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Abstract

Lyme disease is a tick-borne bacterial illness that occurs in areas of North America, Europe, and
Asia. Early infection typically presents as generalized symptoms with an erythema migrans (EM)
skin lesion. Dissemination of the pathogen Borrelia burgdorferi can result in multiple EM skin
lesions or in extracutaneous manifestations such as Lyme neuroborreliosis. Metabolic
biosignatures of patients with early Lyme disease can potentially provide diagnostic targets, as
well as highlight metabolic pathways that contribute to pathogenesis. Sera from well-characterized
patients diagnosed with either early localized Lyme disease (ELL) or early disseminated Lyme
disease (EDL), plus healthy individuals (HC), from the United States were analyzed by liquid
chromatography-mass spectrometry (LC-MS). Comparative analyses were performed between
ELL, or EDL, or ELL combined with EDL, and the HC to develop biosignatures present in early
Lyme disease. A direct comparison between ELL and EDL was also performed to develop a
biosignature for stages of early Lyme disease. Metabolic pathway analysis and chemical
identification of metabolites with LC-tandem mass spectrometry (LC-MS/MS) demonstrated
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alterations of eicosanoid, bile acid, sphingolipid, glycerophospholipid, and acylcarnitine metabolic
pathways during early Lyme disease. These metabolic alterations were confirmed using a separate
set of serum samples for validation. The findings demonstrated that infection of humans with B.
burgdorferi alters defined metabolic pathways that are associated with inflammatory responses,
liver function, lipid metabolism and mitochondrial function. Additionally, the data provide
evidence that metabolic pathways can be used to mark the progression of early Lyme disease.
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Introduction

Lyme disease is caused by transmission of infectious spirochetes belonging to Borrelia
burgdorferi sensu lato through the feeding of /xodes spp. ticks, and occurs in areas of North
America, Europe and Asia 13, B. burgdorferi sensu stricto is the principal cause of Lyme
disease in the United States, and early stage human infection typically presents as
generalized symptoms, that include fatigue, fever and malaise, in association with an
erythema migrans (EM) skin lesion. Dissemination of the bacteria through the blood to other
sites can result in what is referred to as disseminated early Lyme disease and can manifest as
multiple EM skin lesions. More severe extracutaneous presentations of disseminated early
Lyme disease (Lyme neuroborreliosis or Lyme carditis) can occur, but are less common. The
early manifestations of Lyme borreliosis typically occur several days to weeks following
infection. Late Lyme borreliosis, occurring several months from onset of disease, manifests

as arthritis in the United States 4.

The pathology of Lyme disease results from the outcome of complex vector-pathogen-host
interactions. B. burgdorferi does not produce toxins, thus tissue pathology and the different
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manifestations of Lyme disease result from host immune responses to pathogen invasion,
dissemination and persistence . When ingested during a blood-meal by a feeding tick, B.
burgdorferiis primed for infection of a mammalian host by differential production of the
outer surface proteins OspA and OspC 1 . Establishment of infection in a mammalian host
is aided by activities of tick salivary proteins that include coagulation, fibrinolysis, and
modulation of immune responses 2. Additionally, the metabolism of the spirochete adapts to
the environments of the vector and the mammalian host 6. However, the mechanisms by
which the host’s responses influence the heterogeneous presentations and symptoms of
Lyme disease are poorly understood 1 2,

The majority of studies directed at elucidating the molecular mechanisms of Lyme disease
pathogenesis have focused on the immunological response of the mammalian host. Of note,
application of functional genomics revealed that IL-10, IL-22 and HIF-1a are important
factors in controlling Lyme borreliosis /- 8. A separate study of peripheral blood
mononuclear cells (PBMCs) isolated from human blood found suppression of the elF,
signaling pathway and activation of TREM1 and TLR signaling during active Lyme disease
9. Investigation of the transcriptional response in human skin biopsies of EM lesions
identified an IFN-inducible gene signature that included factors involved in host defense as
well as immune modulation 10; and measurement of cytokines and chemokines following B.
burgdorferiinfection demonstrated elevated serum levels of CXCL9, CXCL10, CCL19 and
CRP in Lyme disease patients 1. These studies underscore the role of inflammation and the
complexity of the immune response to B. burgdorferi infection. However, they also provide
evidence for the involvement of host metabolic responses [e.g., the involvement of HIF-1a 8
and the identification of tryptophan—kynurenine metabolism 19].

Recent efforts to define the molecular drivers of the immunopathology of Lyme disease in
patients have revealed the interplay of host cell metabolism with innate and adaptive
immunity 8 10, Metabolomics provides a picture of a biological systems’ metabolic state and
complements transcriptomics and proteomics analyses. In recent years liquid
chromatography-mass spectrometry (LC-MS) based metabolomics has been applied to study
metabolic perturbations during Lyme disease 12-14. Molins and colleagues demonstrated that
serum metabolic profiles can distinguish Lyme disease patients from patients with other
confounding diseases and healthy controls, as well as identify specific metabolic pathways
that biochemically distinguish Lyme disease and Southern Tick- Associated Rash IlIness
(STARI) 1213 A metabolomics evaluation of urine samples from early Lyme disease
patients also revealed alterations of multiple metabolic pathways including tryptophan
metabolism 15, Lastly, Kerstholt er a/. observed an alteration of glutathione metabolism in B.
burgdorferi stimulated PBMCs, findings that were confirmed using Lyme disease patient
sera 14, However, a more comprehensive evaluation of metabolic pathways altered during
Lyme disease has not been reported. The present study applied serum metabolomics to
define the metabolic profiles of early Lyme disease patients with an EM skin lesion and
healthy controls (HC). Additionally, to assess metabolic differences in the progression of
early disease, serum metabolomics analyses were applied to patients with early localized
Lyme disease (ELL) and to patients with early disseminated Lyme disease (EDL) who did
not have the more severe presentations of Lyme neuroborreliosis or Lyme carditis. These

J Proteome Res. Author manuscript; available in PMC 2021 February 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fitzgerald et al.

Page 4

analyses detected differential metabolite abundances and metabolic pathways that were
altered during early Lyme disease and/or at different stages of early disease.

Experimental Section

Clinical Samples.

