODULATION AND
INFLAMMATION REDUCTION
Targeting innate and adaptive immune

dysregulation is central to therapeutic approaches
across these syndromes. Similarly, in Lyme-
neuroinflammation,

associated pulsed

immunomodulatory  agents are  sometimes
employed to reduce microglial activation and

peripheral inflammatory signaling.

In ASD, particularly in those with a regressive or
immune-mediated phenotype, small studies have
reported benefits from interventions targeting
interleukin-1B (IL-1B), tumor necrosis factor alpha

3947 However,

(TNF-0), or mast cell stabilization
broader clinical trials remain limited. Given the
heterogeneous presentations, immune-targeted
strategies are typically based on laboratory
confirmation of immune activation profiles and

associated symptom clusters.

DETOXIFICATION AND ENVIRONMENTAL
MANAGEMENT

In patients with overlapping ASD, supportive
detoxification may be considered when evidence

of environmental or microbial toxicant load (e.g.,

mold, volatile organic compounds,
lipopolysaccharide) is identified.

Nutritional interventions may support
mitochondrial ~ and  antioxidant  pathways,

particularly in the context of reactive oxygen
species (ROS) burden or metabolic blockades
identified in organic acid testing or metabolomics
panels. Agents such as N-acetylcysteine, coenzyme

Q10, and L-carnitine have been preliminarily

studied in ASD and chronic Lyme-related fatigue

with variable success.

SUPPORTIVE AND
THERAPIES

Supportive interventions such as occupational and

INTEGRATIVE

behavioral therapy, speech-language pathology,
and psychoeducation remain critical to long-term

outcomes.

ALLOPATHIC APPROACHES: ANTIBIOTICS
AND IMMUNOMODULATION

Conventional management of Lyme disease and its
neuroimmune complications primarily relies on
antibiotics to eradicate Borrelia burgdorferi and
associated coinfections. First-line agents often
include doxycycline, amoxicillin, or cefuroxime for
early infection, while intravenous ceftriaxone is
reserved for neurologic or cardiac involvement*4?,
For persistent or late-stage Lyme disease, longer
or repeated antibiotic courses may be employed,
though evidence for post-treatment efficacy
remains debated®>'*2, |n addition to antimicrobial
therapy, anti-inflammatory and
immunomodulatory agents—such as nonsteroidal
anti-inflammatories, corticosteroids, or low-dose
naltrexone—are sometimes used to reduce
neuroinflammation and microglial activation in

selected cases® ™.

Clinical protocols are often
guided by laboratory biomarkers of immune
activation, co-infection status, and symptom
severity, emphasizing individualized treatment
antibiotics microbial

plans.  While target

eradication, immunomodulation addresses
ongoing neuroinflammatory sequelae, highlighting
the need for multipronged therapy in complex or

chronic presentations.

HERBAL APPROACHES:
Herbal
developed by Stephen Buhner®®, offer an

protocols, most prominently those
evidence-informed, plant-based approach to Lyme
disease and coinfections. Buhner's regimen

combines multiple botanicals with antimicrobial,
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anti-inflammatory,  and  immune-modulatory

properties, including  Japanese  Knotweed
(Polygonum cuspidatum), Cat’s Claw (Uncaria
tomentosa), Sarsaparilla  (Smilax spp.), and
Andrographis paniculata®’. Mechanistically, these
herbs have been shown to inhibit spirochete
growth, reduce oxidative stress, and modulate
cytokine expression, potentially supporting both
neuroimmune

pathogen control and

homeostasis® 2. Clinical  reports  suggest
improvements in fatigue, cognitive function, and
joint pain with structured botanical protocols,
though randomized controlled trials are limited. In
practice, herbs are titrated individually or in
combination, often over extended periods, and
can be integrated with supportive interventions
such as antioxidants or mitochondrial cofactors.
Buhner’s approach emphasizes safety, gradual
dose escalation, and ongoing monitoring to
optimize therapeutic outcomes while minimizing

adverse effects.

PEDIATRIC-SPECIFIC CONSIDERATIONS
IMMUNE AND NEURODEVELOPMENTAL
VULNERABILITY IN CHILDHOOD

The pediatric immune system is characterized by

dynamic development and heightened plasticity,

rendering  children  more  susceptible to
neuroimmune perturbations than adults. Early life
is marked by an evolving balance between innate
and adaptive immune responses, with relative
immaturity in antigen-specific immunity and
regulatory pathways. This vulnerability intersects
with critical neurodevelopmental windows, during
which microglial maturation, synaptic pruning, and
tightly

susceptible to immune-derived signals.

myelination  are orchestrated  and

The phenomenon of maternal immune activation
(MIA) exemplifies the
consequences of early

profound
neurodevelopmental
immune perturbation®. MIA, modeled through
gestational exposure to viral or bacterial mimetics,
induces long-lasting changes in offspring behavior,

synaptic architecture, and cytokine expression®.

Notably, these changes are mediated in part by IL-
6 and IL-17a pathways, implicating these cytokines
as critical effectors in  immune-mediated
developmental disruption. Animal models have
demonstrated that these cytokine-mediated
effects can alter cortical layering, hippocampal
connectivity, and dopaminergic circuit formation,
suggesting that early immune insults may
predispose to neurodevelopmental disorders with

persistent behavioral sequelae™.

