
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Arash Memarnejadian,
Sernova Corp., Canada

REVIEWED BY

Debjeet Sur,
Guru Nanak Institute of Pharmaceutical
Science and Technology, India
Johannes Dirks,
University Hospital Würzburg, Germany

*CORRESPONDENCE

Morgan A. Williams

Morgan.Williams@tufts.edu

RECEIVED 23 September 2025

ACCEPTED 23 October 2025
PUBLISHED 17 November 2025

CITATION

Williams MA, Hernandez SA, Arvikar SL,
Sulka KB, Strle F, Wells CC, Petnicki-
Ocwieja T, Steere AC and Strle K (2025) Toll-
like receptor 1 polymorphism is associated
with impaired immune tolerance,
dysregulated inflammatory responses to
Borrelia burgdorferi, and heightened risk of
post-infectious Lyme arthritis.
Front. Immunol. 16:1711765.
doi: 10.3389/fimmu.2025.1711765

COPYRIGHT

© 2025 Williams, Hernandez, Arvikar, Sulka,
Strle, Wells, Petnicki-Ocwieja, Steere and Strle.
This is an open-access article distributed under
the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

TYPE Original Research

PUBLISHED 17 November 2025

DOI 10.3389/fimmu.2025.1711765
Toll-like receptor 1
polymorphism is associated with
impaired immune tolerance,
dysregulated inflammatory
responses to Borrelia
burgdorferi, and heightened risk
of post-infectious Lyme arthritis
Morgan A. Williams1*, Sergio A. Hernandez1, Sheila L. Arvikar2,
Katherine B. Sulka1, Franc Strle3, Christopher C. Wells4,
Tanja Petnicki-Ocwieja1, Allen C. Steere2 and Klemen Strle1

1Department of Molecular Biology and Microbiology, Tufts University School of Medicine, Boston,
MA, United States, 2Division of Rheumatology, Allergy and Immunology, Massachusetts General
Hospital, Harvard Medical School, Boston, MA, United States, 3Department of Infectious Diseases,
University Medical Centre Ljubljana, Ljubljana, Slovenia, 4Department of Immunology, Tufts University
Graduate School of Biomedical Sciences, Boston, MA, United States
Introduction: Clinical presentation of Lyme disease is largely due to host

immune response to infection. Previously, we identified a variant (1805GG) in

the TLR1 gene, a key immune sensor for Borrelia burgdorferi, which was

associated with excessive inflammation and severe disease. Herein we

examined the mechanism by which this variant leads to dysregulated immunity.

Methods:We found that patients with post-infectious Lyme arthritis, a condition

characterized by marked persistent synovitis in joints, have a higher frequency of

TLR1-1805GG compared to those whose arthritis resolves with antibiotics. To

explore the possibility that this genotype-phenotype association was due to

excessive inflammation, we then tested the functional impact of TLR1-1805GG

on inflammatory responses and immune tolerance in PBMCs with or without this

SNP and in THP-1 cell lines lacking TLR1.

Results: In response to B. burgdorferi stimulation, PBMCs with TLR1-1805GG had

greater transcriptional upregulation of ~1200 immune-related genes and significantly

higher cytokine levels in supernatants compared to cells without this variant.

Moreover, repeat B. burgdorferi stimulation, which mimics tolerogenic conditions

during the infection, failed to induce innate immune tolerance in PBMCs with TLR1-

1805GG, or in THP-1 cells lacking TLR1, resulting in seemingly unabated immune

activation consistent with marked inflammation in Lyme arthritis joints.

Conclusions: These results suggest that excessive inflammation in patients with

TLR1-1805GG variant appears to be due to immune dysregulation and inability to

induce immune tolerance. The findings help explain how early events during the

infection may contribute to sustained immune activation after antibiotics and

point to the role of TLR1 signaling in immune regulation.
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Introduction

Lyme disease, caused by the tick-borne spirochetes of the

Borrelia burgdorferi sensu lato (s.l.) complex, is the most common

vector-borne disease in North America and Europe. An expanding

erythema migrans (EM) skin lesion is typically the first sign of the

disease. In untreated individuals, spirochetes may disseminate to

other organ systems, namely the central nervous system, heart, or

joints (1, 2). In North America, Borrelia burgdorferi is the major

causative agent of Lyme disease, while in Europe the disease is

mainly caused by Borrelia afzelii and Borrelia garinii.

Lyme arthritis (LA) is the most common extra-cutaneous

manifestation of Lyme disease in the United States (2). As with

other manifestations of Lyme disease, patients with LA usually

respond to antibiotic therapy and their arthritis resolves (antibiotic-

responsive LA). However, a small subset of patients develop marked

persistent synovitis despite 2–3 months of treatment with oral and/

or intravenous (IV) antibiotics (post-infectious LA) (3, 4). With

little evidence to suggest a persistent Borrelia infection in these

patients after antibiotic treatment, this clinical outcome indicates a

post-infectious immune-mediated process (4, 5).