Well characterized retrospective serum samples were procured from specimen repositories at
New York Medical College, CDC, and Tufts University. It is noted that there are differences
in the sites with respect to sex, age and sample collection date. The samples from New York
Medical College were collected from 1992-2012 and consisted of 65% males with ages
ranging from 16-81. A subset of the New York Medical College samples did not include
individual patient data, these samples were collected from 2009-2010 and consisted of 49%
male with ages ranging from 18-74. The samples from Tufts University were collected from
2011 and 2013 and consisted of 50% males with the ages ranging from 27-51. The samples
from CDC were collected in 2012 and consisted of 29% males; however no age data were
collected. The serum specimens from 166 Lyme disease patients that were used in this study
were collected at the time of diagnosis before treatment. All Lyme disease patients had an
EM skin lesion and were seropositive for antibody to B. burgdorferi using a first-tier
serologic assay on either an acute or convalescent phase serum sample. Patients with a single
EM skin lesion and who had a negative blood culture for B. burgdorferiwere classified as
ELL (n=77). The majority (93.5%) of ELL patients were skin culture positive for B.
burgdorferi. Patients presenting with multiple EM skin lesions (7= 37), or a single EM skin
lesion and a positive blood culture for B. burgdorferi (n= 52), were classified as EDL (n=
89). Of the EDL patients with multiple EM skin lesions, 18 were also blood culture positive
for B. burgdorferi. ELL patients had an age distribution of 23 to 81 years and a mean age of
47 years and EDL patients ranged from 16 to 80 years with an average age of 48 years. HC
sera (17=96) were obtained from donors without a previous history of Lyme disease in
endemic (n = 68) and nonendemic regions (n = 28) for Lyme disease. A subset of these
samples overlap with those utilized previously . The early Lyme disease samples and HC
were not age and sex matched. Sera from ELL, EDL and HC patients were divided into
discovery and validation sets. Specifically, 40 of the 77 ELL, 44 of the 89 EDL, and 50 of
the 96 HC samples were arbitrarily selected as the discovery samples.

The samples used in this study were stored at —80°C following collection with no additives.
All participating institutions obtained Institutional Review Board approval and all patients
gave informed consent. All methods were carried out in accordance with the guidelines and
regulations of human subjects.

Chemical Standards:

Chemical standards utilized for the confirmation of identified metabolites included
glycocholic acid (sc-218574), glycoursodeoxycholate (sc-211567), and glycolithocholate
(sc-396741) (Santa Cruz Biotechnology, Inc., Dallas, TX, USA); glycochenodeoxycholate
(16942), taurodeoxycholate (15935), acetylcarnitine (16948), octanoylcarnitine (15048),
prostaglandin B2 (11210), 12-oxo-leukotriene B4 (20140), arachidonic acid (90010), 12(R)-
HETE (34560), 8(S)-HETE (34360) and lyso-PAF (C18) (60916) from Cayman Chemical
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(Ann Arbor, Michigan, USA); glycodeoxycholate (G9910), taurochenodeoxycholate
(T6260), lysophosphatidylcholine (L4129) and from Sigma-Aldrich (St. Louis, MO, USA);
and Sphingomyelin mixture (860061,2,3, Avanti Polar Lipids, Inc., Alabaster, Alabama,
USA).

Sample preparation and LC-MS.

Small molecule metabolites were extracted from sera and analyzed by LC-MS as previously
described 12: 13, Specifically, cold methanol (60 L) was added to 20 uL of sera, vortexed
and incubated at —20°C for 1 h. Samples were warmed to room temperature for ten minutes,
vortexed and centrifuged at 18,000 x g for 30 min. The supernatant (65 uL) was transferred
to a new microcentrifuge tube and dried under vacuum. The dried metabolite extract was
suspended in 50% methanol (40 uL) centrifuged at 18,000 x g for 15 min. An aliquot (35
uL) was transferred to an autosampler vial for LC-MS analysis.

All samples were processed and analyzed in duplicate by LC-MS in an arbitrary manner.
Metabolite extracts (10 puL) were applied to a Poroshell 120, EC-C8, 2.1 x 100 mm, 2.7 ym
LC column (Agilent Technologies) and eluted with a nonlinear gradient of acetonitrile using
Agilent 1200 Series LC system 13. Effluent was introduced directly into an Agilent 6520
quadrupole-time-of-flight (Q-TOF) mass spectrometer equipped with an electrospray
ionization source. LC-MS data were collected in the positive ionization mode under the
following parameters: gas temperature, 310°C; drying gas at 10 L/min; nebulizer at 45 Ib/
inZ; capillary voltage, 4000 V; fragmentation energy, 120 V; skimmer, 65 V; and octapole RF
setting, 750 V. MS data for a mass range of 75 to 1700 Da were acquired at a rate of 2
scans/s. Data were collected in both centroid and profile modes in 2-GHz extended dynamic
range. To monitor instrument performance, quality control samples consisting of a
metabolite extract of HC sera (Bioreclamationl\VVT) were analyzed in duplicate at the
beginning of each analysis day and every 20 samples during the analysis day. MS/MS
spectra for the targeted molecular features (MFs) and commercial standards were obtained
using the above parameters, except MS/MS data were acquired at a rate of 1 scan/s and
precursor ions were fragmented via collision-induced dissociation with nitrogen at a
collision energy of 15 or 20 V. MS/MS spectra for selected molecules were also evaluated in
the negative ionization mode using the parameters listed above.

Prediction and verification of MFs.

Experimental accurate masses from each developed biosignature were searched in the
Human Metabolome Database (HMDB) with a tolerance of 15 ppm to obtain putative
metabolite identifications 17. Non-endogenous metabolites were excluded from the results.
Confirmation of the chemical structure of selected MFs was performed by LC-MS/MS. The
level of structural identification followed refined Metabolomics Standards Initiative
guidelines proposed by Schymanski et af. 18.

Data analyses.

LC-MS data files from discovery samples of ELL (/7= 40), EDL (7= 44), and HC (7= 50)
were processed for MF extraction as previously described 1213, MFs detected in at least
50% of samples in a single group using the Mass Profiler Professional software were utilized
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for downstream analyses (/7= 4491). Duplicate MFs were identified and removed using the
default parameters for MS Feature List Optimizer (MS-FLO) 19 with the retention time
tolerance set to 0.25 and minimum peak match ratio set to 0.70, as well as manual
assessment of extracted ion chromatograms for potential duplicates highlighted by MS-FLO
using the Agilent MassHunter Qualitative Analysis software. Abundance data for individual
MFs were normalized as follows: 1) all missing values were imputed with a value of 10; 2)
abundances of each MF in each sample were normalized by dividing by the median intensity
of all MFs in that sample; 3) the median fold change of each stable MF (MFs present in at
least 50% of all sample data files) between the initial quality control sample and subsequent
quality control samples were calculated; 4) the median fold change calculated for the quality
control sample that directly followed each series of 20 clinical samples was multiplied by
the normalized MF abundances in the clinical samples of that series; and 5) resulting MF
abundances were then multiplied by a scalar (10000). MFs that differed between patient
groups were selected based on having a = 2-fold abundance difference between the medians
of the two comparator groups in either of the replicate LC-MS analyses. Additionally, MFs
that had a significant difference (p <0.05, unadjusted) between the two comparator groups in
either of the replicate LC-MS analyses regardless of fold change were also selected.
Statistical analyses were performed on log, transformed data. An F-test was performed to
determine whether the variance was equal and to establish whether significance was
determined using a student’s t-test (equal variance) or a Welch’s t-test (unequal variance) in
excel (Microsoft). Those MFs with > 20% missing values in both comparator groups, MFs
that failed to produce a fold change of = 2 in at least 50% of samples within a patient group
compared to the median of the other patient group, and MFs with inconsistent fold change
directions between replicates were removed from further analyses. The selection process for
MF differences between the patient groups resulted in a total of four metabolic biosignatures
(EDL vs HC, ELL vs HC, ELL/EDL vs HC, and ELL vs EDL) (Figure S1).

