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Abstract
Background  Up to 20% of Lyme disease cases experience post-treatment Lyme disease syndrome (PTLDS). The 
biological basis for PTLDS is poorly understood and no evidence-based treatment has been identified. Genetic studies 
have the potential to elucidate PTLDS pathophysiology and identify treatment targets.

Methods  We used electronic health record data (EHR) and genetic data from a linked biorepository to conduct a 
genome-wide association study (GWAS) for PTLDS among patients from a Pennsylvania health system. We evaluated 
the validity of the GWAS results in two separate conditions that have hypothesized overlapping pathophysiology, 
fibromyalgia and myalgic encephalomyelitis – chronic fatigue syndrome (ME/CFS). GWAS analyses were performed 
using logistic regression in SUGEN, assuming an additive genetic model, and adjusting for age, sex, array, and the 
first 10 principal components calculated from whole genome genotyping to adjust for ancestry, and accounting for 
relatedness including all 1st degree relationships. The functional mapping and annotation analysis (FUMA) tool was 
used to explore top findings from our GWAS.

Results  Among the 161,875 eligible MyCode participants with genotyping, there were 3,585 who met the criteria 
for treated Lyme disease. A subset of 695 (19.4%) of these patients met the criteria for PTLDS and the remaining 
2890 were classified as controls. We identified two PTLDS loci that reached the suggestive significance threshold 
(P < 5 × 10− 7), with lead variants rs77857587, near IRX1, and rs10833979, near GAS2. Our top index single nucleotide 
polymorphism (SNP), rs77857587, is in high linkage disequilibrium with a long-range protein quantitative locus SNP, 
rs111774530, for the MARC2 (Mitochondrial Amidoxime Reducing Component 2) protein. We identified 5,041 cases of 
fibromyalgia (150,599 controls) and 2,268 cases of ME/CFS (151,594 controls) among the MyCode participants. Neither 
of the two suggestively significant loci were associated with fibromyalgia or ME/CFS.

Conclusion  We identified two PTLDS loci that reached a suggestive significance threshold. Our top index SNP is 
associated with the MARC2 protein, a protein that has been linked to multiple immune checkpoints. Further study is 
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Introduction
An estimated 465,000 Americans are treated for Lyme 
disease annually [1]. Within the United States, Lyme dis-
ease primarily occurs in the Northeast and mid-Atlantic 
regions and in the upper Midwest, with additional focal 
areas of transmission along the West Coast [1]. However, 
the geography of Lyme disease risk has expanded over the 
last two decades in all directions into neighboring states 
and adjacent Canada, where Lyme disease is a rapidly 
emerging public health problem [1]. While Lyme disease 
usually responds well to antibiotic therapy [2], up to 20% 
of cases experience persistent symptoms after antibiotic 
treatment and meet criteria for what has been defined 
as post-treatment Lyme disease syndrome (PTLDS) [3]. 
PTLDS is characterized by persistent or recurrent symp-
toms, lasting six months or more, of fatigue, musculo-
skeletal pain, and cognitive complaints leading to decline 
in physical and social functioning [4, 5]. The biological 
basis for PTLDS is poorly understood and no evidence-
based treatment has been identified [5]. 

There are a few competing hypotheses regarding the 
pathogenesis of PTLDS, making it a challenge to pre-
vent, treat, and target further research. PTLDS may be 
due to an ongoing host inflammatory response, indepen-
dent of ongoing infection [6]. Alternatively, PTLDS may 
be driven by an inability to eliminate the infection [2, 6]. 
However, randomized trials of antibiotics to treat PTLDS 
have not demonstrated clear benefit [4, 7–9]. Finally, 
PTLDS could be the result of central sensitization, a pro-
cess of hyperactivation in the central neural pathways, 
leading to a more intense response to sensory stimuli 
[10]. Conditions with overlapping symptoms of PTLDS, 
including fibromyalgia and myalgic encephalomyelitis 
(also known as chronic fatigue syndrome, ME/CFS), have 
been linked to central sensitization syndrome (CSS) [11]. 