The immunopathogenesis of Lyme disease involves a complex

interplay between Borrelia and the host. The innate immune system

serves as the first line of defense by recognizing a multitude of B.

burgdorferi s.l. lipoproteins (6) via Toll-Like Receptors (TLRs) 1 and

2 (7), flagellar proteins via TLR5 (8), and nucleic acids via TLR7, 8,

and 9 (9–11). Activation of these pathways triggers a robust

production of inflammatory cytokines and chemokines, resulting

in recruitment and activation of immune cells to sites of infection

(12–16).

Although a robust immune response is important in controlling

the infection, excessive and prolonged inflammation is associated

with more severe disease. For example, in patients with EM, high

levels of IL-6, IFNg, and IFN-inducible chemokines CXCL9 and

CXCL10 are associated with greater number of symptoms in early

infection. Similarly, exceptionally high levels of these mediators in

joints are associated with immune dysregulation, marked immune

cell infiltrates, and persistent synovitis in patients with post-

infectious LA (14, 17–19). Sustained elevated immune responses

in patients with post-infectious LA suggest that the usual

mechanisms to limit tissue-damaging inflammation, such as

immune tolerance, may be broken – a phenomenon associated

with autoimmune diseases.

Host genetic variation in immune-related genes is thought to

play a significant role in shaping clinical outcomes in Lyme disease

(17, 20–24). Previously, we found that a single nucleotide

polymorphism (SNP) in TLR1, a key Borrelia-sensing receptor, is

associated with excessive inflammation, greater number of

symptoms in EM patients, and increased prevalence of post-

infectious LA (17). This SNP results in a thymine-to-guanine

transversion at position 1805 in TLR1, leading to an isoleucine-

to-serine substitution (13, 25) within a short 6 amino acid sequence

in the cytoplasmic region which is responsible for TLR1 cell surface

trafficking. The homozygous variant of this SNP (TLR1-1805GG)
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results in decreased TLR1 translocation to the cell surface, impaired

downstream signaling, and diminished inflammatory responses (17,

26). Surprisingly, in Lyme disease, this SNP is associated with

exacerbated inflammatory responses to B. burgdorferi and more

severe disease, presumably due to a loss of appropriate regulation

(17, 27).

In this study, we evaluate the risk-association between the

TLR1-1805G SNP and post-infectious LA in an expanded cohort

of patients and demonstrate that excessive inflammation associated

with this SNP may be due to a break in innate immune tolerance.

We reveal a central modulatory role of TLR1 in immune responses

to Borrelia. Moreover, the findings underscore the importance of

host genetic variation in immune responses to infection and long-

term clinical outcomes of disease.
Methods

Study patients

Pooled analysis of data from two studies involved 372 patients

with Lyme disease: 285 with LA and 87 with EM. Patients with LA

were seen by Drs. Allen Steere and Sheila Arvikar at Tufts Medical

Center or Massachusetts General Hospital Rheumatology clinics

over a 30-year period between 1987 and 2017. Of the 285 LA

patients, 114 had antibiotic-responsive LA, and 171 had post-

infectious LA (3, 28, 29). The LA cohort included 138 patients

from a previous cohort (17) and 147 new patients. The high

proportion of patients with post-infectious LA is reflective of the

clinic serving as a referral center. Patients with EM were seen at the

Lyme borreliosis outpatient clinic at the University Medical Centre

Ljubljana in Slovenia. All patients met the Centers for Disease

Control and Prevention (CDC) diagnostic criteria for Lyme disease.
TLR1–1805 genotyping

Genotyping was performed using PCR amplification followed

by restriction fragment length polymorphism (RFLP) as described

previously (17). Briefly, total genomic DNA was isolated from blood

or PBMCs using QIAamp DNA Blood Mini Kit (Qiagen). DNA was

amplified in 25µL reactions: DNA ≥ 50ng, 2X DreamTaq PCR

Master Mix (Thermo Fisher Scientific), and 0.4µM forward

[GCAGGGGACAATCCATTCCAA] and reverse primers

[CCCAGAAAGAATCGTGCCCA] (IDT). PCR products were

digested with PstI (New England Biolabs) for 1 hour at 37°C

followed by electrophoresis. Wild-type (WT) THP-1 cells (ATCC)

were confirmed to carry the reference TLR1-1805TT genotype.

General population TLR1–1805 genotype frequency was

ascertained from the 1000 Genomes Project (rs5743618). Non-

European (non-EUR) ancestry includes individuals from Africa,

South and Central America, and East and South Asia. European

ancestry (EUR) includes individuals from Britain, Finland, Spain,

Tuscany, and the U.S. (30).
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Preparation of B. burgdorferi

Low-passage (<3) B. burgdorferi isolates (RST1, OspC type A)

from a U.S. patient with EM (17, 31) and B. afzelii, B. garinii, and B.

burgdorferi from Slovenian patients with EM, were cultured to mid-

log phase in complete Barbour-Stoenner-Kelly (BSK) medium

containing 6% rabbit serum (31). Spirochetes were quantified by

optical density (OD 600) and resuspended in cell-culture medium

(RPMI 1640, Gibco) containing 10% heat-inactivated fetal bovine

serum (HI-FBS; Gibco) (17, 31, 32).
Cell culture

PBMCs were isolated from buffy coats obtained from healthy

human donors (NY Blood Center) as previously described (17, 31).