Metabolic pathway analyses were performed via Mummichog pathway and network analysis
software 20, Specifically, biosignature data files generated by group comparisons containing
my/z value, retention time, p-value, t-score and identifier for each MF were used as input for
metabolic pathway analysis using Mummichog software version 2. Mummichog software
was operated under python program version 2.7.14. The default parameters were used for
pathway analysis except the mass error was set at 20 ppm, the p-value cutoff was 0.05, and
the analytical mode was set for positive ionization.

Directed semi-quantitative analyses of confirmed metabolites were performed. Experimental
my/z and retention time (RT) values obtained from authentic standards were used to create
methods for quantitation in Mass Hunter Quantitative analysis software (Agilent
Technologies). The relative abundances (normalized peak area) of the corresponding
confirmed metabolites were obtained for each of the discovery and validations samples.
Normalized log, transformed abundances were plotted using GraphPad Prism 6 (GraphPad
Software, La Jolla, CA, USA).

The associations of MF with age, sex and sample collection date were evaluated using all
samples for which these meta-data were recorded. Sample collection date was defined as
“Pre 2000” for collections made prior to 2000 and “Post 2000 for collections made in 2000
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and later. Each replicate LC-MS analysis was evaluated separately using the limma package
version 3.40.6 21 for sample collection date and sex (group classification) and in linear
models for age (continuous variable) using R version 3.6.1. All p-values were adjusted for
false discovery rate.

Development of early Lyme disease vs HC biosignatures.

Small molecule metabolic biosignatures based on LC-MS data were developed for group
comparisons of 1) ELL vs HC; 2) EDL vs HC; and 3) ELL and EDL combined (ELL/EDL)
vs HC (Figure S1). These biosignatures were comprised of MFs with a 2-fold abundance
change and/or a significant difference (p < 0.05) in abundance between the two comparator
groups in at least one of replicate LC-MS analyses. MFs consist of detected signals with a
determined mass and retention time. Structure confirmation was required for a MF to be
designated as a particular metabolite. The number of differentiating MFs identified for ELL
vs HC, EDL vs HC, and ELL/EDL vs HC were 1633, 1771, and 1750 MFs, respectively
(Figure 1A and Table S1). It was noted that there were 24 MFs in the ELL/EDL vs HC
comparison that were not present in either the ELL vs HC or the EDL vs HC comparisons.
These 24 MFs were close to the 2 fold change and/or p < 0.05 cut-offs in the individual
comparisons (ELL vs HC and EDL vs HC), and when the data for the ELL and EDL groups
were combined (ELL/EDL vs HC), these MFs met the selection criteria. Of these MFs
unique to the ELL/EDL vs HC list, 17 and six met the selection criteria in replicate 1 and 2,
respectively, only one MF met the selection criteria in both replicates.

When comparing ELL vs HC, EDL vs HC and ELL/EDL vs HC, 906, 1105, and 974 MFs,
respectively, achieved an averaged abundance change of at least two-fold for the replicate
analyses. Over half of these MFs (75%, 63%, and 72%, respectively) displayed absolute
abundance fold changes between 2 and 4 in each of the comparisons (Figure 1B). The
number of MFs with an absolute abundance fold change = 4 were 224, 409, and 274 for the
ELL vs HC, EDL vs HC and ELL/EDL vs HC comparisons, respectively. There were a total
of 1511, 1646, and 1662 MFs that were significant (o < 0.05) for the ELL vs HC, EDL vs
HC and ELL/EDL vs HC comparisons, respectively. The unique and overlapping
differentiating MFs obtained from each of the three comparisons were combined, resulting
in an early Lyme disease vs HC biosignature consisting of 2193 MFs (Figure 1 and Table
S1).

Metabolic changes occur between ELL and EDL patients

Further analyses of the early Lyme disease vs HC biosignature (2193 MFs) initially assessed
whether the MFs significantly differed between ELL and EDL patients relative to HC.
Because it is not possible to average statistical significance (p-values), the following
analyses were performed by evaluating the LC-MS data of replicate analyses separately (the
data from the first replicate are presented in Figure 2 and the second replicate are presented
in Figure S2). Volcano plot analyses (Figure 2A and Figure S2A) to compare how EDL and
ELL patient groups differed from HCs demonstrated that the EDL group yielded a greater
number MFs with a fold change = 2 and a significance of p< 0.05. Specifically, in the first
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replicate there were 924 and 779 MFs that met the = 2-fold abundance change and
significance criteria in the EDL vs HC and ELL vs HC analyses, respectively. This same
trend was observed in the second replicate. The mean abundance fold change of MFs that
met the = 2- fold abundance change and significance criteria in the EDL vs HC was higher
than the mean abundance fold change of the same MFs in the ELL vs HC comparison, in
both replicates (Figure 2B and Figure S2B). The same analysis for the MFs that met the > 2-
fold abundance change and significance criteria in the ELL vs HC comparison,
demonstrated a higher mean abundance fold change or no difference for the EDL vs HC
comparison in the two replicate experiments (Figure 2C and Figure S2C). These data
derived from the early Lyme disease vs HC biosignature provided evidence that the ELL and
EDL stages of Lyme disease are distinguishable based on their metabolic profiles, and that
alterations in the EDL patients vs HCs were greater than those observed for the ELL patients
vs HCs.

A direct comparison of LC-MS data for ELL and EDL patients’ sera (Figure S1) resulted in
671 differentiating MFs. Of these, 566 MFs overlapped with those in the early Lyme disease
vs HC biosignature. Thus, 105 MFs were unique to the ELL vs EDL biosignature (Figure
3A). As expected, the 1627 MFs that were unique to the early Lyme disease vs HC
biosignature were strongly correlated when the abundance fold change between ELL and
HC was plotted against the fold change between EDL and HC, R? = 0.82 in the first
replicate (Figure 3B) and R? = 0.78 in the second replicate (Figure S3A). In contrast, the
same analysis performed with the 105 MFs unique to the ELL vs EDL biosignature revealed
weaker correlation between the abundance fold change of ELL vs HC and the abundance
fold change of EDL vs HC, R? = 0.65 in the first replicate (Figure 3C) and R? = 0.53 in the
second replicate (Figure S3B). It is noted that 39 MFs in Figure 3C (34 MFs in Figure S3B)
are plotted with a 2 fold change or greater from HC for either EDL or ELL (regions not
boxed in blue). These MFs were not included in the early Lyme disease vs HC biosignature
because they did not meet the inclusion criterion of an abundance fold change in the same
direction in the replicate analyses when compared to HCs. However, this criterion was
achieved in the replicate EDL vs ELL comparisons. A correlation analysis of the 566 MFs
that overlapped between the ELL vs EDL biosignature and the early Lyme disease vs HC
biosignature resulted in an R? = 0.64 in the first replicate (Figure 3D) and RZ = 0.47 in the
second replicate (Figure S3C). While these 566 MFs were determined to differ in abundance
between early Lyme disease patients and HC, the plotting of each MF abundance fold
change to HCs revealed that the MF abundances of ELL patients were closer to HCs than
those of EDL patients. Only 147 and 183 of the 566 MFs had an absolute fold change for
ELL vs HC that was greater than that of EDL vs HC in replicate 1 and 2, respectively
(Figure S4). Additionally, 256 of the 566 MFs that were shared between the ELL vs EDL
biosignature and the early Lyme disease vs HC biosignature had a = 2- absolute fold
abundance change between EDL and HC, but not ELL and HC.