Genetic studies have the potential to elucidate the 
pathophysiology of PTLDS. To date, there have been no 
studies of the genetic architecture contributing to the 
risk of PTLDS. Limited research has examined the genet-
ics of Lyme disease itself. In mouse and human studies, 
genetic polymorphisms have been associated with dif-
ferent inflammatory responses to B. burgdorferi [12–14]. 
Genetic studies have not explored the multiple hypoth-
esized pathways to PTLDS.

Elucidating the pathogenesis of PTLDS is a critical 
step to identifying treatments that can prevent PTLDS 
or bring relief to individuals suffering from PTLDS. We 
used electronic health record data (EHR) and genetic 
data from the MyCode™ Community Health Initiative 

biorepository (MyCode) to conduct a genome-wide asso-
ciation study (GWAS) for PTLDS among patients from a 
health system serving central and northeastern Pennsyl-
vania, a region highly endemic to Lyme disease. We eval-
uated the validity of the GWAS results in two separate 
cohorts with conditions that have hypothesized overlap-
ping pathophysiology, fibromyalgia and ME/CFS.

Methods
Study population
This study was conducted among adult patients (18 years 
of age and older) of Geisinger, a large integrated health 
system in Pennsylvania. Participants had to have con-
sented to MyCode, a system-wide biorepository of blood, 
serum, and DNA samples at Geisinger. MyCode has been 
enrolling Geisinger patients since early 2007, with a con-
sent rate of more than 85% [15] Eligibility criteria is not 
dependent on a particular health condition and recruit-
ment occurs across diverse primary and specialty care 
clinics, providing a reasonable approximation of a ran-
dom sample of the Geisinger adult patient population 
[15]. MyCode samples and genetic data can be linked to 
information in participants’ EHRs. This study included 
all patients with treated Lyme disease documented in the 
EHR who had their DNA sequenced for MyCode.

Identification of PTLDS cases
We identified PTLDS cases and controls from among 
individuals diagnosed and treated for Lyme disease. To 
identify individuals with Lyme disease in the EHR we 
applied a previously described approach [16]. Individu-
als had to have either a diagnosis for Lyme disease or a 
serology Current Procedural Terminology (CPT) order 
(enzyme immunoassay or Western blot for immuno-
globulin M or G) code. For diagnoses we used both Epic 
(Verona, WI) electronic diagnosis group (EDG) names or 
International Classification of Diseases Ninth and Tenth 
Revision Clinical Modification (ICD-9-CM 088.81 and 
ICD-10-CM A69.2.2x) codes. Individuals must also have 
had an order for an antibiotic within 30 days of the date 
of the diagnosis or the serology test order. To improve 
the specificity of this definition, antibiotic orders were 
excluded if linked to respiratory disease or otitis media, 
since these are common diagnoses treated with the same 
antibiotics as Lyme disease.

Among individuals classified as having treated Lyme 
disease, we confined the study sample to individuals 
with at least 26 weeks of observation in the EHR before 
Lyme disease and 52 weeks of observation after, to have 

needed in a larger population to evaluate whether there is genetic evidence of the role of immune response in the 
occurrence of PTLDS.
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sufficient observation time to detect the absence or pres-
ence of symptoms consistent with PTLDS. We then 
identified individuals with evidence of PTLDS using a 
previously described definition: [16] At least one diag-
nosis linked to an encounter or medication order within 
three categories of symptoms: malaise or fatigue, pain, 
or cognitive difficulties that was dated in the EHR four 
to 52 weeks after Lyme disease, with no history of the 
diagnosis code four to 26 weeks prior to Lyme disease. 
To increase the sensitivity of this definition, we added 
two additional inclusion criteria. First, we also classified 
individuals as having PTLDS if they had a diagnosis for 
PTLDS associated with a clinical encounter. Second, we 
created an algorithm to capture free-text notes indicat-
ing PTLDS. For the latter, we conducted interviews with 
clinicians in infectious disease, internal medicine, and 
family medicine to identify commonly used terms for 
documenting PTLDS in EHR clinician notes. Based on 
these interviews, we selected five terms: PTLDS, post-
viral syndrome, post-Lyme syndrome, Lyme syndrome, 
or post-viral. We then conducted an automated search 
for these terms, removing negated terms (e.g., “no post-
viral syndrome”), in all of the free-text clinician notes 
between four to 52 weeks after meeting the criteria for 
Lyme disease. In sensitivity analyses, we applied a more 
restrictive definition to PTLDS that required evidence of 
symptoms during a shorter look-back period of four to 26 
weeks.