While donors had no known history of Lyme disease and no active

infection (within 30 days of blood collection), prior exposure to

Borrelia could not be fully excluded. For experiments, PBMCs were

washed, enumerated, and seeded at 2x105/well in 96-well tissue-

culture plates (Corning) and rested overnight at 37°C, 5% CO2 prior

to stimulation with Borrelia at a multiplicity of infection (MOI) of

20. WT THP-1 cells, TLR1-Knockout (KO) THP-1 cells (Ubigene),

and TLR2-KO THP-1 cells (InvivoGen) were grown to ~80%

confluency in 96-well tissue culture plates (2x105/well) at 37°C,

5% CO2 in cell-culture medium, then differentiated into

macrophages using 200nM phorbol 12-myristate 13-acetate

(PMA; Sigma-Aldrich). Adherent THP-1 macrophages were

washed and rested for 24hr in cell culture medium prior to

stimulation with Borrelia.
Tolerance experiments

PBMCs or THP-1 macrophages were co-cultured with B.

burgdorferi or Pam3CSK4 (300 ng/ml; InvivoGen) for 24hr

(Stimulated). The 300 ng/mL Pam3CSK4 dose is a commonly

used dose for TLR1/2 stimulation (33, 34). Cells were washed,

rested in fresh cell-culture medium for 1hr at 37°C, 5% CO2, then

restimulated with B. burgdorferi or Pam3CSK4 (Restimulated).

Supernatants were collected at 24hr after stimulation and again at

24, 48, and 96hr after restimulation for cytokine analysis. IL-6 was

selected as the primary readout for tolerance experiments because it

is a canonical marker of innate immune activation and tolerance,

reliably reflects the magnitude of inflammatory activation, and

serves as a central inflammatory mediator in joint pathogenesis,

including in patients with Lyme arthritis (14, 31, 35–38). RNA

sequencing was performed on cells harvested 16hr after stimulation

and 6hr after restimulation.
Cytokine and chemokine determinations

Levels of mediators (GM-CSF, IFNg, CXCL9, CXCL13, IFNa,
TNF, CCL4, CCL5, IL-6, CCL3, IL-1b, CCL2, Fractalkine, CXCL10,
Frontiers in Immunology 03
IL-17A, G-CSF, IL-8, M-CSF, IL-10, IL-12p70, and IL-23) were

assessed from supernatants (1:25 dilution) using bead-based

multiplex assays (EMD Millipore). Data were acquired using a

Luminex® 200 Instrument (Luminex) and Xponent v.4.3.309.1

software. IL-6 levels were also assessed (1:10 dilution) using IL-6

BD OptEIA™ ELISA kits (BD Biosciences) according to

manufacturer’s instructions. Data were collected and analyzed

using BioTek Gen5 software (Agilent).
Transcriptomic analysis

PBMCs from one TLR1-1805TT and one TLR1-1805GG donor

were stimulated with B. burgdorferi in three independent

experiments. Following stimulation (16hr) and restimulation

(6hr), PBMCs were harvested, and RNA was extracted using the

RNeasy® Plus Micro Kit (Qiagen). RNA-seq libraries were prepared

using NEBNext Ultra-II Directional RNA Library Prep Kit

(Illumina) and sequenced (150bp paired-end) using the Illumina

HiSeq, generating ~25 million reads per sample by the AGTC

Genomic and Bioinformatics Core Facility at Wadsworth Center,

NYS Department of Health. Sequencing data were aligned to the

human genome (hg38, STAR RNA-seq aligner). Omics Playground

and Metascape were used for visualization and pathway analysis of

DEGs (39, 40).
Statistical analysis

GraphPad Prism-v9.5.1 and R-v4.2.3 were used for statistical

analyses. TLR1-1805GG frequencies and odds ratios (OR) were

compared across patient groups by Fisher’s exact tests. Logistic

regression was applied across five standard genetic models with

post-infectious LA as the outcome of interest. For each model, an

unadjusted binomial generalized linear model (GLM) in R was used

to compare the OR, 95% confidence intervals (CI), p-value, and

Akaike Information Criterion (AIC). Immune mediators and RNA-

seq normalized transcript counts (TPM) were compared using

Welch’s t-tests. Mann-Whitney U rank-sum tests were used for

groups without normal distribution. Partial Least Squares

Discriminant Analysis (PLS-DA) and Variable Importance in

Projection (VIP) analyses were performed using the R package

“mixOmics”. IL-6 levels in tolerance experiments were compared

using ANOVA followed by Tukey’s post-hoc test. For all figures,

* P<0.05, ** P<0.01, *** P<0.001, and **** P<0.0001.
Results

TLR1–1805 genotype frequency in patients
with Lyme disease and the general
population

