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ABSTRACT Lyme disease is a tick-borne illness caused by the bacterium Borrelia burgdorferi, and approximately 10 to 20% of 
patients report persistent symptoms lasting months to years despite appropriate treatment with antibiotics. To gain insights into 
the molecular basis of acute Lyme disease and the ensuing development of post-treatment symptoms, we conducted a longitudi
nal transcriptome study of29 Lyme disease patients (and 13 matched controls) enrolled at the time of diagnosis and followed for 
up to 6 months. The differential gene expression signature of Lyme disease following the acute phase of infection persisted for at 
least 3 weeks and had fewer than 44% differentially expressed genes (DEGs) in common with other infectious or noninfectious 
syndromes. Early Lyme disease prior to antibiotic therapy was characterized by marked up regulation of Toll-like receptor sig
naling but lack of activation of the inflammatory T-cell apoptotic and B-cell developmental pathways seen in other acute infec
tious syndromes. Six months after completion of therapy, Lyme disease patients were found to have 31 to 60% of their pathways 
in common with three different immune-mediated chronic diseases. No differential gene expression signature was observed be
tween Lyme disease patients with resolved illness to those with persistent symptoms at 6 months post-treatment. The identifica
tion of a sustained differential gene expression signature in Lyme disease suggests that a panel of selected human host-based bio
markers may address the need for sensitive clinical diagnostics during the "window period" of infection prior to the appearance 
of a detectable antibody response and may also inform the development of new therapeutic targets. 

IMPORTANCE Lyme disease is the most common tick-borne infection in the United States, and some patients report lingering 
symptoms lasting months to years despite antibiotic treatment. To better understand the role of the human host response in 
acute Lyme disease and the development of post-treatment symptoms, we conducted the first longitudinal gene expression (tran
scriptome) study of patients enrolled at the time of diagnosis and followed up for up to 6 months after treatment. Importantly, 
we found that the gene expression signature of early Lyme disease is distinct from that of other acute infectious diseases and per
sists for at least 3 weeks following infection. This study also uncovered multiple previously undescribed pathways and genes that 
may be useful in the future as human host biomarkers for diagnosis and that constitute potential targets for the development of 
new therapies. 
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yme disease, a systemic tick-borne infection caused by the bac
terial spirochete Borrelia burgdorferi, is the most common 

vector-borne disease in the United States and Europe (1) . Over 
30,000 cases in the United States are reported annually to the 
Centers for Disease Control and Prevention (CDC) (http://www
.cdc.gov/lyme/stats/humancases.html). However, actual preva
lence estimates are at least 10 times as high because of underre
porting of cases and overreliance on insensitive diagnostic tests in 
the acute phase of infection (2). Lyme disease has been associated 
with arthritis, meningitis, facial palsy, and (rarely) myocarditis 
resulting in sudden death (3). Most patients treated with appro
priate antibiotics recover rapidly and completely, but a minority 
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of patients develop persistent symptoms correlating with dissem
inated disease, a greater severity of illness at presentation, and 
delayed antibiotic therapy (4). The proportion of Lyme disease 
patients with persistent symptoms varies greatly, from O to 50%, 
depending on the cohort of interest and the case definition used 
( 4, 5). When lingering or recurrent symptoms are associated with 
a functional decline and persist for greater than 6 months, patients 
are considered to meet clinical criteria for post-treatment Lyme 
disease syndrome (PTLDS) (6), although the exact molecular 
mechanisms underlying this condition remain unknown. 

Control of B. burgdorferi infection in early Lyme disease re
quires both innate and adaptive immune responses (7). Phago-
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cytes constitute the first line of defense, engulfing the spirochete 
and producing Th 1-type proinflammatory cytokines. Spirochetal 
lipoproteins can directly stimulate the B-cell response, and both 
lipidated and nonlipidated proteins trigger T-cell-dependent hu
moral responses. Decreased Thl and increased Thl 7 responses 
have also been shown to play a role in the development of post
treatment Lyme disease symptoms during the chronic phase of the 
illness (8, 9). However, with the exception of antibiotic-refractory 
Lyme arthritis, very few studies have looked at the molecular 
mechanisms underlying persistent symptomatology in treated 
Lyme disease patients, and all to date have used targeted ap
proaches assaying specific cytokine levels (8-10). The overall 
global and temporal pathways involved in human clinical infec
tion with B. burgdorferi remain to be elucidated. 

In this study, we applied next-generation sequencing of pe
ripheral blood mononuclear cells (PBMCs) to investigate the 
transcriptomes of 29 patients with acute Lyme disease longitudi
nally from the time of diagnosis to 6 months post-treatment and 
those of 13 matched controls. We performed network and path
way analyses in order to gain insights into the molecular mecha
nisms underpinning acute Lyme disease and post-treatment 
symptoms and to discover potential diagnostic biomarkers. 

RESULTS 
Patient enrollment, sample collection, and transcriptome anal
ysis. This study included a cohort of29 patients with acute Lyme 
disease and 13 matched controls without acute illness. Transcrip
tome profiling by RNA sequencing (RNA-Seq) and pathway anal
ysis were performed with PBMC samples collected at three time 
points, Vl (time of acute Lyme disease diagnosis and prior to 
starting antibiotic therapy), V2 (immediately after the completion 
of a 3-week course of doxycycline treatment), and VS (6 months 
after the completion of therapy) (Fig. 1). Approximately 73 (::!:: 43 
[standard deviation]) million reads were generated per sample, 
and on average, 64.9% of the genes had nonzero counts (see Fig. 
Sl in the supplemental material). 

No significant differences in age, sex, ethnicity, or preexisting 
comorbidities were noted between Lyme disease patients and con
trols (Table 1). Two-tiered antibody testing for Lyme disease with 
whole-cell lysates was positive in 20 (71.4%) of28 patients tested, 
with 14/28 (50%) patients testing positive at the pretreatment visit 
and an additional 6/28 (21.4%) seroconverting during treatment 
(Table 1). The 29 Lyme disease patients were enrolled in a single 
season at the same geographic location, an outpatient clinic in 
suburban Maryland. At the 6-month follow-up visit (VS), 15 pa
tients had fully recovered from the infection while 13 experienced 
persistent symptoms post-treatment, defined as new-onset fa
tigue, widespread musculoskeletal pain involving 2:3 joints, 
and/or cognitive dysfunction ( 11 ); 1 patient was lost to follow-up. 
Of the 13 patients with persistent symptoms, 4 were diagnosed 
with PTLDS on the basis of a recently proposed standardized case 
definition that included a documented functional decline at 6 
months as a key criterion (6). 

Six (40%) of the 15 patients with resolved illness and 6 (46%) 
of the 13 with persistent symptoms presented with early dissemi
nated disease consisting of multiple erythema migrans (EM) le
sions at the time of diagnosis (see Table Sl in the supplemental 
material). The average duration of acute illness, defined as the 
time from onset of EM rash and/or influenza-like symptoms to 
study enrollment and initiation of doxycycline therapy, was sig-
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post-treatment 

FIG I Schematic description of study design. (A) Timeline of clinical evalu
ation and PBMC sampling. (B) Flowchart of the number of patients with 
resolved illness or persistent symptoms. Abbreviations: non-PTLDS, post
treatment Lyme disease symptoms and no functional decline; PTLDS, PTLDS 
with a functional decline. 

nificantly longer in patients developing persistent symptoms 
(9.7 days for non-PTLDS and 19.3 days for PTLDS) than in pa
tients with resolved illness (5.2 days) (P < 0.036) (see Table Sl in 
the supplemental material). In addition, the number of symptoms 
was significantly higher at all time points in patients with persis
tent symptoms than in those with resolved illness (P < 0.04) (see 
Table Sl in the supplemental material). 
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Lyme disease gene expression signature. We initially com- ~ 
pared the transcriptomes of29 Lyme disease patients at the time of 
diagnosis (Vl) with those of 13 matched controls. This analysis 
revealed a total of 1,235 differentially expressed genes (DEGs) 
(Fig. 2A; Table 2). Approximately 69% (n = 847) of the DEGs 
were upregulated, and 31 % (n = 388) were downregulated 
(Fig. 2A). Three weeks after diagnosis (V2), at the time of comple-
tion of a standard course of antibiotic treatment, 1,060 DEGs were 
found in both Lyme disease patients and controls, with 63% (n = 
670) upregulated and 37% (n = 390) downregulated. Sixty-
two percent of the DEGs occurred at both the Vl and V2 time 
points (Fig. 2B). At 6 months after treatment completion (VS), the 
Lyme disease transcriptome did not fully return to the baseline 
relative to controls, with 686 DEGs, 54% (n = 373) upregulated 
and 46% (n = 313) downregulated. Partially overlapping clusters 
were observed for each sample category (Vl, V2, VS, and controls) 
by principal component analysis (PCA) (Fig. 2C). 