Identification of fibromyalgia and ME/CFS cases
To examine potential shared genetic associations with 
similar phenotypes, we performed secondary analyses 
on suggestively significant (P < 5 × 10− 7) PTLDS loci with 
fibromyalgia or ME/CFS. Individuals were classified as 
having the condition if they had at least two diagnosis 
codes for clinical encounters on two different dates at any 
time in the EHR. Fibromyalgia was identified using the 
ICD-10-CM code M79.1 or a linked EDG diagnoses. ME/
CFS was identified using ICD-9-CM 780.71, ICD-10-CM 
R53.82, or a linked EDG diagnoses code.

Controls
For PTLDS, controls were defined as MyCode partici-
pants with sequenced DNA with treated Lyme disease 
who did not meet the criteria for PTLDS and who had 
data in the EHR for at least 26 weeks prior to meeting 
treated Lyme disease criteria. For fibromyalgia and ME/
CFS, controls were defined as MyCode participants with 
sequenced DNA who did not meet the case definitions 
and did not have any fibromyalgia or ME/CFS diagnoses, 
respectively, in the EHR at any time.

Genotyping and imputation of genetic data
Each participant was genotyped on the Illumina GSA 
(Global Sequencing Array) v1 or v2, or the Illumina 
OmniExpressExome v1.2, v1.3, or v1.4 arrays. Quality 
control of the genetic data was performed by array and 
self-identified race and ethnicity, including sex concor-
dance, single nucleotide polymorphism (SNP) and sample 
call rate filters (95%), identity by descent (IBD) (con-
firmed relatedness and performed across race/ethnicity), 
and Hardy-Weinberg equilibrium (HWE) (p < 1 × 10− 15). 
Following initial quality control, race and ethnic groups 
were merged within array and call rate filters were 
applied again (90%). Quality controlled genotyping data 
were imputed by array to the NHLBI Trans-Omics for 
Precision Medicine (TOPMed) program, Release 2, ref-
erence panel using the TOPMed Imputation server [17–
19]. The resulting imputation was merged across batch 
and filtered based on imputation quality (mean Rsq > 0.7), 
minor allele count greater than five (MAC > 5), and vari-
ant-level missingness < 5% (call rate > 95%).

Association analyses
All GWAS analyses were performed using logistic regres-
sion in SUGEN [20], assuming an additive genetic model, 
and adjusting for age, sex, array, and the first 10 princi-
pal components calculated from whole genome genotyp-
ing to adjust for ancestry, and accounting for relatedness 
within family networks including all 1st degree relation-
ships using generalized estimating equations (GEEs) as 
implemented in SUGEN. The program PRIMUS (Pedi-
gree Reconstruction and Identification of Maximally 
Unrelated Set) was used to infer these family networks/
pedigrees using genome-wide data using genome-wide 
common and independent variants [21], as previously 
described in more detail [22]. All GWAS results were 
examined for signs of systematic errors (i.e., strand flips, 
missing or invalid summary statistics, inflation) follow-
ing standard protocols and filtered for common variants 
(minor allele frequency [MAF] > 1%) and per-SNP mini-
mum sample size of 30 using the R package EasyQC [23]. 
Due to a small proportion of non-European American 
participants, we performed genetic association analyses 
both across all race and ethnic groups and restricted to 
only self-identified White/European Americans to assess 
potential heterogeneity in our PTLDS GWAS. We used 
well-established thresholds for genome-wide signifi-
cance with SNPs considered significantly associated with 
a p < 5 × 10− 8 and suggestively significant at a threshold 
of p < 5 × 10− 7. For robustness in the sensitivity analyses 
of more restrictive phenotype, we require P to remain 
within one order of magnitude of suggestive significance 
(P < 5 × 10− 6) and effect estimate (Beta) remains > 90% of 
original effect and directionally consistent.
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The functional mapping and annotation (FUMA) anal-
ysis tool was used to further explore top findings from 
our GWAS summary statistics. The default settings were 
selected for these analyses. Specifically, the SNP2GENE 
function was used to perform functional annotation for 
SNPs in significant loci, identify previously published 
GWAS associations nearby, and produce regional asso-
ciation plots [24, 25]. 