In our initial investigation of TLR1, TLR2, and TLR5 variants in

Lyme disease, we found that patients with post-infectious LA had a
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greater frequency of TLR1-1805GG (62%) compared to patients

with antibiotic-responsive LA (47%) (17). Here, we expand these

findings by evaluating the TLR1–1805 genotype frequency in the

general population from multiple ancestries, in a larger cohort of

patients with LA, and in European patients with EM. Data from the

general population were derived from the 1000 Genomes Project

(30). As most of our patients with Lyme disease are of European

descent, we stratified the general population into individuals of

non-European (n=2001) and European descent (n=503). Consistent

with previous studies (17, 25), approximately half (48%) of

European individuals have both copies of the TLR1-1805G SNP

(1805GG) compared to only 2% of non-European individuals (OR:

41.9; P<0.0001) (Figure 1A). Next, genotype frequency was assessed

in 372 patients with Lyme disease, including 285 patients with LA

and 87 patients with EM, a majority of whom were of European

descent. Similar to the general European population, 45% of
Frontiers in Immunology 04
patients with EM and 53% of patients with LA carried the

1805GG genotype (Figure 1A). Of interest, the frequency of

TLR1-1805GG in European patients with EM in this study, the

majority of whom are infected with B. afzelii, was similar to that in

U.S. patients with EM in our previous study (51%) (17), the

majority of whom were infected with B. burgdorferi, suggesting

that the Borrelia species alone were not the major contributor to

differences in TLR1-1805GG frequency among these cohorts.

Likewise, the GG frequency in LA patients was similar in both

studies (TLR1-1805GG was present in 53% of LA patients in the

current study and in 55% in our previous study). No sex-dependent

differences in the TLR1–1805 genotype frequencies were

observed (Figure 1B).

Next, we compared TLR1–1805 genotype frequencies in patients

with antibiotic-responsive LA versus those with post-infectious LA.

The 1805GG genotype was significantly more frequent in patients
FIGURE 1

TLR1-1805 genotype frequency in patients with Lyme disease and the general population. (A) Distribution of TLR1-1805 genotypes in 2,504 healthy
subjects [2,001 non-European descent (Non-EUR); 503 European descent (EUR)] and 372 patients with Lyme disease [87 Erythema Migrans (EM)
patients; 285 patients with Lyme arthritis (LA)]. (B) Distribution of TLR1-1805 genotypes across biological sex in European general population [503
(263 females; 240 males)] and Lyme disease patients [322 (127 females; 195 males)] *Sex unknown for 50 LA patients. (C) TLR1-1805 genotype
distribution of patients with LA stratified by resolution with antibiotic therapy [Responsive, n=114] or persistent arthritis [Post-infectious, n=171].
(A–C) Fisher’s exact tests were used to compare frequencies across general and patient population groups as well as antibiotic-responsive and
post-infectious LA patient groups.
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with post-infectious LA (60%) than in those with antibiotic-

responsive LA (43%) (OR: 2; P = 0.02) (Figure 1C). Genetic

modeling of TLR1–1805 further supported an association between

a G-allele recessive model and clinical outcomes of LA (OR: 2.01, 95%

CI: 1.24-3.25, P = 0.004) (Supplementary Table 1). Although there

was a trend toward a higher frequency of the TLR1-1805GG variant

in LA patients compared to EM patients and the general European

population, these differences were not significant and appear to be

driven primarily by patients with post-infectious LA. Similar results

were also observed in our initial study (17). Collectively, these data

suggest that the TLR1-1805GG variant is associated with excessive

immune responses and, as a result, greater disease severity in Lyme

arthritis, rather than with overall susceptibility to Lyme disease.
TLR1-1805GG is associated with greater
inflammatory responses to B. burgdorferi

Previously, we demonstrated that Lyme disease patients with

both copies of TLR1-1805G SNP had significantly higher levels of

inflammatory mediators, including IL-6, CXCL9, and CXCL10, in

serum or joint fluid compared to those with only one copy (1805TG)

or those with ancestral/reference alleles (1805TT) (17). These results

generated the link between TLR1-1805GG, elevated immune

responses, and more severe disease. Here, we tested the possibility

that this SNP contributes to excessive inflammatory responses to B.

burgdorferi in ex vivo PBMC cultures. PBMCs from six donors with

the 1805GG genotype and six donors with 1805TG/TT genotypes

were stimulated with B. burgdorferi RST1 strain (17) for 24hr and 21

cytokines and chemokines were quantified in cell supernatants. PLS-

DA incorporating all mediators revealed complete discrimination

between 1805GG and 1805TG/TT genotypes (Figure 2A). VIP scores

ordered the mediators that served as key discriminators/

differentiators between the two groups (Figure 2B). Ten immune

mediators associated with innate (IFNa, IL-1b, IL-6, CCL3, TNF),
Th1 (CXCL9, CXCL10, IFNg), or Th17 (GM-CSF, IL-17A) responses

were significantly elevated (P <0.01) in PBMCs with 1805GG

compared to 1805TG/TT (Figure 2C). These ten mediators were

selected from a larger panel of 21 analytes (Figure 2B) because they

are representative of both innate and adaptive Th1 and Th17 immune

responses. Collectively, these results indicate that the TLR1-1805GG

genotype increases activation of a broad range of innate and adaptive

inflammatory responses to B. burgdorferi, consistent with

observations in patients and animal models (17, 27, 36).
TLR1–1805 SNP is associated with a break
in innate immune tolerance and sustained
inflammation