We then calculated differential gene expression between sub
jects with single versus multiple disseminated EM lesions and be
tween seropositive and seronegative subjects (Table 2). While no 
DEGs were identified on the basis of single versus multiple lesions, 
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TABLE I Demographic and clinical characteristics of29 patients with early Lyme disease and 13 matched controtsa 

Variable Lyme disease patientse Controlsf P valueK 

Avg age (yr) 
Females 
Non-Hispanic Caucasians 
2: 1 co morbidities 

Carpal tunnel syndrome, mo 
Diabetes, mo 
Heart disease, mo 
Lung disease, mo 
Migraines, mo 
Thyroid disease, mo 

Two-tier serologyb 
Pretreatment positive 
Seroconverted during treatment 
Negative 

Recovery status at VS 
Resolved 
Persistent symptoms 

Non-PTLDS< 
PTLDSd 
Lost to follow-up 

Sampling season 
VI 

Spring 
Summer 
Autumn 
Winter 

V2 
Spring 
Summer 
Autumn 
Winter 

VS 
Spring 
Summer 
Autumn 
Winter 

52 (36-61) (20-71] 
I0/29 (34.5) 
27 /29 (93.1) 
11/29 (38.9) 
2/29 (6.9) 
0/29 (0.0) 
4/29 (13.8) 
1/29 (3.4) 
4/29 (13.8) 
3/29 (10.3) 

14/28 (50.0) 
6/28 (21.4) 
8/28 (28.6) 

15/28 (53.6) 
13/28 ( 46.4) 
9/28 (32.1) 
4/28 (14.3) 
1/29 (2.8) 

3/29 (I0.3) 
24/29 (82.8) 
2/29 (6.9) 
0/29 (O.O) 

1/28 (3 .6) 
22/28 (78.6) 
5/28 (17.9) 
0/28 (0.0) 

7/28 (25.0) 
0/28 (0.0) 
1/28 (3.6) 
20/28 (71.4) 

50 (42-61) [22-70] 
8/13 (61.5) 
12/13 (92.3) 
6113 (46.2) 
1/13 (7.7) 
2/13 (14.8) 
1/13 (7.7) 
0113 (O.O) 
3113 (23. 1) 
1/13 (7.7) 

0113 (0.0) 
0113 (O.O) 
13/13 ( IOO) 

NA 
NA 
NA 
NA 
NA 

3/13 (23.1) 
1/13 (7.7) 
1/13 (7.7) 
8113 (61.5) 

3/13 (23.1 ) 
1/13 (7.7) 
1/13 (7.7) 
8/13 (61.5) 

3/13 (23.1) 
1/13 (7.7) 
1/13 (7.7) 
8/13 (61.5) 

0.62 
0.22 
0.67 
0.62 
0.41 

NA'• 

NA 

< 0.00001 

< 0.00001 

0.023 

"Number/total (%) reported for categor ical variables and median, !QR interquartile range (in parentheses) , and range (in brackets) presented for continuous variables. 

b One patient missing tw'o-tier serology data. 
' Non-PTLDS (persistent symptoms with no functional decline). 

d PTLDS (persistent symptoms with functional decline). 

' n = 29. 
I n= 13. 
g Lyme disease patients versus controls. 

'' NA, not applicable. 

four DEGs were found to be upregulated in seronegative Lyme 
disease patients relative to those who were seropositive, namely, 
HLA-DQAJ , HLA-DQBJ, HLA-DRBS, and NSA2 (see Fig. S3 in 
the supplemental material) . 

Pathway analyses of the Lyme disease transcriptome. Path
way analysis of Lyme disease DEGs revealed predicted activation 
of inflammatory response, immune cell trafficking, and hemato
logic system pathways at Vl, as expected in the setting of the acute 
phase of an infection such as Lyme disease (Fig. 2D and 3). How
ever, the same categories also remained activated following the 
completion of antibiotic treatment and the clinical resolution of 
symptoms (V2 and VS), with the general pattern of gene expres
sion more inhibitory at VS (Fig. 3). 

Eight, 10, and 4 of the top 10 predicted canonical pathways at 
Vl, V2, and VS, respectively, were directly related to the host 
immune response (Fig. 2E) . The eIF2 signaling pathway, modu
lating translational initiation and elongation, was found to be sig-
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nificantly downregulated at all three time points (Fig. 2E; see Fig. 
S4 and Table S2 in the supplemental material). In contrast, 
TREMi -mediated activation of a Thl proinflammatory response 
through upregulation of the factors DAP 12, interleukin-6 (IL-6), 
and IL-12 was prominent at only Vl and V2 (Fig. 2E; see Fig. S4 in 
the supplemental material) . Multiple Toll-like receptors (TLRs) 
associated with inflammation and apoptosis were also found to be 
significantly upregulated at Vl and V2 (TLRl, -2, -4, -7, and -8) 
(see Fig. S4 in the supplemental material) . 

The most important upstream regulators in Lyme disease at Vl 
and V2 were found to be proinflammatory cytokines and markers 
(CSF2, gamma interferon [IFN-y], IL-1,B, IL-6, tumor necrosis 
factor alpha [TNF-a]), anti-inflammatory cytokines (IL-6, IL-
10), the cell surface marker CD40L, transforming growth factor 
/31, the signal transduction mediator TICAM, the transcriptional 
regulator NF-KB, and the immunoglobulin complex (Fig. 2F), 
with TNF-a shown to be a master regulator of eIF2 signaling, 
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FIG 2 Longitudinal differential gene expression and pathway analysis of Lyme disease. (A) Bar chart of the numbers of genes found to be upregulated or 
downregulated at Lyme disease diagnosis (Vl), 3 weeks post-treatment (V2, after a standard course of antibiotics), and 6 months post-treatment (VS). (B) Venn 
diagram representing the number of DEGs between Lyme disease patients and controls at three time points. ( C) Principal component analysis (PCA) of Lyme 
disease patients and controls at three time points on the basis of 1,759 unique DEGs identified at Vl, V2, and VS. The asterisk represents a subject in the control 
group who looks like an outlier in the PCA plot but is not shown to be an outlier by PCA analysis of the control samples (see Fig. S2 in the supplemental material). 
Note that the PC3 axis in the PCA plot accounts for only 8% of the variance in the data set. (D to F) Top 10 disease and functional categories (D), top 10 canonical 
pathways (E) , and top 10 upstream regulators (excluding drug categories) (F) predicted to be involved in Lyme disease at (Vl, V2, and VS) with categories, 
pathways, and genes ranked by the negative log of the Pvalue of the enrichment score. The color scheme is based on Z scores, with activation in orange, inhibition 
in blue, and undetermined directionality in gray. The red line represents the designated significance threshold (P < 0.05). 