Results
PTLDS cases
Among the 161,875 eligible MyCode participants with 
existing genotypes, there were 3,585 patients who met 
the criteria for treated Lyme disease. A subset of 695 
(19.4%) of the patients treated for Lyme disease met the 
criteria for PTLDS and the remainder were classified as 
controls (Fig. 1). Of the 695 PTLDS cases identified, 638 
had a diagnosis consistent with PTLDS symptoms fol-
lowing the Lyme disease treatment: 57.7% had a diagno-
sis related to fatigue, 34% had a diagnosis related to pain, 
and 13.2% had a diagnosis related to cognitive symptoms 
(Table  1). Only a small proportion of these cases had 
an EDG diagnosis for PTLDS (1.3%) or a mention of a 
PTLDS-related term in clinician free-text notes (7.2%). 
Of the 100 cases who had PTLDS noted in clinician free-
text notes, more than half did not have a diagnosis related 
to PTLDS symptoms. Only fourteen cases had an EDG 
diagnosis for PTLDS.

Following the previously described quality control, our 
genetic analysis of PTLDS included 670 PTLDS cases 
and 2653 controls. In comparing cases to controls, there 
was a small, but significant difference in the mean age, 
1.5 years younger in cases (p = 0.019, Table 2). Addition-
ally, we observed a higher proportion of women as com-
pared to men among PTLDS cases (p = 4 × 10− 4). We did 
not observe significant differences in the distribution of 
race/ethnic groups across cases and controls except for 
Hispanic/Latino participants, who were more common 
among PTLDS cases than controls (p = 3 × 10− 4).

In our analysis that included all participants, we iden-
tified two PTLDS loci that reached the suggestive sig-
nificance threshold (P < 5 × 10− 7), one with lead SNP, 
rs77857587, that lies approximately 252  kb upstream 
of the IRX1 (Iroquois Homeobox 1) gene and lead SNP, 
rs10833979, 325 kb downstream of GAS2 (Growth Arrest 
Specific 2) (Table 3; Fig. 2, Additional file 1). Both sugges-
tive loci (P < 5 × 10− 7) were also identified in our GWAS 
restricted to White/European American participants, 
and no additional loci were identified (Table  3, Addi-
tional file 1). The lead variant for the locus near GAS2 
remained the same in this sub-analysis. However, the lead 
variant for the locus near IRX1 changed in the White/
European American-only analysis from rs77857587 to 
rs62337498, although to a nearby variant in high LD 

(distance = 13,312 bp, R2 = 0.958). Thus, given the overall 
association signals remain the same, only results from 
our pooled GWAS analysis are discussed further. We did 
not identify any PTLDS loci that reached the genome-
wide significance threshold of p < 5 × 10− 8. None of our 
suggestively significant (P < 5 × 10− 7) SNPs had a clear 
functional role related to nearby genes as indicated by our 
FUMA analysis. For example, all SNPs were intergenic or 
intronic, had CADD score [26]  < 20 and non-significant 
evidence of regulatory role as noted by RegulomeDB [27] 
scores ranging from 4 (minimal binding evidence) to 7 
(no evidence). Of note, our top index SNP, rs77857587, 
is in high linkage disequilibrium (LD, R2 = 1.0 in 1000 
Genomes EUR superfamily and R2 = 0.7215 in all 1000 
Genomes samples) with a long-range protein quantitative 
locus (pQTL) SNP, rs111774530, for the MARC2 (Mito-
chondrial Amidoxime Reducing Component 2) protein 
[28–30]. When the more restrictive definition for PTLDS 
was applied, 121 cases were reclassified, and excluded 
from both cases and controls. However, the results of 
the association analyses did not change significantly and 
remain robust (Table  3, P < 5 × 10− 6 and > 90% original 
Beta).