Excessive inflammation observed with TLR1-1805GG alleles

could result from a failure of immune tolerance to continued

stimulation with B. burgdorferi which may occur during the course

of natural infection. To test this possibility, we assessed the ability of

TLR1-1805GG PBMCs to induce tolerance following repeated
Frontiers in Immunology 05
stimulation with B. burgdorferi by measuring IL-6 production (41,

42). PBMCs from three donors with the 1805GG genotype and three

donors with the 1805TT genotype were stimulated with the TLR1/2

agonist Pam3CSK4 or B. burgdorferi for 24hr, rested, and restimulated

for another 24hr (Figure 3A). The PBMC with TLR1 1805TT

demonstrated a significant reduction in IL-6 protein levels

(P<0.0001) after restimulation with B. burgdorferi, presumably due

to induction of tolerance which limits inflammatory responses to

repeated pathogen stimulation (Figure 3B, white bars). In contrast,

1805GG PBMCs induced greater IL-6 levels after primary stimulation

with B. burgdorferi (Figure 3B, red bars) compared to 1805TT

(~18,000 pg/mL vs 8,000 pg/ml; p<0.0001), and these levels

remained elevated after restimulation (Figure 3B, right panel)

which suggests these cells are unable to induce tolerance. Similar

findings were observed with all three pathogenic European Borrelia

s.l. species (Figure 3C), suggesting this phenotype is not Borrelia

species-specific. Stimulation with Pam3CSK4, a specific TLR1/2

agonist, did not result in greater inflammatory responses in

1805GG PBMCs compared to 1805TT (Figure 3B, left panel),

consistent with previous observations (17). Collectively, these

results suggest that the TLR1–1805 SNP, which results in loss of

TLR1 on cell surface, leads to a break in immune tolerance to B.

burgdorferi and unabated inflammation, reminiscent of findings in

synovial fluid of patients with post-infectious LA (17).
TLR1 modulates immune responses to B.
burgdorferi

To directly assess the impact of TLR1 signaling on tolerance to B.

burgdorferi, we tested THP-1 macrophages with (WT) or without

TLR1 (TLR1-KO). Similar to our results in 1805TT PBMCs, WT

THP-1 cells induced tolerance upon restimulation with B. burgdorferi

leading to significant reduction in IL-6 production (P<0.0001) that was

sustained for 120hr (Figure 4A). In contrast, IL-6 levels in TLR1-KO

cells continued to increase after restimulation and reached significantly

higher concentrations at 96hr post-stimulation compared to WT cells

(P<0.03). Notably, at 120hr post stimulation, IL-6 levels reached

~25,000pg/ml in TLR1-KO compared to ~2000pg/ml in WT cells

(P<0.03) (Figure 4A). IL-6 levels in TLR2-KO macrophages were at or

below the limit of detection at all timepoints (Figure 4A). As with

PBMCs, similar results were observed with all three pathogenic

European B. burgdorferi s.l. species (Figure 4B). These data suggest

that whereas TLR2 is critically important for inflammatory responses

to B. burgdorferi (8), functional cell surface TLR1 signaling plays an

important regulatory role. Signaling via TLR1 is important in the

induction of tolerance and thus in limiting host immune responses to

B. burgdorferi during repeated stimulations.
Transcriptomic assessment of immune
tolerance in TLR1-1805GG PBMC

Next, we used RNA-sequencing to elucidate the range of

molecular pathways that may be altered by this SNP and gain
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insights into their potential role in tolerance. In these experiments,

PBMCs from two donors, one GG and one TT, were stimulated for

16hr with B. burgdorferi, rested, and then restimulated for 6hr.

Compared to unstimulated cells, ~2000 genes were differentially

expressed (DEGs) upon B. burgdorferi stimulation, (1987 in TT and

2242 in GG; Log2-fold change >0.58 or <-0.58, p-adjusted ≤0.05).

Immune genes upregulated in the 1805GG PBMCs after stimulation

were involved in pathogen sensing (e.g., TLR2, TLR8, NOD1),

interleukin signaling (IL6, IL1B, IL24), and antigen presentation

(HLA-B, HLA-DRB1) (Figure 5A). In comparison, genes

upregulated in cells with 1805TT were primarily associated with

histone modification (Figure 5A). Similar DEG patterns were

visualized in restimulated cells, highlighting the overall
Frontiers in Immunology 06
inflammatory gene profiles in TLR1-1805GG genotype (Figure 5A).