Pathways altered during early Lyme disease

2To investigate the underlying biology of the early Lyme disease biosignatures, the MFs
were interrogated against the HMDB to provide putative metabolite identifications, and each
biosignature was subjected to pathway analyses. For the 2193 MFs of the early Lyme
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disease vs HC biosignature, 998 MFs (46%) were matched to putative metabolites in HMDB
and 705 MFs (71%) of these were annotated as endogenous (Table S1). Similarly, 317 MFs
(47%) of the 671 MF ELL vs EDL biosignature were assigned a putative metabolite
identification and 226 (71%) of these were annotated as endogenous (Table S1).

Metabolic pathways that differed between the comparator groups were predicted with the
Mummichog pathway analysis tool 20. This was performed for the individual biosignatures
and data from each of the replicate sample analyses (Figure 4, and Figure S4). The dominant
enriched pathway identified in the ELL vs HC, EDL vs HC, and ELL/EDL vs HC
biosignatures was linoleate metabolism. Six additional pathways common among these three
biosignatures were identified; however, their level of enrichment differed (Figure 4). These
included arachidonic acid metabolism, retinol metabolism, prostaglandin formation from
arachidonic acid, de-novo fatty acid biosynthesis, omega-3 fatty acid metabolism, and
leukotriene metabolism. Two pathways (glycerophospholipid metabolism and fatty acid
activation) were common between the EDL vs HC and ELL/EDL vs HC biosignatures. The
inclusion of EDL patients in the generation of these two biosignatures suggested that they
were driving the enrichment of glycerophospholipid metabolism and fatty acid activation
pathways. The enriched pathways in the ELL vs EDL biosignature were largely different
from those of the ELL/EDL vs HC, ELL vs HC, and EDL vs HC biosignatures. The only
pathway that overlapped was that of prostaglandin formation from arachidonic acid. The
other dominant pathways were fructose and mannose metabolism, bile acid biosynthesis,
and tyrosine metabolism (Figure 4D). It should be noted that in the Mummichog analyses of
the replicate data sets, there were pathways that were enriched for only one of the replicate
data sets (Figure S4), and thus were not considered to be robust pathway identifications.

Metabolite Confirmation

The pathway analyses described were performed based on presumptive chemical
identifications obtained with accurate mass data (Table S1). Thus, to confirm pathway
enrichment data, specific metabolites putatively identified in the biosignatures were targeted
for analyses by MS/MS and compared to chemical standards when possible (Table 1).
Several of the metabolic pathways identified indicated alterations in polyunsaturated fatty
acid (PUFA) metabolism in early Lyme disease. Thus, eicosanoids and other PUFA
metabolites were targeted for structural identification. The early Lyme disease vs HC
biosignature contained five MFs putatively identified and confirmed as eicosanoids (Table 1
and Table S1). Three MFs, MF#1241 (m/z335.2208 @ 16.84 min), MF# 2298 (m/z
335.2214 @ 15.94 min), and MF# 1269 (/m/z327.2285 @ 20.57 min) were confirmed to
level 1 based on retention time (RT) alignment and MS/MS as 12-oxo-leukotriene B4
(LTB4), prostaglandin B2 (PGB2), and arachidonic acid, respectively (Figures S7 — 12).
Two metabolites, MF# 1823 (m/z279.2327 @ 18.49 min) and MF# 1841 (/m/z321.2396 @
19.31 min) were identified to level 2 (Figures S6 and S13). The first, MF# 1823, had similar
MS/MS fragmentation as -y-linolenic acid, a polyunsaturated fatty acid. MF# 1841 was also
identified to a level 2 as a hydroxyeicosatetraenoic acid (HETE) based on similar MS/MS
fragmentation; however, it was not possible to determine the exact site of hydroxylation. The
abundances of these metabolites in EDL and ELL patients were increased with respect to
HC in the discovery set samples; MF# 1241, 2298, 1823, 1841, and 1269 were present on
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the early Lyme disease vs HC biosignature list due to having a 2-fold abundance change and
being significantly different (Table S1). The abundances of these five PUFA structures were
further evaluated using a validation sample set, all five MFs maintained increased abundance
in EDL and ELL patients with respect to HC (Figure 5A). Additionally, all five MFs
maintained a 2-fold abundance change and significance when comparing EDL or ELL
patients to HC in the validation sample set for each replicate analysis, except for MF#2298
when comparing EDL to HC in replicate 1 (Figure 5A).

Bile acid biosynthesis was noted as a pathway that was altered in ELL vs EDL patients
(Figure 4D). Specifically, four putative bile acids, MF# 53 (/m/z466.3149 @ 14.7173), MF#
66 (m/z450.3209 @ 16.0022), MF# 1601 (/m/z450.3209 @ 14.7493), and MF# 1780 (m/z
500.3045 @ 15.1581) were detected in higher abundance in EDL patients relative to ELL
patients in the discovery set samples (Table S1). The structure of these metabolites were
respectively confirmed as glycocholic acid, glycodeoxycholic acid, glycoursodeoxycholic
acid, and taurodeoxycholic acid to level 1 based on RT alignment and MS/MS (Table 1 and
Figures S14 — 16, S18 and S22). The increased abundance of glycocholic acid,
glycoursodeoxycholic acid, and taurodeoxycholic acid in EDL patients, as compared to ELL
patients was maintained in the validation sample set data for replicate analyses; however,
this increase was not 2-fold and was only significant for glycocholic acid in the second
replicate (Figure 5B).

Evaluation of the early Lyme disease vs HC biosignature also indicated alterations in bile
acid biosynthesis. Glycocholic acid, glycodeoxycholic acid, and taurodeoxycholic acid
along with an additional putative bile acid MF# 1827 (m/z416.3153 @ 17.3911) were
significantly increased in abundance in EDL patients relative to HC in the discovery set
(Table S1). This additional bile acid was confirmed as glycolithocholic acid (Figure S19 and
S20). Evaluation of these MFs in the validation sample set showed that glycodeoxycholic
acid, glycolithocholic acid, and taurodeoxycholic acid were decreased in abundances in EDL
patients vs HC (Figure 5B); a trend opposite of that observed for the discovery data.
However, the increased levels of glycocholic acid in EDL patients in comparison with HC
was maintained for the validation set though it was not quite 2-fold nor significant (Figure
5B). Additionally, directed analysis of two other bile acids confirmed as
glycochenodeoxycholic acid and taurochenodeoxycholic acid (Figures S17 and S21), that
were not included in the early Lyme disease vs HC biosignature revealed that their
abundances are increased in EDL patients relative to ELL patients and HC in the validation
set of samples. The most notable change was the significantly increased levels of
glycochenodeoxycholic acid in EDL patients (Figure 5B).