Secondary analyses
We identified 5,041 cases of fibromyalgia (150,599 con-
trols) and 2,268 cases of ME/CFS (151,594 controls) 
among the MyCode participants (Table  2). Similar to 
PTLDS, cases tended to be younger than controls for 
fibromyalgia, on average, 1.37 years (p = 1.63 × 10− 8); 
however, no significant difference in age was observed 
for ME/CFS. Additionally, there was a higher propor-
tion of women compared to men among cases for 
both fibromyalgia and ME/CFS (p < 4.5 × 10− 308 and 
1.06 × 10− 14, respectively). For fibromyalgia, there was 
a lower proportion of White/European American par-
ticipants (p = 4.1 × 10− 4) and a higher proportion of His-
panic/Latino participants (p = 6.5 × 10− 8) among cases 
as compared to controls. In contrast there were signifi-
cantly fewer African American/Black participants and 
Hispanic/Latino participants (p = 9.9 × 10− 3 and 0.0122, 
respectively) and a higher proportion of white/Euro-
pean American participants (p = 2.2 × 10− 3) among ME/
CFS cases. Neither of the two suggestively significant 
(P < 5 × 10− 7) loci were associated with fibromyalgia or 
ME/CFS (both p > 0.05, Table 3).

Discussion
We conducted a GWAS of PTLDS among adults resid-
ing in a region highly endemic for Lyme disease. To our 
knowledge, this is the first GWAS of PTLDS and the first 
comparison GWAS of three common conditions with 
overlapping symptom profiles. We leveraged discrete and 
free-text data fields in the EHR to identify PTLDS cases 
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Fig. 1  Process flow for identifying cases of treated Lyme disease. Abbreviations: EHR – electronic health records
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and linked these data to sequenced DNA from a large 
biorepository. We then examined potential shared asso-
ciations with fibromyalgia and ME/CFS, common diag-
noses with significant morbidity and symptoms similar 
to PTLDS. The GWAS identified two PTLDS loci that 
reached a suggestive significance threshold (P < 5 × 10− 7), 
but these were not associated with either fibromyalgia or 
ME/CFS.

Using an enhanced EHR-based algorithm for PTLDS, 
we classified 19.4% of individuals with Lyme disease with 
PTLDS, generally consistent with prior studies report-
ing PTLDS in 10 to 20% of individuals with Lyme disease 
[3]. Prior attempts to identify individuals with PTLDS 
have been limited to discrete data fields in the EHR and 
administrative claims data [16, 31]. This is particularly 
problematic as there are no billing codes for PTLDS spe-
cifically. We enhanced previously used approaches to 
identifying PTLDS, using physician-informed searches of 
clinician notes and the EDG diagnosis for PTLDS, avail-
able in EPIC EHR systems. A prior EHR-based study of 
Lyme disease stage found that among 18% of Lyme dis-
ease cases, there was information in the EHR regarding 
Lyme disease stage (e.g., early vs. disseminated Lyme dis-
ease) in free text notes that was not available in diagnoses 
[32]. In our study, discrete data on PTLDS-related symp-
toms captured less than half of the individuals who were 
described as having PTLDS in the clinician notes.

We hypothesized that the GWAS would identify SNPs 
that could be mapped to genes linked to potential path-
ways to PTLDS, including inflammatory or other immu-
nologic response, and central sensitivity syndrome [2, 
6]. Of the two loci that reached a suggestive significant 
threshold (P < 5 × 10− 7), neither had a clear functional role 
related to nearby genes. Our top index SNP, rs77857587, 
was in PTLDS with a long-range protein quantitative 
locus (pQTL) SNP, rs111774530, for the MARC2 pro-
tein. MARC2 expression has been negatively associated 
with several immune checkpoints [29], immune regula-
tors of both stimulatory and inhibitory pathways that 
regulate magnitude and duration of immune response 
[30]. Immunologic response has been posited to contrib-
ute to persistent symptoms after Lyme disease treatment 
[33]. Our results should be interpreted with caution as 

Table 1  Methods of identifying Lyme disease patients with post-
treatment Lyme disease syndrome (PTDLS)
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our findings only met the suggestive significance thresh-
old (P < 5 × 10− 7); however, MARC2 may warrant further 
consideration in future studies into the pathogenesis of 
PTLDS following Lyme infection.