When comparing genes across all conditions, immune genes, such as

pattern recognition receptor (PRR), interleukin, or MHC genes were

upregulated in both TLR1-1805GG conditions, and their expression

was lower or downregulated in 1805TT conditions (Figures 5B, C). In

contrast, many upregulated genes in 1805TT PBMCs upon

restimulation were related to DNA repair, cell cycle, and chromatin

organization (H4C12, H3C2, and H4C4) which may contribute to

transcriptional regulation and induction of immune tolerance

(Figures 5B, C). Collectively, these in vitro findings demonstrate

that the TLR1-1805G SNP is associated with excessive immune

activation in response to increased B. burgdorferi stimulation,

including genes involved in pathogen sensing, antigen presentation,
FIGURE 2

TLR1-1805GG is associated with greater inflammatory responses to B. burgdorferi. (A) Partial least squares discriminant analysis (PLS-DA) of cytokine
expression profiles in PBMCs stimulated with B. burgdorferi, grouped by TLR1-1805 genotype [TG/TT = gray triangles; GG = red circles]. Each point
represents one donor. Ellipses indicate 95 % confidence regions for each genotype group, and the percent variance explained by each component
(X-variate 1 and 2) is shown on the axes. (B) Variable importance in projection (VIP) scores for immune mediators contributing to separation of TLR1-
1805GG and TG/TT groups in the PLS-DA model. Higher VIP scores indicate greater influence on group discrimination. (C) Protein levels of
inflammatory mediators in PBMC supernatants following stimulation with B. burgdorferi: TLR1-1805TG/TT = grey squares, n=6; TLR1-1805GG = red
circles, n=6. Lines represent median values. Statistical comparisons between genotypes were performed using Mann-Whitney U test; p-values are
indicated.
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and inflammation, consistent with the greater inflammatory response

and more severe disease in patients. Moreover, the data suggest that

functional cell surface TLR1 signaling plays an important role in

modulating the inflammatory response to B. burgdorferi.
Discussion

Host genetic variation shapes the repertoire of immune

responses to microbial pathogens and is considered the major
Frontiers in Immunology 07
determinant of disease susceptibility (43). The association of the

TLR1-1805GG genotype with excessive inflammation and post-

infectious LA provides an example of this concept in Lyme disease.

Genes involved in innate immunity, such as TLR1 and TLR6, have

evolved under stronger selective pressures compared to other

protein coding genes, likely due to their importance in protection

from life-threatening diseases (44). Moreover, regional variations

have been observed in these susceptibility loci, likely reflecting the

differences in pathogen exposure. For example, variants in the

TLR6-TLR1-TLR10 cluster appear to have been under strong
FIGURE 3

TLR1-1805 SNP is associated with a break in innate immune tolerance and sustained inflammation. (A) Schematic of experimental design for
induction of innate immune tolerance. (B) IL-6 protein levels in PBMCs from healthy donors carrying TLR1-1805TT [white bars, n=3] or TLR1-
1805GG [red bars, n=3] stimulated for 24hr with Pam3CSK4 (left panel) or B. burgdorferi (middle panel). Cells were then washed, rested, and
restimulated for an additional 24hr [striped bars]. Statistical significance was determined by Welch’s t-test. IL-6 production kinetics following
restimulation at 24hr post-primary stimulation are shown in the right panel [white squares=TT; red circles=GG]. Mann-Whitney U tests were used to
assess differences between genotypes and time points. (C) Protein levels of IL-6 in PBMCs with TLR1-1805TT (left panel) or TLR1-1805GG (right
panel) stimulated and restimulated with European B. burgdorferi sensu lato strains: B. afzelii [purple squares], B. garinii [orange triangles], and B.
burgdorferi [teal hexagons]. Mann-Whitney U tests compared stimulated (Stim.) versus restimulated time points. (B-C) Asterisks (*) indicate
comparisons between stimulated and restimulated conditions; written p-values indicate genotype comparisons. Error bars denote mean ± SEM.
****P<0.0001, ***P<0.001, **P<0.01, *P<0.05.
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positive selective pressure in Europeans (44) which is also

consistent with the higher prevalence of the TLR1-1805G SNP in

those with European ancestry as demonstrated here and in previous

publications (17, 25).

In our initial study (17), we found that patients with both copies

of this SNP (TLR1-1805GG) had excessive inflammatory responses

in serum and joint fluid which were associated with more

symptomatic early infection (EM duration: 1–2 weeks) and

greater likelihood of developing post-infectious LA (arthritis

duration: months-years). In the current study, we explored the

potential mechanism through which this TLR1 variant may

contribute to aberrant inflammation. We found that in response

to repeat B. burgdorferi stimulation, the TLR1-1805G SNP is

associated with heightened levels of key innate and adaptive Th1

and Th17 cytokines that remained elevated for days, indicative of a

sustained dysregulated immune response. In contrast, cells without

this SNP exhibited abrogated inflammatory responses to repeat

stimulation with B. burgdorferi, suggestive of an appropriately

regulated tolerogenic response. The inability to induce innate

immune tolerance in TLR1-1805GG PBMCs was mimicked in

human THP-1 macrophage cell lines lacking the TLR1 receptor,

suggesting that intact TLR1 signaling likely serves an important role

in modulating immune responses to B. burgdorferi and possibly
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other pathogens. The net result of disrupted TLR1 signaling in both

cell models is a seemingly unabated inflammatory response

consistent with sustained immune activation observed in patients

with post-infectious LA.