The enrichment for glycerophospholipid metabolism was based primarily on the putative
identification of lysophosphatidylcholine (lysoPC) structures, including ether linked forms
of lysoPC, that displayed increased abundances in ELL and/or EDL patients in comparison
to HCs. Of the ether linked structures, 1-octadecylglycero- 3-phosphocholine (lyso-PAF
(C18)) was confirmed by MS/MS and RT alignment with an authentic standard (Table 1 and
Figure S23 and S24). Several other lysoPC molecules that were increased in abundance in
the Lyme disease patient sera in comparison to that of HCs were confirmed as lysoPC
(16:0), lysoPC (18:0), and lysoPC (20:0) by use of a lysoPC standard mixture (Table 1,
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Figure S25-S28, Table S1). A double peak was present for all of these metabolites,
presumably due to acylation of glycerol at different positions (sr-1 or sr+2) 22,

2Lyso-PAF (C18) levels were increased in both EDL and ELL patients as compared to HC
in the discovery set (Table S1). This metabolite maintained a > 2-fold and significant
increase in EDL and ELL patients vs HC using the validation data set in both replicates
(Figure 5C). There was no significant difference in Lyso-PAF (C18) levels between ELL and
EDL patients. The abundances for all six lysoPCs were increased in EDL and ELL patients
compared to HC in the discovery set of samples (Table S1). Excluding lyso-PC (16:0), the
increased abundance in EDL and ELL patients was maintained in the validation samples for
the first replicate; however, not a 2-fold change (Figure 5C).

While acylcarnitine metabolism is not a pathway annotated in Mummichog, these molecules
are linked with fatty acid activation, a pathway that is annotated and was enriched in the
Mummichog analysis. Additionally, acylcarnitines are documented as being altered in other
diseases, as well as Lyme disease 23-27. Five MFs had putative identities as acylcarnitines
according to HMDB (Table S1). Thus, we evaluated these metabolites that were
presumptively identified in the early Lyme disease vs HC biosignature. Five MFs, MF# 1460
(m/z204.1200 @ 1.1936), MF# 996 (/m/z288.2172 @ 13.5559), MF# 1006 (/m/z316.2491
@ 15.0075), MF# 1182 (m/z260.1854 @ 11.3300), and MF# 1086 (17/z218.1369 @
1.5101) were respectively confirmed as acetylcarnitine, octanoylcarnitine, decanoylcarnitine,
hexanoylcarnitine, and propionylcarnitine by MS/MS based on the signature fragment ion of
m/z 85.0292 (Figures S29 — S31). Two of the metabolites (acetylcarnitine and
octanoylcarnitine) were also confirmed using authentic chemical standards (Table 1 and
Figure S29 and S30). The abundances of these short and medium chain acylcarnitines were
significantly lower in both EDL and ELL patients as compared with HC in the discovery set
(Table S1). The significantly decreased abundance in EDL and ELL patients in comparison
to HC was maintained in the validation set for all acylcarnitines, except decanoylcarnitine
which was only significant for the ELL vs HC comparison in replicate 1 (Figure 5D).

Sphingolipid metabolism was not identified as an altered metabolic pathway via the
Mummichog analyses; however, two MFs; MF# 134 (m/z703.5769 @ 22.8701) and MF#
189 (m/z272.2582 @ 16.0437) of the early Lyme disease vs HC biosignature had putative
identities as the sphingomyelin (SM) (d18:1/16:0) and sphingosine (d16:1), respectively
(Table S1). The SM (d18:1/16:0) structure was confirmed by MS/MS and RT alignment with
a mixture of sphingomyelins (Table 1 and Figure S32). The identification of sphingosine
(d16:1) was confirmed to level 2 based on diagnostic ions corresponding to [M+H - H,O]*,
[M+H - 2H,0]*, and [M+H - H,0 — CH,0],* as well as eluting at an earlier RT than that of
sphingosine (d18:1) (Table 1 and Figure S33).

The serum levels of both sphingolipid metabolites were higher in EDL and ELL patients vs
HC in the discovery set (Table S1). The increased levels of sphingosine (d16:1) in EDL and
ELL patients as compared to HC was maintained in the validation set and was significant
except for ELL patients vs HC in replicate 2 (Figure 5E).
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A final metabolic pathway interrogated was that of glutathione metabolism. Kerstholt et al.
noted an increase in glutathione metabolism in B. burgdorferi stimulated PBMCs, a finding
confirmed in Lyme patient sera 14. In order to see if glutathione metabolism was altered in
our patient samples, we looked for metabolites identified by Kerstholt ef a/. as well as other
metabolites in the glutathione metabolic pathway. MF# 2 (m/z152.0327 @ 1.37 min) was
putatively identified as 5-oxo-L-proline and was confirmed by MS and RT alignment with 5-
oxo-L-proline standard (Figure S34). 5-oxo-L-proline was increased in ELL and EDL
patients compared to HC in the discovery set, and this increase was maintained in the
validation sets of samples (Figure 5F, Table S1).

The abundance data for the MFs that comprised each of the biosignatures were analyzed to
see whether associations occurred with sex, age or sample collection date. Of the samples
for which sex was recorded, no significant differences were found between groups in either
of the replicate LC-MS analyses. Of the samples for which age was recorded, no significant
differences were found between groups in either of the replicate LC-MS analyses. The
majority of HC samples (81%) did not have age data and were thus excluded from this
analysis. Several MFs produced abundance differences that were significant with respect to
sample collection date (Pre 2000 vs Post 2000); however, these differences were driven
mainly by the HC samples. Therefore, the differences associated with sample collection date
were analyzed separately for the early Lyme disease vs HC biosignature, and the ELL vs
EDL biosignature. For the early Lyme disease vs HC biosignature, 90 MFs showed evidence
of differences due to sample collection date in both replicate LC-MS analyses. These 90
MFs did not include any of the MFs associated with the altered metabolic pathways
described in this manuscript (Table S1). In the ELL vs EDL biosignature, no MFs showed
evidence of differences due to sample collection date in either of the replicate analyses of the
early Lyme disease samples.

Discussion

To develop an understanding of host biochemical alterations associated with early Lyme
disease, metabolomics approaches have been applied 1215 These studies demonstrated that
the altered metabolic profiles of Lyme disease patients can be measured and used to
differentiate Lyme disease from confounding diseases and from HC. However, a broad
survey of human serum metabolites that are altered in response to B. burgdorferiinfection
during early Lyme disease has not been performed. Additionally, the potential metabolic
differences that occur between the two well-defined manifestations of early Lyme disease
(ELL and EDL) has not been investigated. In this current study, the metabolomics methods
applied detected 2193 MFs that differed in serum samples collected from early Lyme disease
patients compared with HC. The selection of these MFs was based on multiple group
comparisons, as well as on biosignatures that divided the early Lyme disease patients into
EDL and ELL groups. Overall, a greater number of MFs that differed in relative abundance
were observed in the EDL vs HC biosignature as compared to the ELL vs HC biosignature.
This, along with the observation that the abundance fold changes for MFs in EDL vs HC
comparisons were generally greater than those of the ELL vs HC comparisons, was
consistent with EDL being a more severe presentation of early Lyme disease. Additionally,
inflammation at multiple sites in response to bacterial dissemination would be hypothesized
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to cause EDL patients to be more distinguishable from HC 2. A direct comparison of serum
metabolites between ELL and EDL patients resulted in a smaller biosignature consisting of
671 MFs. It was not surprising that this biosignature was about 1/3 of the size of the early
Lyme disease vs HC biosignature since a more subtle metabolic shift would be expected
between two presentations of early Lyme disease.