In the absence of a replication cohort, we explored 
whether our PTLDS GWAS findings could be general-
ized in fibromyalgia or ME/CFS cohorts. We selected 
these conditions given their overlapping symptoms and 
at least one hypothesized common pathophysiology, CSS, 
central sensitization that is thought to involve hyperac-
tivation of central neurons, leading to various synaptic 
and neurotransmitter changes [11]. Neither of the two 
suggestively significant (P < 5 × 10− 7) loci in the PTLDS 
analysis were associated with fibromyalgia or ME/CFS.

PTLDS is characterized by a range of symptoms, 
including pain, fatigue, and cognitive deficits [3]. This 
phenotypic heterogeneity may reflect a genetic het-
erogeneity. Uncovering the genetic pathways of such a 
condition generally requires large datasets. The lack of 
genome-wide significant findings in the PTLDS should 
be interpreted with caution as they may be due to insuf-
ficient sample size. Similarly, genetic factors for fibromy-
algia and ME/CFS conditions have yet to be identified 
and studies have not been able to establish clear genetic 
association, potentially due to the high phenotypic het-
erogeneity of these conditions and a lack of high validity 
phenotyping algorithms for both related phenotypes [34, 
35].

In addition to potential limitations of sample size, we 
did not require laboratory confirmation of Lyme disease 
to classify a patient as a Lyme disease case, thus there is 
some risk of misclassification. Per guidelines, laboratory 
measures are not required for Lyme disease diagnosis in 
all cases, specifically patients presenting early in the dis-
ease process with potential tick exposure and erythema 
migrans [36]. Requiring laboratory evidence would have 
excluded patients who were clinically diagnosed early in 
the disease process. We conducted this study in a region 
of the United States that is highly endemic to Lyme dis-
ease. The species of Borrelia that cause human infection 
differs in Europe and the United States and may explain 
some of the variation in the clinical manifestations of 
Lyme disease across countries [1]. Findings may not be 
generalizable to other regions of the world endemic to 
Lyme disease.

Another limitation of our study published is that our 
participants are predominantly White/European indi-
viduals (97%), limiting the generalizability of our findings 
to the general U.S. population. Having a diverse study 
population can introduce heterogeneity into an analysis 
and increase the likelihood of confounding due to popu-
lation structure in GWAS. We chose to retain all eligible 
participants rather than restrict to one population group, 
but we present a sensitivity analysis in White/European Ta
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individuals to illustrate the robustness of our findings. 
Further, previous work has shown that including diverse 
participants while using appropriate analytical methods 
that account for population structure and phenotypic 
heterogeneity can enable new discoveries [33, 37] that 
generalize across populations. Thus, future work should 
include a more diverse study population to determine 
the generalizability of our findings across race/ethnic and 
ancestral groups.

There are a number of strengths to our study. We were 
able to identify PTLDS cases using both discrete and 
free-text EHR data. Free-text data has been found to 
contain information about Lyme disease not available in 
diagnosis information and has not previously been used 
to identify PTLDS [30]. By using a GWAS approach we 
were able to evaluate a range of potential genetic vari-
ants of interest, critical to studying a condition for which 
the pathogenesis remains poorly understood, and impli-
cate a promising candidate gene for future interrogation 
(MARC2). Furthermore, we were able to evaluate the 
generalizability of our PTLDS GWAS findings in two 
separate cohorts of individuals with conditions that are 
common, can be disabling, and that have symptom pro-
files similar to PTLDS.

Conclusion
In a region highly endemic to Lyme disease, we identified 
two PTLDS-associated loci that reached a suggestive sig-
nificance (P < 5 × 10− 7) threshold, one of which is linked 
with the MARC2 protein, a protein that has been related 
to multiple immune checkpoints. These findings were 
not observed in cohorts of individuals with fibromyalgia 
and ME/CFS. Further study is needed in a larger popula-
tion to evaluate whether there is genetic evidence of the 
role of immune response in the occurrence of PTLDS.
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