The TLR1-1805G SNP was first described by Hawn et al. (25).

Among the 17 TLR1 SNPs identified, 1805G was notable for its

unique location near the transmembrane domain; a highly

constrained region likely to impact function. PBMCs with both

copies of this SNP had reduced TLR1 expression on the cell surface

and abrogated downstream signaling to soluble TLR1/2 agonists

(25, 26), whereas total intracellular levels of TLR1 were unaffected

(45). The decreased downstream signaling resulted in dampened

immune responses to mycobacterial infection (25) which had a

protective role in tuberculosis and leprosy (13). Conversely, in

response to B. burgdorferi , 1805GG leads to enhanced

inflammatory responses (17). This variability in response between

B. burgdorferi and other pathogens likely reflects the differences in

microbial antigens that engage TLR1/2 or other host pathogen

sensing receptors.

A central question then is how does variation in pathogen-

sensing genes such as TLR1 contribute to persistent inflammation

and dysregulated immune responses for months to years after

antibiotic therapy? One possibility is that retained spirochetal
FIGURE 4

TLR1 modulates immune responses to B. burgdorferi. (A) IL-6 levels in wild-type [WT; green inverted triangles], TLR1 knockout [TLR1-KO; blue
diamonds], and TLR2 knockout [TLR2-KO; pink tori] THP-1 cells stimulated with B. burgdorferi for 24hr, then restimulated. Levels of IL-6 were
assessed at baseline, 24h (primary stimulation), and at 48h, and 96h and 120hr (post restimulation). Statistical significance was determined using
Mann-Whitney U tests. Open circles (o) indicate comparisons of restimulated time points to the 24hr primary stimulation in TLR1-KO THP-1s;
asterisks (*) indicate corresponding comparisons in WT THP-1s; written p-values indicate comparisons between WT and KO THP-1s. (B) IL-6 levels in
WT (left panel), TLR1-KO (middle panel), and TLR2-KO (right panel) supernatants after stimulation and restimulation with European B. burgdorferi
sensu lato strains: B. afzelii [purple squares], B. garinii [orange triangles], and B. burgdorferi [teal hexagons]. Statistical significance between stimulated
and restimulated conditions was determined by Welch’s t-test. (A, B) Error bars represent mean ± SEM. ****P<0.0001, **P<0.01. * or o P<0.05.
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antigens, such as B. burgdorferi peptidoglycans, continue to trigger

immune activation through intracellular NOD-like receptors (46–

49). Genes encoding several PRRs (including TLR2, TLR5, and

NOD2) are upregulated in response to B. burgdorferi stimulation in

TLR1-1805GG cells, perhaps to compensate for diminished TLR1

signaling on the cell surface and may contribute to the overall

inflammatory response. In addition, impaired TLR1 signaling

appears to result in lack of appropriate immune regulation. This

is exemplified by a break in innate immune tolerance to repeat

stimulation with B. burgdorferi and a concomitant upregulation of

immune genes as observed in PBMCs with this TLR1-1805G SNP.

Several of the induced genes, particularly proinflammatory

cytokines IL1b, IL6, and PTGS2 and genes involved in antigen

presentation (HLA-DRB1), have been implicated in persistent
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inflammation in other conditions including atopic dermatitis,

psoriasis, and rheumatoid arthritis (50, 51).

This break in tolerance is characterized by sustained elevated

protein levels of cytokines and chemokines associated with both

innate (IFNa, IL-1b, IL-6, TNF) and adaptive Th1 (IFNg, CXCL9)
or Th17 (IL-17A, GM-CSF) mediators in cell supernatants and in