2Pathway analysis enables a better understanding of the specific host metabolic states that
occur during early Lyme disease. However, pathway analyses performed in our studies were
based on the match of MF monoisotopic masses to metabolites annotated in databases
interrogated by Mummichog. Thus, all enriched pathways and altered metabolites were
based on putative structure identifications. Through the application of LC- MS/MS in
combination with available databases and authentic chemical standards, we confirmed the
alteration of eicosanoid, bile acid, sphingolipid, glycerophospholipid, and carnitine
metabolic pathways during early Lyme disease.

Eicosanoids are diverse inflammatory mediators derived from arachidonic acid by three
main processes; cyclooxygenase, lipoxygenase, and cytochrome P450 resulting in over 100
species of eicosanoids 28 29, In this study, metabolic pathways corresponding to eicosanoid
metabolism (arachidonic acid, linoleic, and alpha- linolenic) were highlighted as being
altered in all of the biosignatures resulting from the comparison of early Lyme disease
groups to HCs, as well as the direct comparison of the ELL and EDL patients. We confirmed
the identity of five metabolites (PGB2, 12-oxo-LTB4, arachidonic acid, a HETE species, and
a PUFA) associated with eicosanoid metabolism. All five were increased in Lyme disease
patients with respect to HC, which is in concordance with previous reports of increased
eicosanoid metabolism in Lyme arthritis 30-32, Similar to our findings, Kerstholt er a.
reported arachidonic acid metabolism to be one of the top pathways perturbed during
infection of cell cultures with B. burgdorferiand in serum samples from acute Lyme disease
patients 14. The metabolite PGB2 is a non-enzymatic isomerization product of PGA2 that
results from enzymatic dehydration of PGE2, an eicosanoid associated with
proinflammatory responses 28. PGB2 has been noted as a driver of mesenchymal stem cell
immunosuppression of T-cells, as well as causing pulmonary hypertension, both of which
were mediated through its binding of the thromboxane A2 receptor 33 34, The increased
levels of PGB2 in early Lyme disease could reflect increased PGE2 production. Another
metabolite identified (12-oxo-LTB4) is a degradation product of LTB4, an important
proinflammatory lipid mediator and chemotactic factor 3°. However, 12-0x0-LTB4 is
associated with anti-inflammatory mechanisms 3% 36, Thus, the increased abundance of
PGB2 and 12-ox0-LTB4 in early Lyme disease could result from the hosts’ attempt to
dampen the inflammatory response in this disease 1 2. Interestingly, higher levels of
inflammation-initiating mediators were observed in sepsis non- survivors as compared to
patients that did survive 37, Since eicosanoids can be involved in pro- and anti- inflammatory
responses, the inability to directly identify the PUFA and HETE metabolite limits specific
insight into the inflammatory status of early Lyme disease patients; however, our findings
provide additional confirmation of increased eicosanoid metabolism during early Lyme
disease.
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More comprehensive and directed analyses of eicosanoids in various stages and
presentations of Lyme disease, such as that used by Brown and colleagues in experimental
Lyme arthritis 31 32, are needed to obtain a complete understanding of eicosanoid
metabolism involvement during Lyme disease and its progression.

Additionally, given the pleotropic outcomes of altered eicosanoid metabolism 38, an
evaluation of the eicosanoid receptors and cell types that contribute to the eicosanoid
response of B. burgdorferiinfection should be included in future studies.

2Primary bile acids are the end products of cholesterol catabolism in the liver and can be
converted to secondary bile acids by the intestinal microbiota 39. In humans, the primary bile
acids consist of cholic acid, chenodeoxycholic acid and their taurine or glycine conjugates,
while the secondary bile acids are based on the core structures of deoxycholic acid and
lithocholic acid 3. Bile acids function as detergents in the intestinal lumen to facilitate
digestion and absorption of fat and fat-soluble vitamins 4°. The enterohepatic circulation,
facilitated by bile acid transporters, allows for the migration of bile acids and conjugates
between the liver and the intestine 39,

In cases of hepatocyte damage, bile acid synthesis is perturbed. This can include restricted
bile flow (cholestasis) and the retention of compounds normally excreted in bile such as
conjugated bilirubin 40, Acute hepatitis has been reported in early stages of Lyme disease
41,42 and patients with early disseminated Lyme disease were significantly more likely to
have one or more liver function abnormalities than patients with localized disease 43. The
detection of increased bile acid levels in early Lyme disease and in EDL vs ELL sera is
consistent with previous reports of altered hepatic function in early Lyme disease.
Glycocholic acid, glycoursodeoxycholic acid, glycodeoxycholic acid, taurodeoxycholic acid,
taurochenodeoxycholic acid, and glycochenodeoxycholic acid were observed as the bile
acids with trends of increased abundance in EDL sera of the discovery sample set. It is noted
that this trend was only replicated for glycocholic acid and glycochenodeoxycholic acid in
the validation sample set; thus, a more targeted extraction and analysis method for bile acid
metabolites is needed to fully understand bile acid perturbations during early Lyme disease.
Borrelial invasion has been suggested to cause direct hepatocyte damage in the severe
combined immunodeficiency mouse model of Lyme disease 44 and elevated liver enzymes as
well as transient hepatitis have been described in humans 4% 46, During sepsis, LPS
mediated inflammation leads to downregulation of hepatocellular transporters yielding liver
dysfunction and dysregulated bile acid homeostasis 4’. Bile acids can also actively suppress
the pro-inflammatory effects of macrophages possibly as a protective mechanism against
liver damage 8. It has also been demonstrated that an antigenic component of the 5.
burgdorferiflagella protein is shared by several human tissues, including hepatocytes 4°,
thus altered hepatic function driven by immune responses in early Lyme disease is also
possible. Whether hepatic dysfunction associated with Lyme disease results from a direct
interaction between the hepatic cells and the spirochete or its products, or whether it is an
immune mediated event requires further investigation. Such investigations should consider
not only the regulation of bile acid synthesis, but also the function and regulation of the bile
acid transporters 39,
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Fatty acid activation was a pathway enriched in the EDL vs HC and ELL/EDL vs HC
biosignatures. An important downstream process of fatty acid activation is fatty acid
oxidation via the transport of fatty acids into the mitochondria as acylcarnitines 27.
Acylcarnitine metabolism was not a specific pathway reported via the Mummichog analyses;
however, the altered abundance of five acylcarnitines can be linked to the enriched fatty acid
activation pathway in the EDL vs HC and ELL/EDL vs HC biosignatures. These products
were observed at reduced levels in the sera of early Lyme disease patients. This suggests
impaired energy metabolism due to perturbations in transport of fatty acids into the
mitochondria for B-oxidation 27. However, acylcarnitines are also known to have secondary
roles as mediators of oxidative stress, apoptosis and inflammation 3%-52, owered
acylcarnitine levels are observed in patients with impaired immune reactions resulting from
sepsis, HIV, chronic fatigue syndrome, and tick-borne encephalitis 23: 26:53-55_Qur findings
support a previous report of lower serum levels of free carnitine, acyl carnitine and total
carnitine in European patients with Lyme disease 26.