TREMl, and TLR pathways (see Fig. 54 in the supplemental ma
terial) . At VS, the top upstream regulators were predominantly 
involved in the regulation of gene expression (MYCN, HOX-A7, 
SAT-Bl, HNF-4A, MYC, FOS, andELAVLl) (Fig. 2F). 

Comparison of acute Lyme disease with other infections. We 
compared our Vl RNA-Seq data, derived from patients with acute 
Lyme disease, to 12 available, previously published transcriptome 
data sets from cell culture models of in vitro infection or from 
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patients with acute viral and bacterial infections other than Lyme 
disease (Fig. 4). Unsurprisingly, the greatest overlap in shared 
DE Gs ( 44%) was observed with in vitro B. burgdorferi infection of 
human PBMCs (44%), followed by infection of human endothe
lial cells (29%), human neuroblastoma cells (13%), or primary 
monkeyglial cells (11 %) (Fig. 4A). We also comparedDEGs from 
acute Lyme disease patients with those corresponding to human 
PBMCs stimulated in vitro by lipopolysaccharides (LPS), infected 

January/February 2016 Volume 7 Issue 1 e00100-16 

0 

~ 
::, 
0 
Ill a. 
CD a. 

a 
3 
3 
c:r 
6 ' 
i:i, 
(/) 

3 
0 
(C 
0 
::, 

)> 
"O 
2: 

0 
(C 



Printed by Dr (3ary Lum 

Sustained Differential Gene Expression in Lyme Disease 

TABLE 2 Number of DEGs with a change of greater than ::': 1.5-fold, a P value of < 0.05, and an FDR of < 0.1 % 

Condition 1 Condition 2 
(no. of subjects) . (no. of subjects) 

All Lyme disease (29) Control (13) 
Resolved Lyme disease ( 15) Control (13) 
Persistent symptoms" ( 13) Control (13) 
Persistent symptoms" (13) Resolved Lyme disease (15) 
Non-PTLDSb (9) Resolved Lyme disease (15) 
PTLDS' (4) Resolved Lyme disease (15) 
PTLDS' (4) Resolved Lyme disease + 

non-PTLDSb (24) 
Disseminated EM (12) Single EM (17) 
Seronegative (8) Seropositive (20) 
Control (8) Control (5) 

"All patients with persistent symptoms fo llowing treatment completion. 
b Non-PTLDS (persistent symptoms with no functional decline). 
' PTLDS (persistent symptoms with functional decline). 
dGPRIS. 

•MJAT. 
I GPRIS. 

s CCDC163P, GRP 15, ZNF266. 
1' GPR IS, ZNF266. 
; HLA -DQBl. 

j HLA -DQAI, HLA-DQBI, HLA-DRBS, NSA2. 

k Acute Lyme disease diagnosis, pretreatment. 
I After 3-week antibiotic treatment. 
m At 6 months post-treatment. 

" NA, not applicable. 

by the fungal pathogen Candida albicans, or infected by two tick
borne bacterial agents, i.e., Francisella tularensis (tularemia) and 
Anaplasma phagocytophilum (anaplasmosis) . Interestingly, stim
ulation of PBMCs by LPS (39%) resulted in a greater overlap of 
shared DEGs than in vitro infection with C. albicans (27%), F. tu 
larensis (28%), or A. phagocytophilum (15%) (Fig. 4A). Next, we 
compared the acute Lyme disease transcriptome at VI to tran
scriptomes corresponding to · other acute infectious syndromes 
(Fig. 4A and B). Patients with acute influenza had 35% of their 
DEGs in common with Lyme disease patients, while they had only 
28, 26, and 21 % of their DEGs in common with patients with 
bacteremia due to Staphylococcus aureus, Streptococcus pneu-

~ moniae, and Escherichia. coli, respectively. 
To determine if these infectious diseases have pathways in 

common, we then compared the top canonical pathways signifi
cantly involved in acute Lyme disease at VI (P < 0.05) with those 
corresponding to other clinical infectious diseases or in vitro cell 
culture models of infection. The greatest number of shared path
ways was observed with S. pneumoniae bacteremia (82%) and in 
vitro F. tularensis (80%)- and C. albicans (78%)-infected cell cul
tures. Strikingly, downregulation of eIF2 signaling was restricted 
to Lyme disease and not found in other infectious diseases or in 
vitro cell culture infection models (Fig. 4B). In contrast, TREMi 
and TLR pathways were activated in all five infections, whereas 
upregulation of IFN signaling pathways was predicted in only 
Lyme disease and influenza. B-cell development and downregula
tion of calcium-induced T-cell apoptosis, prominent in other viral 
and bacterial infections, were not found to be significant pathways 
in acute Lyme disease (Fig. 4B). 

Pathway analysis of Lyme disease patients at 6 months post
treatment and comparison with chronic disease syndromes.We 
next compared the PBMC transcriptome from all treated Lyme 
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No. of DEGs at: 

All time 
Vlk V21 y5m points 

1,235 1,060 686 644 
1,021 1,090 238 524 
1,358 576 181 641 
0 0 0 l d 

0 0 0 1 e 

l f 0 0 3g 
0 0 0 2" 

0 0 0 0 
l ; 0 0 4i 
NA" NA NA 0 

disease patients at VS (both resolved illness and persistent symp
toms) to publicly available transcriptome data sets from patients 
diagnosed with chronic illnesses that have some symptoms in 
common with PTLDS, including chronic fatigue syndrome (CFS), 
systemic lupus erythematosus (SLE), and rheumatoid arthritis 
(RA). The percentages of shared DEGs and pathways ranged from 
9 to 18% and from 31 to 60%, respectively (Fig. 4C) . Inhibition of 
eIF2 signaling was common to Lyme disease, SLE, and ( to a lesser 
extent) RA (Fig. 4D; see Fig. SS in the supplemental material). 
Glutathione-mediated detoxification and IL-6 signaling pathways 
were found to be specific to Lyme disease patients. No additional 
differences were revealed by subset analyses of Lyme disease pa
tients manifesting persistent symptoms (non-PTLDS and PTLDS) 
and patients with these chronic illnesses. 

Comparison of differential gene expression between Lyme 
disease patients with resolved versus persistent disease. No 
DEGs were significantly expressed at any single time point be
tween patients with resolved Lyme disease (n = 15) and patients 
with persistent symptoms, including both non-PTLDS and 
PTLDS patients (n = 13) (Table 2). A single DEG (GPR15) was 
found at VI when patients with resolved Lyme disease (n = 15) 
were compared with patients with PTLDS (n = 4) . When all of the 
time points were combined, a total of four different DEGs overall 
were identified in Lyme disease patients with persistent symptoms 
(non-PTLDS and/or PTLDS) compared to those with resolved 
disease, i.e., MIAT, CCDC163P, ZNF266, and GPR15. 

DISCUSSION 

We provide the first transcriptome analysis of B. burgdorferi infec
tion in Lyme disease patients, revealing a gene signature that per
sisted for at least 3 weeks following the acute phase of infection 
and had fewer than 44% DEGs in common with other infectious 
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V1 (acute Lyme disease diagnosis, pre-treatment) 

+3.889 

V2 (3 weeks later, following completion of treatment) 

VS (6 months after completion of treatment) 

FIG3 

or noninfectious syndromes. Notably, no differences in gene ex· 
pression were observed between Lyme disease patients with re· 
solved illness and those with persistent symptoms at 6 months, 
although larger cohort studies are needed to confirm this finding. 
The identification of a distinct and sustained transcriptome signa
ture in early Lyme disease may facilitate the development and 
validation of human gene expression biomarker panels to im
prove diagnostic testing in the future, in parallel with other pub
lished studies investigating cytokine (12) or metabolic (13) bio
signatures. 