Pediatric Lyme disease may trigger exaggerated
neuroimmune responses, with children often
demonstrating more prominent neuropsychiatric
symptoms relative to adults. Pediatric patients
exhibit differential  T-cell
heightened proinflammatory cytokine release, and

activation  profiles,
increased susceptibility to microglial priming
following Borrelia infection, all of which can amplify
neurobehavioral manifestations®/>*, Age-
dependent variations in immune response kinetics,
combined with ongoing synaptogenesis, may
underlie the heightened sensitivity to immune
perturbations observed in younger populations.

Children exhibit more permeable epithelial and
blood-brain barriers (BBB), and their detoxification
systems are immature, limiting their ability to
metabolize and excrete xenobiotics. These
physiological constraints may predispose pediatric
patients to chronic inflammation and neurological
sequelae and transient deficiencies in glutathione-
dependent pathways or cytochrome P450 isoforms
can magnify vulnerability to oxidative stress and

persistent inflammatory signaling.

DEVELOPMENTAL TRAJECTORIES AND
CLINICAL INTERPRETATION
Pediatric patients with neuroimmune disorders

typical
trajectories, both in terms of neurological

often diverge from developmental
milestones and behavioral regulation. In autism
spectrum disorder, for instance, loss of previously
acquired language or social skills, a phenomenon

termed “regressive autism”, frequently follows
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immune activation events such as febrile illness or

antibiotic exposure?~°.

Similarly, children with Lyme disease may present

with  subtle cognitive inflexibility, sensory
hypersensitivity, or motor tics prior to the
emergence of more recognizable systemic
symptoms. Longitudinal studies indicate that
pediatric neuroimmune disorders can manifest as
developmental deceleration, attentional shifts, or
dysregulated arousal, often preceding laboratory-
confirmed infection or inflammatory marker

elevation®®,

Recognition of pediatric-specific neuroimmune

vulnerability requires developmental-
contextualized interpretation rather than strict
adherence to adult criteria or laboratory
thresholds. Age-adjusted biomarkers, dynamic
assessment of immune function, and behavioral
phenotyping are critical to differentiating transient
variations

developmental from  pathological

immune-mediated  processes. Integration  of
longitudinal monitoring, immunological profiling,
and neurocognitive assessment allows for earlier
identification of children at risk for chronic
neuroimmune sequelae and supports tailored
intervention strategies aimed at mitigating long-

term developmental disruption®’ 4.

Pediatric immune ontogeny confers heightened
susceptibility to neuroimmune perturbations,
particularly in the context of infectious triggers
such as Borrelia and associated coinfections often

leading to treatment resistant post Lyme

syndrome?’ 472055 Immature adaptive responses,
dynamic microglial maturation, and increased
barrier permeability converge to amplify
inflammatory signaling and disrupt

neurodevelopmental trajectories. Dysregulated
Th17/Treg
imbalances, complement activation, and sustained

cytokine  networks,  including
microglial priming, interact with environmental and
infectious exposures to alter synaptic refinement,

myelination, and circuit connectivity.

Clinically, these perturbations manifest as cognitive

inflexibility,  behavioral  regression, sensory
modulation deficits, and subtle neuropsychiatric
features that often precede definitive laboratory
confirmation, underscoring the limitations of
conventional diagnostic paradigms. Findings from
this review emphasize that clinical decision-
making, supported by consistent patterns in
presentation and comparative evidence, can guide
effective interventions even when extensive
laboratory data are not available. By intervening at
the level of infection-driven inflammation, clinicians
may open therapeutic windows that enable
meaningful developmental and functional recovery

in children previously considered treatment

resistant.
Looking ahead, integrative longitudinal
assessment  combining  immunophenotyping,

neurocognitive  profiling, and  systems-level
biomarker evaluation will be essential to delineate
preclinical shifts, stratify risk, and inform precision
care.  Multidisciplinary  collaboration  across
neurology, immunology, infectious disease, and
psychiatry is equally important for implementing
strategies that simultaneously target infection,
chronic inflammation, and neurodevelopmental
resilience. The complex clinical and mechanistic
intersections between autism spectrum disorder
(ASD) and Lyme disease highlight the urgent need
for a paradigm shift in neuroimmune research and
clinical methodology. A primary gap in the current
literature is the lack of large-scale, longitudinal
cohorts that incorporate multi-omic profiling—
metabolomics,

transcriptomics,  epigenomics,

proteomics, and microbiomics—across
developmental trajectories. Pilot programs such as
the Columbia and Johns Hopkins Lyme Centers
and the Center for Personalized Medicine at the
University of Pittsburgh illustrate the utility of
embedded translational diagnostics, combining
clinical evaluation with in-house cytokine panels,
HLA genotyping, and environmental exposure
histories®*~¢. Continued investment in harmonized

multi-omic research and embedded translational
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frameworks will help clarify the mechanistic
intersections between Lyme disease, coinfections,
and neurodevelopmental disorders, ultimately
facilitating interventions designed to mitigate
neuroimmune

persistent dysregulation  and

improve long-term outcomes.
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