Interestingly fatigue and cognitive complaints experienced by Lyme disease patients are
similar to neurological symptoms in other diseases with lowered acylcarnitine levels 25 54,
The brain is highly reliant on acylcarnitines for oxidative metabolism and neuroprotection
56, Short- and medium- chain fatty acids can permeate the blood-brain barrier and the five
acylcarnitines detected in this study are short- and medium-chain acylcarnitines. Thus, more
comprehensive analyses of acylcarnitines in Lyme neuroborreliosis and post-treatment Lyme
disease syndrome, both of which have increased neurological components, may provide
more insight.

An interesting aspect of the pathways associated with early Lyme disease was the
observation that enrichment of glycerophospholipid metabolism was associated with
phosphatidylcholine and related products. One of these, that had the greatest abundance
difference between early Lyme disease and HCs, was lyso-PAF (C18). PAF is a
proinflammatory phospholipid that plays a role in numerous conditions such as Lassa fever,
HIV, ulcerative colitis, and Lyme disease 5780, PAF levels are tightly regulated through an
equilibrium between PAF and lyso-PAF, with lyso-PAF being an anabolic precursor and a
catabolic product of PAF 61, In humans it has been shown that the catabolic conversion of
PAF to lyso-PAF via PAF-acetylhydrolase is the primary regulator of PAF/lyso-PAF
equilibrium 6162 If this is the case in Lyme disease, the increased levels of lyso-PAF may
be attributable to increased levels in PAF production as well. However, our data did not
indicate increased PAF levels in the sera of early Lyme disease patients. Lyso-PAF has been
shown to have anti-inflammatory activity and increased levels of this product is a potential
mechanism to dampen the proinflammatory effects of PAF 63, Our findings are consistent
with a previous study that postulated a role for PAF in the pathogenesis of Lyme disease.
Specifically, it was hypothesized that Borrelia induces polymorphonuclear leukocytes
(PMNs) to make PAF and increased levels of PAF activates the binding of B. burgdorferito
platelets, facilitating pathogen dissemination 0. In addition to lyso-PAF, several lysoPCs, as
well as arachidonic acid, were increased in early Lyme disease patients indicating a potential
increase in phospholipase A2 activity 64,
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2Sphingolipids are bioactive molecules known to play a role in cell signaling processes and
immunological responses, and alterations in these lipids have been described for multiple
infectious diseases 65-67. The formation of sphingolipids is initiated through the
condensation of palmitoyl-CoA and serine, and results in the formation of ceramide which
serves as the main substrate for the formation of complex sphingolipids ranging from
glycosphingolipids, gangliosides and sphingomyelins 68, Sphingosine formation occurs with
the hydrolysis of ceramide by ceramidase, and is a product of sphingolipid recycling 68.
Elevated levels of sphingolipids are a common feature of the inflammatory response to
infection 67.69_In fact, in Lyme disease, sphingomyelin metabolism was observed to be
altered in patients suffering from neuroborreliosis and was hypothesized to result from
degeneration of the myelin sheaths of the central and peripheral nervous systems 7°. B.
burgdorferiwas recently found to incorporate sphingolipids into its own membrane through
the exchange of lipid rafts with host cells 71. Our data demonstrated an increase in
sphingosine and sphingomyelin levels in the sera of early Lyme disease patients. However,
only increased sphingosine was observed with the validation sample set. The accumulation
of sphingosine in Lyme disease may indicate increased ceramide production and/or
increased ceramidase activity. However, like the lipid mediators and the bile acids, the
sphingolipids represent a large and complex family of lipids. Targeted analyses of the
sphingolipids are required to fully understand which aspects of this metabolic pathway are
altered in Lyme disease and at what stage of disease.

Three of the enriched pathways (prostaglandin formation from arachidonate, tyrosine
metabolism and bile acid biosynthesis) identified via the Mummichog analyses of ELL vs
EDL are also perturbed in patients with sepsis and alterations in these metabolic pathways
can influence patient outcome 37 72. 73, Further investigation of these pathways in additional
disseminated Lyme disease patients is needed to understand whether factors influencing the
outcome of sepsis are also involved in patients who develop disseminated Lyme disease.

Pathway enrichment defined via Mummichog analyses is based on the total number of MFs
that map to a pathway, as well as the pathway size 20. While extremely useful for annotated
pathways, poorly annotated pathways are less likely to be selected as an enriched pathway
by Mummichog. This is the case for glutathione metabolism where y-glutamyl amino acids
are lumped together, and y-glutamyl peptides and other glutathione conjugates are not
present in the KEGG pathway 74. Thus, glutathione metabolism was not a major enriched
pathway identified with our metabolomics data; however, Kerstholt et a/. recently described
glutathione metabolism as a dominant pathway altered during infection with B. burgdorferi
14 While we did not observe y-glutamyl peptides nor glutathione as altered metabolites in
our dataset, 5-oxo-L-proline was found to be significantly increased in the sera of early
Lyme disease patients. This metabolite is generated from glutathione or -y-glutamyl amino
acids via a y-glutamylcyclotransferase 74 7>, The minimal concordance of differential
abundances of glutathione metabolites in our datasets could be due to different methods,
sample classification criteria, sample numbers, and sample location in comparison to the
studies of Kerstholt et al. 14. Interestingly, decreased levels of y-glutamyl dipeptides were
predictors of outcome in non-alcoholic steatohepatitis (NASH) patients 6. Based on this and
other similarities between the early Lyme disease biosignature and metabolites altered in
NASH and non-alcoholic fatty liver disease (NAFLD) 77 78 future comparisons of early
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Lyme disease patients and patients with NASH and NAFLD would be informative in
understanding the effects of B. burgdorferiinfection on the liver.

Limitations of this study included the relative quantification of metabolite or MF abundances
based on the semi-quantitative LC-MS methodology. However, the use of replicate analyses
allowed for the evaluation of robustness in defining the pathways that differed in the various
group comparisons. Additionally, the use of validation samples allowed for confirmation of
specific metabolites and metabolic pathways altered during early Lyme disease. The Lyme
disease patient samples were obtained from a single clinical site, thus further studies that
encompass the geographic distribution and clinical heterogeneity of Lyme disease will
enable more detailed assessment of metabolic variations associated with this disease. In our
current studies, the use of NSAIDs or other medications in the patient and control cohorts
was not a data point available to us; however, serum of Lyme disease subjects was collected
before the start of antibiotic therapy. Future studies need to address metabolic changes that
are mediated or exacerbated by Lyme disease patients’ use of over-the-counter medications.