To define the longitudinal transcriptome profile of patients 
with acute Lyme disease at O weeks, 3 weeks, and > 6 months, 

6 ~ o· mbio.asm.org 

unbiased RNA-Seq analysis was employed with the goal of inves
tigating the molecular basis of early and convalescent-phase Lyme 
disease. Potential advantages of RNA-Seq relative to microarrays 
include detection of low-abundance transcripts, a broader dy
namic range in detecting fold changes in gene expression, unbi
ased detection of novel isoforms and transcripts, and elimination 
of hybridization-based limitations such as background noise, sat
uration, and probe redundancy (14). However, the utility ofRNA
Seq data is dependent on a number of factors, including the num
ber and quality of samples, sequencing depth, and designated 
thresholds for gene expression and differential analyses. In this 
study, we estimated the statistical power as 98% when analyzing 
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FIG 4 Comparison of the Lyme disease transcriptome with transcriptomes corresponding to· other clinical illnesses or cell models. (A) Bar chart of the 
percentages of overlapping DEGs and canonical pathways between acute Lyme disease at Vl and other infectious diseases or in vitro cell culture models of 
infection. (B) Bar chart of the negative log of the P value of the enrichment score corresponding to selected pathways predicted to be involved in acute Lyme 
disease at V 1 compared to other bacterial and viral infections. (C) Bar chart of the percentage of overlapping DEGs and canonical pathways between Lyme disease 
patients at VS and three chronic and/or autoimmune syndromes (SLE, CFS, and RA). (D) Bar chart of the negative log of the Pvalue of the enrichment score from 
selected pathways predicted to be involved in Lyme. disease 6 months post-treatment (VS) compared to those from other chronic and/or autoimmune 
syndromes. The color scheme depicted is based on Z scores, with activation in orange, inhibition in blue, and undetermined directionality in gray. The red line 
represents a P value significance threshold of 0.05. 

samples at all three time points combined, 78% for samples col
lected at a single time point, and only 62% when considering a 
stratification of the Lyme disease cohort according to PTLDS sta
tus, serology, or the presence of disseminated lesions (15). 

The finding of a profound and sustained change in the tran
scriptome of acute Lyme disease patients refutes the idea that 
treatment and resolution of the infection result in a prompt return 
to a transcriptional baseline, as typically seen in the acute phase of 
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other infections (16). In addition, failure to return to a transcrip
tome baseline cannot be accounted for solely by patients with 
persistent symptoms, given that no DEGs were found comparing 
Lyme disease patients with resolved illness to those with persistent 
symptoms (Table 2) . Persistent transcriptional changes may be 
characteristic of not only Lyme disease but also a number of other 
infections. For example, viral clearance in hepatitis C patients did 
not result in normalization of the baseline transcriptome ( 17). To 
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our knowledge, this is first time that sustained changes in the 
human host transcriptome have been reported for a bacterial in
fection after treatment with appropriate antibiotics. Persistence of 
such a signature for at least 3 weeks following infection suggests 
that a clinical diagnostic test for acute Lyme disease based on host 
gene expression is feasible. Such a test would also directly address 
the current diagnostic gap created by the "window period" be
tween acute Lyme disease infection and the subsequent appear
ance of detectable antibody. 

Infection by B. burgdorferi drives a complex immune response 
with robust inflammation and overt clinical signs and symptoms 
in early stages of the disease (7). The eIF2 signaling pathway, 
found to be downregulated here during all stages of Lyme disease, 
plays a central role in protein synthesis in response to cellular 
stress (18). Intracellular bacterial pathogens such as Legionella 
pneumophila encode effectors that actively disrupt and downregu
late the eIF2 signaling pathway (19). However, Borrelia spiro
chetes are not known to enter cells during infection in vivo, nor are 
they thought to express such effectors (20) . Consistent with a pre
vious report (21 ), the eIF2 pathway in this study was also found to 
be downregulated in SLE as well as PTLDS patients. Inhibitors of 
the eIF2 pathway have been reported as potential therapeutic 
drugs for inflammatory bowel disease, and further studies are 
needed to assess whether eIF2 inhibitors may constitute potential 
targets for inflammatory sequelae of Lyme disease (22). Neverthe
less, it remains to be determined whether inhibition of the eIF2 
pathway in Lyme disease patients is caused directly by Borrelia
mediated immune dysregulation or is strictly a host response 
mechanism to limit tissue injury. 

The prominent TREMl signaling in acute Lyme disease ob
served here is consistent with previously published in vitro gene 
expression data of B. burgdorferi infection of human neural and 
primary monkeyglial cell lines (23). TREMl acts as an amplifier of 
the immune and inflammatory response in vivo (24), and modu
lation ofTREMl has been shown to impact a number of inflam
matory conditions, including septic shock, and acute dengue virus 
infection (25, 26). Our data also showed upregulation of more 
TLRs (TLR2, TLR4, TLR7, and TLR8) in acute Lyme disease than 
previously described (27). This broad upregulation is likely to be 
indirect, reflecting a general increase in TLR regulatory activity 
rather than direct association ofTLRs with B. burgdorferi proteins. 
In the present study, TNF-a was predicted to be a common up
stream regulator of the eIF2, TREM l, and TLR signaling path
ways. Notably, anti-TNF-a therapy has been proposed to reduce 
inflammation in the Jarisch-Herxheimer response to Borrelia re
currentis infection (28 ), and treatment was previously reported to 
be clinically efficacious in 4/4 patients with antibiotic-refractory 
Lyme arthritis (29). 

Comparisons with 15 previously published transcriptome data 
sets found that the greatest overlap of DEGs ( 44%) was with the 
transcriptome of PBMCs stimulated with B. burgdorferi in vitro. 
Although this observation is to be expected, given the same infec
tious agent and cell type, the only partial overlap likely reflects 
differences between in vivo or in vitro B. burgdorferi infections and 
underscores the critical importance of analyzing "real-life" clini
cal samples from patients in studies of disease pathogenesis. Given 
the lymphocytic infiltrates characteristic of Lyme disease, in con
trast with the suppurative lesions common to many bacterial in
fections (1), it is perhaps not surprising that the percentage of 
DEGs in Lyme disease patients also found in patients with acute 
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influenza was greater than that of DEGs also found in patients 
with other bacterial infections. Among bacterial infections, infec
tion with S. pneumoniae had the highest number of top canonical 
pathways in common with acute Lyme disease, consistent with 
similarities in virulence factors shared by S. pneumoniae and 
B. burgdorferi, such as lipoproteins, that produce shared IgM
mediated immunological responses (30) . 

Importantly, Lyme disease patients did not show any changes 
in the calcium-dependent T-cell apoptosis pathway, in contrast to 
the marked downregulation observed in other bacterial and viral 
diseases (Fig. 4B). In addition, an absence of significant DEGs 
linked to B-cell development in Lyme disease relative to other 
infections was observed. These findings suggest that Lyme disease 
may be associated with a smaller proportion of B and T cells in 
peripheral blood than other diseases. Interestingly, suppression of 
long-lived humoral responses has been observed in a mouse 
model of Borrelia infection (31). The absence of DEGs corre
sponding to B-cell maturation may also potentially explain why 
prior infection with B. burgdorferi is associated with a serological 
response yet does not appear to confer immunity to reinfection. 
Certain alleles of HLA genes have been previously reported to be 
associated with serological responses to Lyme disease infection 
(32). Here we found that upregulation of certain HLA genes 
(HLA-DQAl,HLA-DQBl, HLA-DRBS) is associated with serone
gativity in Lyme disease and may thus constitute potential diag
nostic biomarkers for seronegative patients. 