patients (14, 15, 17, 19, 35, 52). The heightened inflammation

observed in PBMCs with the TLR1 SNP was also shown in THP-1

macrophages lacking the TLR1 receptor. However, TLR1-KO

THP-1 cells produced markedly lower levels of IL-6 following

primary stimulation with B. burgdorferi compared to the robust

cytokine induction in TLR1-1805GG PBMCs. This difference likely

reflects the complete absence of TLR1 in knockout cells, whereas in

PBMCs with the SNP, TLR1 is mislocalized to intracellular
FIGURE 5

Transcriptomic assessment of immune tolerance in TLR1-1805GG PBMCs. (A) Volcano plots of significantly upregulated differentially expressed
genes (DEGs) in TLR1-1805TT [blue] and TLR1-1805GG [red] donor PBMCs following B. burgdorferi stimulation for 16hr (top panel) and 6hr after
restimulation (bottom panel). (B) Heatmap of selected genes illustrating expression profiles of pattern recognition receptor (PRR), interleukin (IL),
major histocompatibility complex (MHC), and histone genes in PBMCs stimulated (16hr) and restimulated (6hr) with B. burgdorferi. (C) Bar graphs
showing normalized gene expression (relative to UBC) for representative genes within each category: PRR – Toll-like receptor 2 (TLR2), nucleotide-
binding oligomerization domain 2 (NOD2); Interleukin – IL1b, IL6; MHC – human leukocyte antigen A (HLA-A), human leukocyte antigen DRB1 (HLA-
DRB1); Histone genes – H3 clustered histone 2 (H3C2), H4 clustered histone 4 (H4C4). TLR1-1805TT donors are shown as white bars (n=1, three
technical replicates) and TLR1-1805GG donors as red bars (n=1, three technical replicates). Statistical significance was assessed by Welch’s t-test
between conditions and donors. Error bars represent ± SEM from three experiments. P-values are written in graphs.
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compartments where it may contribute to aberrant signaling (26).

Despite the differences in IL-6 induction between THP-1 KOs and

PBMCs with TLR1 SNP, the net result of TLR1 deficiency on the

cell surface with both cell models is a heightened and sustained pro-

inflammatory response.

These in vitro findings are reminiscent of inflammatory

responses in patients with post-infectious LA in whom high levels

of some of the same mediators found in PBMCs (IL-6, TNF, IFNg,
CXCL9, and IL-17) are thought to contribute to dysregulated

immune responses and pathology in joints (15, 19, 35). The levels

of CXCL9, an IFNg-inducible chemokine, can exceed 250,000 pg/ml

in synovial fluid of post-infectious LA patients with TLR1-1805GG

and are associated with recruitment of CD4+ T effector cells, some

of which may be autoreactive (14). Similarly, high levels of Th17

mediators, including IL-23 and IL-17, correlate directly with

autoantibody responses and are implicated in joint pathology. In

contrast, patients with antibiotic-responsive LA appear to

downregulate these inflammatory immune responses and their

arthritis resolves (14). Thus, in our in vitro studies, as in patients,

the excessive inflammatory response coincides with a lack of

appropriate immune regulation. This exacerbated inflammation,

which appears to be decoupled from the infection, requires specific

treatment. After antibiotics, patients with post-infectious LA are

usually treated successfully with Disease-Modifying Antirheumatic

Drugs (DMARDs) as is the standard of care for other prototypical

chronic inflammatory arthritides (29).

This study has several limitations. Although the findings

presented here are based on the largest cohort of patients with LA,

this sample size is still relatively small for genetic association studies.

Nevertheless, the current study validates a greater frequency of

TLR1-1805GG genotype in patients with post-infectious LA

reported previously (17), and we expand the comparison to

European patients with EM and to larger cohorts in the general

population. Another possible limitation is that although PBMC

donors did not have a known history of Lyme disease, prior

exposure to Borrelia could not be fully excluded, and could

potentially influence immune responses in this study. However,

the data across PBMCs from multiple healthy donors in the

current study as well as previous results in PBMCs from LA

patients (17) and in THP-1 cells lacking TLR1 demonstrate greater

inflammatory responses to B. burgdorferi in cells with TLR1

deficiency. In addition, the RNA-seq analysis was performed using

PBMCs from a single TLR1-1805TT and a single TLR1-1805GG

donor, which limits generalizability of the results. However, the

transcriptional patterns observed in these donors, including the

sustained upregulation of cytokines (such as IL6) and other

immune genes, are consistent with results in multiple donors, and

the overall greater inflammatory phenotype in patients with TLR1-

1805GG SNP. Ultimately, elucidating the wide range of pathways

that mediate these responses will require a more comprehensive and

in-depth analysis. Finally, TLR1-1805G SNP is likely one of many

host risk factors associated with severe Lyme disease. For example,

we recently discovered that several SNPs in Late Cornified Envelope

3 (LCE3) genes contribute to greater Th17 inflammatory responses

and are risk factors for post-infectious LA (20). Thus, SNPs in
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multiple loci may predispose patients to severe disease. Moreover,

SNPs in other genes have recently been implicated in susceptibility to

Lyme disease (23, 53). These initial studies highlight the important

role of host genetic variability in shaping immune responses and

provide a new paradigm for comprehensive genomic interrogations

in patients with various clinical presentations of Lyme disease.

Collectively our findings demonstrate that severe disease in

patients with the TLR1-1805GG genotype may be due to a failure to

induce immune tolerance, resulting in unabated and sustained

inflammation. These results offer a potential explanation for how

host genetics impact initial events in the Borrelia infection and set

the stage for dysregulated immune responses months to years after

treatment and apparent resolution of the infection. Furthermore,

the results suggest that functional TLR1 signaling is critically

important in modulating the amplitude and duration of immune

responses to microbial stimuli.
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