Conclusion

The discovery and identification of metabolites that are altered in early Lyme disease
provides insight into the potential mechanisms utilized by the host in response to B.
burgdorferiinfection, and provide evidence that different manifestations of early Lyme
disease may be associated with different metabolic alterations. Further research is needed to
determine the involvement of altered metabolites in the pathogenesis of Lyme disease.
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Figure 1. Metabolic changes between early Lyme disease patientsand HC.
Venn diagram depicting the unique and overlapping MFs among the three different

comparisons performed (ELL vs HC, EDL vs HC, and ELL/EDL vs HC). These MFs
comprise the combined early Lyme disease vs HC biosignature consisting of 2193 MFs (A).
Evaluation of the number of MFs (y-axis) and the magnitude of fold-change (x-axis) in each
of the three comparisons (ELL vs HC, EDL vs HC, and ELL/EDL vs HC) using the average
fold-change of the replicate analyses (B).
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Figure 2. Differential metabolic changes between ELL and EDL patientsvsHC.
22\/olcano plot depicting the log, fold change (x-axis) and —logyg p-value (y-axis) for the

2193 MFs (from the combined early Lyme disease vs HC biosignature) as compared to HC.
MFs in EDL and ELL are plotted in blue and red, respectively, for replicate 1. The upper left
guadrant contains 319 and 401 MFs and the upper right quadrant contains 605 and 378 MFs
for EDL and ELL, respectively (A). A plot of |log, fold change from HC| (x-axis) and —logsg
p-value (y-axis) for the 924 MFs with >1 log, fold change and p < 0.05 in the EDL vs HC
comparison plotted for EDL (blue) and ELL (red) for replicate 1 (B). A plot of |log, fold
change| from HC (x-axis) and —Log;g p-value (y-axis) for the 779 MFs with > 1 log, fold
change and p < 0.05 in the ELL vs HC comparison plotted for EDL (blue) and ELL (red) for
replicate 1 (C). The vertical blue lines depict the mean fold change (2.24 +/- 1.07 and 2.39
+/-1.17 for B and C respectively) for EDL vs HC and the vertical red lines depict the mean
fold change (1.55 +/- 0.97 and 2.03 +/- 0.86 for B and C respectively) for ELL vs HC.
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Figure 3. Metabolic changes between EDL and ELL patients.
A Venn diagram depicting the unique and overlapping features between the EDL vs ELL

biosignature (671 MFs) and the early Lyme disease vs HC biosignature (2193 MFs) (A).
Scatter plots for replicate 1 depicting log, fold change from HC for EDL (x-axis) and log,
fold change from HC for ELL (y-axis) using the 1627 MFs unique to the EL vs HC
biosignature (B); or the 105 MFs unique to the ELL vs EDL biosignature (C); or the 566
MFs in common between the early Lyme disease vs HC and the ELL vs EDL biosignatures
(D). The red dotted line is the line of best fit. Blue shaded box indicates 66 out of 105 MFs
with a |log, fold change| of < 1 from HC for EDL and ELL.
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Figure 4. Metabolic pathways altered during early Lyme disease.
Mummichog enriched pathways and level of enrichment (Log1g p-value) for replicate 1

(solid) and replicate 2 (checkered) for ELL vs HC (A), EDL vs HC (B), ELL/EDL vs HC

(C), and ELL vs EDL (D).
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Log, abundances normalized to HC in ELL (red) and EDL (blue) patients for early Lyme
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disease vs HC biosignature MFs classified as eicosanoids (A), bile acids (B), lyso-PAF and

lysoPCs (C), acylcarnitines (D), sphingolipids (E), and 5-oxo-L-proline (F) for replicate 1,

zero indicates HC baseline. Significance between the patient cohort and HCs is indicated by:
*, p <0.05; **, p<0.01; ***, p <0.001, **** p <0.0001. Panel B significance (p < 0.05)

left and replicate 2, right. Metabolites that were present on the ELL vs EDL biosignature list
between ELL and EDL is indicated by * over a solid line between the groups.

are noted with #. Data is presented as the mean +/- 95% confidence interval. Dotted line at

Figure5. Directed Analysis of Pathwaysin Validation Samples.
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Identified MFs

Table 1

Page 27

MF # Mass RT Metabolite |D Method of ID
2 129.0429 | 1.37 5-oxo-L-proline MS and RT alignment with 5-oxo- proline standard
53 465.31 14.72 Glycocholic acid MS/MS and RT alignment with glycocholic acid standard
66 449313 | 16.00 Glycodeoxycholic acid MS/MS and RT alignment with glycodeoxycholic standard
106 523.365 | 19.17 2-octadecanoyl-sn-glycero-3- MS/MS and RT alignment with lysoPC standard mixture
phosphocholine (lysoPC (18:0))
134 702.566 | 22.87 Sphingomyelin (d18:1/16:0) MS/MS and RT alignment with sphingomyelin mixture
189 271.251 | 16.04 Sphingosine (d16:1) MS/MS diagnostic ions
253 523.365 | 19.22 1-octadecanoyl-sn-glycero-3- MS/MS and RT alignment with lysoPC standard mixture
phosphocholine (lysoPC (18:0))
923 551.395 | 20.24 1-eicosanoyl-sn-glycero-3- MS/MS and RT alignment with lysoPC standard mixture
phosphocholine (lysoPC (20:0))
996 287.209 | 13.56 Octanoylcarnitine MS/MS and RT alignment with Octanoylcarnitine standard
1006 315.24 15.01 Decanoylcarnitine MS/MS diagnostic ion
1086 217.130 151 Propionylcarnitine MS/MS diagnostic ion
1182 259.178 | 11.33 Hexanoylcarnitine MS/MS diagnostic ion
1241 334.213 | 16.84 12-oxo-leukotriene b4 MS/MS and RT alignment with 12-oxo-leukotriene b4 standard
1264 509.386 | 19.51 1-octadecylglycero-3- Phosphocholine MS/MS and RT alignment with 1- octadecylglycero-3-
(lyso-PAF (C18)) Phosphocholine standard
1269 304.239 | 20.57 Avrachidonic acid MS/MS and RT alignment with Arachidonic acid standard
1460 203.114 1.19 Acetylcarnitine MS/MS and RT alignment with Acetylcarnitine standard
1601 449.314 | 14.75 Glycoursodeoxycholic acid MS/MS and RT alignment with glycoursodeoxycholic acid
standard
1780 499.297 | 15.16 Taurodeoxycholic acid MS/MS and RT alignment with taurodeoxycholic acid standard
1823 278.226 | 18.49 Polyunsaturated fatty acid (PUFA) MS/MS spectra similar to y - linoleic acid
1827 415.308 | 17.39 glycolithocholic acid MS/MS and RT alignment with glycolithocholic acid standard
1841 320.473 | 19.31 hydroxyeicosatetraenoic acid (HETE) MS/MS and RT similar to hydroxyeicosatetraenoic acid (HETE)
standards
2237 551.395 | 20.13 2-eicosanoyl-sn-glycero-3- MS/MS and RT alignment with lysoPC standard mixture
phosphocholine (lysoPC (20:0))
2298 334.214 | 15.94 Prostaglandin B2 MS/MS and RT alignment with Prostaglandin B2 standard
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