Following the acute phase of infection, recent treatment trials 
among patients with EM have estimated that approximately 10 to 
20% of patients treated for Lyme disease experience lingering 
symptoms that may progress to PTLDS, although the incidence 
can be as high at 50% (4). The pathogenetic mechanisms of 
PTLDS remain unknown, but autoantigens and/or central ner
vous system sensitization have been postulated to play a role (10, 
33-35). In our study, the relatively large proportion of post
treatment Lyme disease patients with persistent symptoms of fa 
tigue, widespread musculoskeletal pain, and/or cognitive dys
function ( 13 [ 46.4%] of 28) can be potentially accounted for by 
more stringent enrollment criteria at the time of presentation (re
quiring the presence of EM and concurrent influenza-like symp
toms rather than EM alone). This may have resulted in the selec
tion of patients with more severe disease and thus with an 
increased likelihood of persistent symptoms (36). Of note, ac
cording to the proposed formal case definition for PTLDS, which 
requires a functional decline in patients in addition to lingering 
symptoms, only4 ( 14.3%) ofour 28 patients met all of the criteria, 
within the range of the 10 to 20% frequency reported in the liter
ature ( 4). 

Notably, Lyme disease at 6 months post-treatment (VS) had 60 
and 31 % of their predicted pathways overall in common with SLE 
and RA, respectively. Circulating immune complexes have been 
identified as features common to all three conditions (37, 38). 
Symptoms of fatigue and cognitive impairment occur in a variety 
of chronic syndromes, including SLE, CFS, and PTLDS. Although 
some pathways were common to Lyme disease at VS and CFS, 
melatonin signaling, prominent in CFS, was not predicted to be 
involved in Lyme disease (Fig. 4D). As melatonin is a hormone 
that regulates the circadian rhythms of the sleep-wake cycle and 
thus is strongly linked to fatigue, the absence of increased melato
nin signaling suggests that the fatigue in Lyme disease patients 
with persistent symptoms is related to a different mechanism. 
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Overall, our results, showing only 18% of the DEGs and 34% of 
the pathways common to CFS and Lyme disease, are consistent 
with a proteomic study of cerebrospinal fluid that clearly discrim
inates between the two conditions (39). 

Transcriptome analysis of Lyme disease patients with persis
tent symptoms (non-PTLDS and/or PTLDS) versus those with 
resolved illness revealed an absence of DEGs at each of the three 
time points, with the sole exception of a single gene ( GPR15), 
which was upregulated at Vl in PTLDS patients relative to con
trols. Possible explanations for the overall lack of observed differ
ences include (i) lack of statistical power from low sample num
bers, (ii) sampling at designated time points instead of during 
periods of peak symptomatology, and (iii) that transcriptome 
profiling of PBMCs in blood is insufficient to discriminate be
tween Lyme disease patients with persistent symptoms and those 
with resolved illness. Larger studies with increased sampling res
olution are needed to establish whether there are indeed any de
tectable differences in gene expression between these two groups. 

MATERIALS AND METHODS 
Patient information. Patient enrollment, collection of clinical data and 
biological samples, and analysis of clinical samples by transcriptome pro
filing were done under protocols approved by the Institutional Review 
Boards of Johns Hopkins University and the University of California, San 
Francisco. Written informed consent was received from all participants 
prior to inclusion in this study. 

All 29 participants with Lyme disease included in this study presented 
with a physician-documented EM rash of 2':S cm and concurrent 
influenza-like symptoms that included at least one of the following; fever, 
chills, fatigue, headache, and/or new muscle or joint pains. At the time of 
enrollment, all of the participants with Lyme disease were treatment naive 
and subsequently underwent 3 weeks of doxycycline therapy between the 
first and second follow-up visits. All 29 subjects with Lyme disease were 
enrolled at the same geographic location (an outpatient clinic in Mary
land) in a single season, from I May to 23 November 2009, with follow-up 
visits 3 weeks and 6 months after the first visit. Controls were matched by 
age and gender and enrolled from the same physician practice as case 
participants and across different seasons to account for seasonal varia
tions in the transcriptome. Two-tier antibody testing for Lyme disease by 
whole-cell sonicate enzyme immunoassay, followed by IgM/IgG Western 
immunoblot assays, was performed for all patients and controls by a clin
ical reference laboratory (Quest Diagnostics) . Seropositivity was assessed 
according to established CDC criteria ( 40) by the investigators (A.R. and 
J.A.) who enrolled and provided clinical care for the patients enrolled in 
this study. All control subjects were required to have a negative Lyme 
disease antibody test in order to be enrolled in this study. We screened 
both patients and controls prior to enrollment for a history of chronic 
fatigue, fibi:omyalgia, autoimmune, immunodeficiency, neurologic, psy
chiatric, and malignancy disorders, in which case they were excluded from 
the study. Prospective case patients and controls were also excluded if they 
had a prior documented history of Lyme disease and/or if they had previ
ously received the Lyme disease vaccine. 

Controls were enrolled primarily during the winter and spring sea
sons, while most Lyme disease patients were enrolled in summer during 
the peak season for tick bites, a difference that was statistically significant 
(P < 0.03) (Table I). Nonetheless, the differences in seasonal sampling 
did not result in gene expression'bias, as shown by the absence of seasonal 
clustering by PCA of the overall gene expression of the 13 controls (see Fig. 
S2b in the supplemental material) . In addition, an intragroup comparison 
of eight controls sampled during the winter and five controls sampled 
during other seasons did not yield any significant DEGs (Table 2). 

PBMCs from whole-blood samples at VI (the acute phase of infection, 
prior to initiation of antibiotic treatment), V2 (3 weeks later, at the time of 
treatment completion), and VS (6 months following treatment comple-
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tion) were analyzed in this study (Fig. IA). V2 and VS were specifically 
chosen for analysis because fever and rash from acute Lyme disease typi
cally resolve by completion of treatment (V2), while chronic persistent 
symptoms are clinically apparent after 6 months (VS). 

The presence of persistent symptoms in Lyme disease patients at VS 
was assessed by using a standardized case definition proposed by the In
fectious Diseases Society of America ( 6, 11) that incorporates the presence 
of at least one of the following: new-onset fatigue, widespread musculo
skeletal pain, or cognitive dysfunction. For a diagnosis of PTLDS, patients 
were also required to have a composite score of :s;4s.oo on four subscales 
of the SF-36, a measurement of health-related quality oflife (6) (Fig. IB). 
The chi-square test was used to evaluate the statistical significance of dif
ferences between independent samples in one or more categorical vari
ables, while Welch's ttest was used for continuous variables. 

Sample processing. PBMCs were isolated from fresh whole blood 
with Ficoll (Ficoll-Paque Plus; GE Healthcare), and total RNA was ex
tracted from 107 PBMCs with TRizol reagent (Life Technologies). mRNA 
was isolated with the Oligotex mRNA minikit (Qiagen) . The ScriptSeq 
RNA-Seq library preparation kit (Epicentre) was used to generate RNA
Seq libraries according to the manufacturer's protocol. Libraries were 
sequenced as 100-bp paired-end runs on a HiSeq 2500 (Illumina). One 
hundred samples from the first cohort (29 patients at three time points 
and 13 control subjects, matched by age, sex, and geography) were mixed 
and blindly processed in three batches. Three samples, Ol-36_ V2, 01-
42_ V2, and 01-51_ VI, were not included in the pooled analysis because of 
insufficient read counts and transcriptome coverage (see Fig. SI in the 
supplemental material). No batch effect was observed by PCA of the 
global expression of all 25,278 genes (see Fig. 56 in the supplemental 
material). 

Next-generation sequencing data analysis. Paired-end reads were 
mapped to the human genome (hgl9), followed by annotation of exons 
and calculation of FPKM (fragments per kilobase of exon per million 
fragments mapped) values for all 25,278 expressed genes with version 2 of 
the TopHat-Cufflinks pipeline ( 41 ). Differential expression of genes was 
calculated by using the variance modeling at the observational level trans
formation (42), which applies precision weights to the matrix count, fol
lowed by linear modeling with the Limma package ( 43) . Genes were con
sidered to be differentially expressed when the change was greater than 
:!:: LS-fold, the P value was <0.05, and the adjusted P value (or false
discovery rate, FDR) was <O. l % ( 44) . Pathway and network analyses of 
the transcriptome data were performed with Ingenuity Pathway Analysis 
(IPA) software ( Qiagen) ( 45). The molecule activity predictor tool in the 
IPA software was used to predict the upstream and/or downstream acti
vation or inhibition of a given pathway. The P value of the enrichment 
score was used to evaluate the significance of the overlap between ob
served and predicted gene sets, while the activation Z score was used to 
assess the match between observed and predicted patterns of upregulation 
and downregulation. The statistical significance of the difference in gene 
expression levels was determined with Welch's ttest for independent sam
ples by two-group comparisons. The statistical power for the transcrip
tome study was determined according to the algorithm developed by Hart 
et al. (IS), with the use ofa generalized linear model on normalized FPKM 
data instead of a negative binomial distribution on raw gene count data. 
The generalized linear model has been reported to be more reliable for 
differential analysis of data sets with small sample sizes ( 41, 43). 

Comparison of RNA-Seq and microarray data. Microarray tran
scriptome data were downloaded from public servers (http:!/ 
www.ncbi.nlm.nih.gov/geo) and include expression sets GSE12108, 
GSE2405, GSE42606, GSE8650, GSE6269, GSE6092, GSE14577, and 
GSE15573 (46-52). Raw data were extracted and preprocessed by using 
the Robust Multichip Average algorithm (53). Differential expression was 
calculated with the Limma package ( 43 ), which is applicable for analysis of 
both RNA-Seq and microarray data ( 42, 43). Genes were considered to be 
differentially expressed when the change was greater than :!:: LS-fold, the 
P value was <0.05, and the FDR was <O. l %, in accordance with conven-
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tional thresholds ( 44). Microarray data were not available for one study of 
in vitro B. burgdorferi infection (23), so tables ofDEGs were used as pro
vided instead, incorporating a change of greater than ±: 1.5-fold as a 
threshold cutoff for differential expression. 

Data availability. All of the transcriptome data obtained in this study 
have been submitted to the Gene Expression Omnibus data repository 
under accession number GSE63085. 

SUPPLEMENTAL MATERIAL 
Supplemental material for this article may be found at http://mbio.asm.org/ 
lookup/suppl/ doi: l 0.1128/mBio.00100-16/-/DCSupplemental. 

Table Sl, XLSX file, 0.01 MB. 
Table S2, XLSX file, 0.04 MB. 
Figure SI, Al file, 1.2 MB. 
Figure S2, Al file, 0.1 MB. 
Figure S3, Al file, 0.2 MB. 
Figure S4, PDF file, 1.2 MB. 
Figure SS, PDF file, 4.9 MB. 
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ABSTRACT: The Borrelia burgdo,feri spirochete is the causa
tive agent of Lyme disease, the most common tick-borne 
disease in the United States. The low abundance of bacterial 
proteins in human serum during infection imposes a challenge 
for early proteomic detection of Lyme disease. To address this 
challenge, we propose to detect membrane proteins released 
from bacteria due to disruption of their plasma membrane 
triggered by the innate immune system. These membrane 
proteins can be separated from the bulk of serum proteins by 
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disease patients 

(} 0 High speed 

ee~on 

Multiple 
r@action 

monitoring --
#1 #2 #3 

Lyme patient 

high-speed centrifugation causing substantial sample enrichment prior to targeted protein quantification using multiple reaction 
monitoring mass spectrometry. This new approach was first applied to detection of B. burgdo,feri membrane proteins 
supplemented in human serum. Our results indicated that detection of B. burgdo,feri membrane proteins, which are ~107 lower 
in abundance than major serum proteins, is feasible. Therefore, quantitative analysis was also carried out for serum samples from 
three patients with acute Lyme disease. We were able to demonstrate the detection of ospA, the major B. burgdo,feri lipoprotein 
at the level of 4.0 frnol of ospA/ mg of serum protein. The results confirm the concept and suggest that the proposed approach 
can be expanded to detect other bacterial infections in humans, particularly where existing diagnostics are unreliable. 

L yme disease is a multiorgan tick-borne disease caused by 
spirochetes of the genus Borrelia. Borrelia burgdo,feri is the 

prototypical Lyme disease spirochete in North America. 1
'
2 If 

left untreated, Lyme disease may lead to neurological and 
rheumatic manifestations that may last for years and adversely 
affect health-related functioning. Various post-treatment Lyme 
disease symptoms that may be severe and chronic have been 
described as well.3 Overall, Lyme disease and post-treatment 
Lyme disease symptoms are associated with significant health 
care costs.4 

Unfortunately, the diagnosis of Lyme disease at it earliest 
stage is most often based upon clinical manifestations only 
including presence of the primary skin lesion, called erythema 
migrants. Confirmatory laboratory testing is limited to 
serological tests for the presence of antibodies that react to 
B. burgdo,feri antigens. However, serology is hampered by the 
long time of analysis. It generally takes 3-6 weeks before 
Borrelia-specific antibodies can be detected. In addition, various 
species-specific factors likely lower the sensitivity and specificity 
of serological tests, which may be misinterpreted and have false 
negatives or positives.3 Molecular assays to detect B. burgdotferi 
based on polymerase chain reaction (PCR) on DNA extracted 
from tissue or fluid specimens have also been described3

•
5

-
7 but 

are currently performed only for confirmation and research 
purposes. A drawback of using PCR is that B. burgdo,feri DNA 
can be detected in samples long after spirochetes are no longer 

'V ACS Publications © 2015 American Chemical Society 11383 

viable.8 Thus, a positive PCR result can be valuable for early 
detection but needs to be interpreted with caution when effi
ciency of treatment and post-treatment symptoms are evaluated. 

In addition to DNA, unique B. burgdo,feri proteins can be 
targets of molecular assays. We have previously used a well
established mass spectrometry-based assay, multiple reaction 
monitoring (MRM), to detect and quantify target proteins.9 -

12 

MRM assay relies on stable isotope-labeled internal standards 
added to the biological sample and is typically performed on a 
triple quadrupole mass spectrometer. Current instrumentation 
allows for the measurement of many proteins in a single sample, 
making MRM an ideal assay to perform high-throughput mea
surements on a panel of target proteins.13

-
15 Successful 

application of the MRM assay for detection of Borrelia proteins 
in human skin biopsies has been recently reported;1 6 however, 
direct MRM assay in human blood or serum for early detection 
of Lyme disease poses additional challenges due to the extremely 
low abundance of total circulating Borrelia proteins. 

In the present study, we capitalize on the fact that human 
serum is a cell-free substance which does not have membrane 
vesicles under normal conditions. Bacterial infection triggers 
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various defense mechanisms including those of the innate 
immune system, which can disrupt the integrity of the bacterial 
wall. 17 Broken B. burgdo,feri cells 18

'
19 can release membrane 

vesicles populated with membrane proteins into the serum. 
These membrane vesicles can be separated from the bulk of 
soluble serum proteins by high-speed centrifugation and can be 
a ready source of unique membrane proteins for MRM detec
tion of B. burgdo,feri infection. As an initial proof of concept, we 
have been able to quantify the B. burgdo,feri membrane protein 
ospA in the serum of Lyme disease patients. We believe this 
approach can be expanded to detection of many bacterial 
infections in humans, particularly where existing diagnostics are 
unreliable. 

• EXPERIMENT AL SECTION 

Borrelia Extracts. Low-passage-number B. burgdo,feri strain 
B31 was grown in modified Barbour-Stoenner-Kelly II 
medium at 34 °C. Bacteria are harvested from log phase cul
tures, washed in PBS, sonicated, and filtered as described.20 

Protein concentration was adjusted to 1 mg/ mL, and the 
protein was frozen at -80 °C. 

Lyme Disease Patient Serum. Serum samples were ob
tained from three patients with early, untreated Lyme disease at 
the time of diagnosis (first visit) and 2 months later on the 
third visit. All patients had a physician-observed erythema 
rnigrans rash at time of the first visit, as well as a recent history 
of flulike symptoms, including fever, fatigue, and/or muscu
loskeletal pain. Two of the three patients were positive on 
standard, commercial two-tier serologic testing at the time of 
enrollment, and the third seroconverted during treatment and 
was positive at repeat testing 3 weeks later. Control samples 
were obtained from nonhospitalized individuals with no prior 
history of Lyme disease. Handling of serum for sample pro
cessing conformed to University of Maryland regulations. All 
data were analyzed anonymously. Demographic information 
on the deidentified donors is summarized in the Supporting 
Information Table SL 

Two-Dimensional Polyacrylamide Gel Electrophoresis 
(PAGE). The first dimension of separation was performed on 
7 cm strips with 3-10 immobilized pH gradient using a PROTEAN 
IEF cell (Bio-Rad Laboratories, Hercules, CA). The strips were 
rehydrated with 125 pL of a protein solution in 2 mol/L 
thiourea, 7 mol/L urea, 4% CHAPS, 0.5% ASB-14, 0.2% of 
(3-10) BioLytes, and bromophenol blue. Isoelectric focusing 
was conducted at 50 V for 12 h, linearly increased over 2 h to a 
maximum of 4000 V, and then run to accumulate a total of 
20 000 V /h. For the second dimension, the immobilized pH 
gradient strips were equilibrated for 15 min in 50 mmol/L 
Tris-HCI (pH 8.8), 6 mol/L urea, 30% glycerol, 2% sodium 
dodecyl sulfate (SDS), and bromophenol blue. The strips were 
then embedded in 0.7% (w/v) agarose on the top of9% home
made polyacrylamide gels and proteins were separated by 
SDS-PAGE. In some experiments, 8-16% mini-PROTEAN 
TGX gels from Bio-Rad were used as well. All gels were stained 
with a Pierce silver stain kit for mass spectrometry. 

In-Gel Protein Identification. Silver-stained gel pieces 
were excised and destained in accordance with the manufac
turer's protocol. In-gel digestion was then carried out with a 
sequencing grade modified trypsin (Promega, Madison, WI) in 
25 mmol/L NH4HC03 (pH 7.9) for 15 h at 37 °C. After 
digestion, samples were dried, and dissolved in 5 mg/mL 
a-cyano-4-hydroxycinnarnic acid in 50% acetonitrile containing 
0.1 % trifluoroacetic acid (TFA). After spotting onto an ABI 

11384 

MM 
01-192-6-AB target plate, the MS analysis was performed using 
an AB4700 proteomics analyzer (Applied Biosystems, Framing
ham, MA). All matrix-assisted laser desorption ionization 
(MALDI) mass spectra were internally calibrated using the 
monoisotopic masses of the autolysis peptides of trypsin at 
842.51 and 2211.10. Automated combined acquisition of MS and 
MS/ MS data was controlled with 4000 Series Explorer software 
3.0. Data analysis was performed with GPS Explorer software 3.5 
utilizing Mascot 2.0 (MatrixScience, London, U.K) as the search 
engine. During searching, the mass tolerance was 0.08 Da for the 
precursor ions and 0.2 Da for the fragment ions. A protein was 
listed as identified protein when the MOWSE score was higher 
than a MOWSE score at which statistical significance (p < 0.05) 
occurred for that particular search. 

15N-Labeled QconCAT Expression, Purification, and 
Characterization. The quantification concatamer ( Qs:on
CAT) is an artificial protein composed of concatenated tryptic 
peptides from targeted proteins and used as an internal stan
dard for quantification of these targeted proteins by MRM. The 
amino acid sequence of a Qs:onCAT designed for quantification 
of B. burgdo,feri proteins was coded into the corresponding 
DNA sequence and incorporated into the pET2la expression 
vector, with codon optimization for Escherichia coli (Biomatik, 
Cambridge, Ontario). The plasmid was transformed into One 
Shot BL21 (DE3) competent E. coli cells (Invitrogen, Grand 
Island, NY) and grown in M9 minimal media with 1 g/L 
15NH4Cl (Cambridge Isotope Laboratories, Andover, MA) as 
the sole nitrogen source at 37 °C until the optical density 
reached 0.6-0.8 at 600 nm. Protein expression was induced by 
0.5 mmol/L isopropyl /J-n-1-thiogalactopyranoside. After 3 h of 
growth, the cells were harvested by centrifugation at 5000g for 
10 min and resuspended in 0.1 mmol/L dithiothreitol (DTT) 
and sonicated. Following centrifugation at 35 OOOg for 30 min, 
the supernatant was discarded and the pellet which contained 
the QconCAT was resuspended in 100 mmol/L Na2HP04/ 

10 mmol/L Tris-HCl (pH 8.0) containing 8 mol/L urea and 
10 mmol/L imidazole. The suspension was centrifuged at 
20 OOOg for 10 min, and the supernatant was used for QconCAT 
purification. 

Purification of 6xHis-tagged Qs:onCAT was performed using 
Ni-NTA agarose resin by the gravity-flow method (Qjagen, 
Valencia, CA). The binding, washing, and eluting buffers were 
100 mmol/L Na2HP04/10 mmol/L Tris-HC! (pH 8.0) con
taining 8 mol/L urea and 10, 30, and 100 mmol/L imidazole, 
respectively. The eluted fraction was concentrated and buffer
exchanged to 100 mmol/L Na2HP04/ 10 mmol/L Tris-HCI 
(pH 8.0) containing 6 mol/L urea using an Amicon filter 
(30 kDa MWCO, Millipore, Billerica, MA). The Qs:onCAT 
concentration was subsequently determined by a BCA protein 
assay with bovine serum albumin as a standard (Thermo 
Scientific, Waltham, MA). QconCAT expression and purifica
tion were evaluated with SDS-PAGE and mass spectrometry 
analysis on a 4700 proteomics analyzer. The isotope incor
poration was determined at the peptide level after digestion of 
the purified Qs:onCAT with trypsin. MALDI spectra of three 
representative peptides were imported to Isotopic Enrichment 
Calculator (http: //www.nist.gov/ mml/bmd/ bioanalytical/ 
isoenrichcalc.cfrn),21 and the mean value was higher than 
99% of 15N incorporation. This was accepted as a complete 
labeling and no correction was applied to the data. 

Processing of Human Serum Samples. To prove the 
concept, 1 mL samples of normal human serum ( cat. no. 
S-7023, Sigma-Aldrich, St. Louis, MO) were supplemented with 

DOI: 10.1021/acs.analchem.Sb02803 
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Figure 1. Two-dimensional PAGE pattern of B. burgdo,feri proteins. 
The first and second dimensions were performed on 7 cm pH 3-10 
immobilized pH gradient strips and 9% polyacrylamide slab gel, 
respectively. After separation, proteins were detected by silver staining. 
The proteins identified in the numbered spots are integral outer 
membrane protein P66 ( no. 1), aminopeptidase 1 ( no. 2), basic 
membrane protein A (no. 3), outer surface protein A (no. 4), 
chaperone protein Dnak (no. 5), 60 kDa chaperonin (no. 6), enolase 
(no. 7), and glyceraldehyde 3-phosphate dehydrogenase (no. 8). 

3.0, 1.0, 0.3, 0.1, 0.03, or 0.01 pg of total B. burgdo,feri protein. 
The membrane proteins were pulled down by high-speed 
centrifugation at 106 OOOg for 60 min at 4 °C. The membrane 
pellet was then resuspended in 1 mL ofO.l mol/L Na2C03 and 
centrifuged at 179 OOOg for 60 min at 4 °C. The Na2C03 

washed membrane pellet was resuspended in 150 pL of 
25 mmol/L NH4HC0il% SDS/10 mmol/L DTT and supple
mented with 15 pmol of QconCAT. The mixture was incubated 
at room temperature for 60 min to allow reduction of cysteines 
and then treated with 55 mmol/L iodoacetamide for another 
60 min to alkylate the reduced cysteines. Alkylated samples 
were precipitated with chloroform/methanol22 to deplete salts, 
urea, and SDS from the samples. Protein pellets were then soni
cated in 100 pL of 25 mmol/L NH4HC0i0.1% RapiGest SF 
surfactant (Waters, Milford, MA) and treated with trypsin for 
15 h at 37 °C. The substrate/trypsin ratio was 10:1 (w/w). 
After trypsin digestion, the samples were treated with 0.5% 
TFA for 30 min at 37 °C to break down acid-cleavable 
RapiGest. The insoluble byproduct of RapiGest was then 

i+fi@M 
removed by centrifugation at 106 OOOg for 30 min. After 
centrifugation, the supematants were dried using a vacuum 
centrifuge (Vacufuge, Eppendorf AG, Hamburg, Germany). 

Human serum samples from control and Lyme disease 
patients ( 1 mL each) were processed as described above without 
supplementation with spirochete proteins, but supplemented 
with 3 pmol of QconCAT. 

Liquid Chromatography-Tandem Mass Spectrometry 
(LC-MS/MS) Analysis. Dried peptides were reconstituted in 
30 pL of 3% acetonitrile/97% water containing 0.1 % formic 
acid and 5 pL were used for each LC-MS/MS run. Instru
mental analyses were performed on an Agilent Zorbax Eclipse 
Plus Cl8 RRHD column (2.1 mm X 50 mm, 1.8 pm particle) 
coupled to an Agilent 6490 triple quadrupole LC/MS system 
(Santa Clara, CA). Peptides were eluted over a 35 min gradient 
from 5% to 80% acetonitrile containing 0.1 % formic acid at a 
flow rate of 200 pL/ min. The gradient settings were 5-10% 
solvent B in 5 min, 10-30% solvent B in 25 min, 30-80% 
solvent B in 5 min, then returned to 5% .solvent B in 5 min. 
Solvent A was water containing 0.1 % formic acid, and solvent B 
was 100% acetonitrile with 0.1% formic acid. The acquisition 
method used the following parameters in positive mode: 
fragmentor 380 V, electron multiplier 500 V, and capillary 
voltage 3500 V. Collision energy was optimized for each peptide 
using the default equation from Agilent, CE= 0.036 m/z - 4.8. 
Dwell time for all transitions was set at 120 ms. 

Data Analysis. MRM peak area integration was performed 
using Agilent MassHunter Qualitative Analysis B.06. Excel was 
used to calculate peak area ratios. Peak integration was manu
ally inspected and adjusted if necessary. The peak ratios from 
transitions were averaged to yield the peptide ratios. All experi
ments were performed in duplicate with three replicate injec
tions to assess error and reproducibility. Data is represented as 
the mean ± SD. 

• RESULTS AND DISCUSSION 

Selection of Target B. burgdorferi Proteins and Design 
of a QconCAT. Our primary focus was on those B. burgdo,feri 
proteins that demonstrate the highest abundance and possess 
unique sequence. We have used a cultured B. burgdo,feri B31 
isolate A3. Figure 1 shows a two-dimensional (2D) gel pattern 

Table 1. Quantification of B. burgdo,feri Proteins Supplemented in the 1 mL of Human Serum 

supplementation, µg of B. burgdorferi protein/mL of human serum 

3.0 1.0 0.3 0.1 0.03 0.01 

protein/peptide concn, pmol of a protein/mg of B. burgdorferi protein a av concn 

ospA 4220 ± 349 
YDLIATVDK 4073 ± 437 4974 ± 1040 3874 ± 559 3862 ± 1548 ndb nd 

EGTVTLSK 4093 ± 258 4749 ± 82 3994 ± 278 nd nd nd 
GYVLEGTLTAEK 4345 ± 187 4419 ± 514 3983 ± 492 4014 ± 483 4254 ± 1166 nd 

fla 987 ± 125 
NNGINAANLSK 843 ± 128 1056 ± 49 1062 ± 136 nd nd nd 

p66 302 ± 60 

STYYGFPSNDR 293 ± 53 311 ± 79 237 ± 58 nd nd nd 
LDLTFAIGGTGTGNR 270 ± 17 296 ± 13 354 ± 22 nd nd nd 
NLLDQNEDTK 237 ± 14 294 ± 20 430 ± 53 nd nd nd 

ospC 83 ± 6 
EVEALLSSIDEIAAK 77 ± IO 85 ± 21 88 ± 16 nd nd nd 
bmpA 79 ± 7 
ALNIFTSNHLK 81 ± 39 77 ± 21 nd nd nd nd 

a All experiments were performed in duplicate with three replicate injections. Data is presented as the mean± SD. bnd means not detected. 
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for the whole homogenate of this prototypical B. burgdo,feri. 
On the basis of silver staining, the list of most abundant 
proteins includes integral outer membrane protein P66 (p66), 
aminopeptidase 1 (apeA), basic membrane protein A (bmpA), 
outer surface protein A (ospA), chaperone protein Dnak 
(dnaK), 60 kDa chaperonin (groL), enolase (eno), and glycer
aldehyde 3-phosphate dehydrogenase (gap). The identification 
statistic of these proteins is summarized in the Supporting 
Information Table S2. For all of these identifications, the 
MOWSE score from Mascot software (http:/ /www.matrixscience. 
com/ search _form _select.html) search was higher than the score 
at which statistical significance (p < 0.05) occurred for that 
particular search. Identified proteins also correspond well to the 
expected molecular mass and PI values. 

To be selected as a target protein for B. burgdo,feri detection 
in human serum, the protein amino acid sequence has to be 
distinguishable from any human protein(s). BLAST (http:// 
blast.ncbi.nlm.nih.gov/Blast.cgi) and LALIGN (http://www.ch. 
embnet.org/ software/LALIGN _form.html) searches revealed 
that dnaK, groL, eno, and gap proteins from B. burgdo,feri have 
high level of homology with corresponding human proteins and 
cannot be used for selective B. burgdo,feri detection. Four other 
proteins, p66, apeA, bmpA, and ospA, have amino acid sequences 
that can generate multiple tryptic peptides, which are unique and 
will identify B. burgdo,feri unambiguously. Although not 
observed in our two-dimensional gel, three more B. burgdo,feri 
proteins, namely, outer surface protein C ( ospC), flagellar 
filament 41 kDa core protein (fla), and DNA-binding protein 
HU (hup), have also attracted our attention. These proteins were 
previously reported as abundant B. burgdo,feri proteins 16

•
23

-
26 

and have unique tryptic peptides for selective detection of 
B. burgdo,feri. Consequently, the list of tryptic peptides for the 
seven B. burgdo,feri proteins was generated in silico. On the basis 
of published rules,9 peptides acceptable for MRM analysis were 
selected and compiled into a Qs:onCAT sequence (Supporting 
Information Figure Sl) . The 15N-labeled Qs:onCAT was ex
pressed, purified, and characterized (Supporting Information 
Figure S2). 

While this QconCAT was designed to quantify B. burgdo,feri 
only, it is important to note that the target proteins possess 
many tryptic peptides which are not only species-selective, but 
are also strain-selective. This means it is possible to design 
Qs:onCATs, which will allow selective quantification of specific 
Borrelia species ( such as B. burgdo,feri, B. garinii, B. afzelli, etc.) 
in one LC-MS/MS run. Selective quantification of specific 
strains of B. burgdo,feri is possible as well. 

Detecting 8. burgdorferi Membrane Proteins Supple
mented in the Human Serum. We hypothesized that, upon 
bacterial infection, the broken bacterial cells would generate 
outer membrane vesicles populated with membrane proteins 
and become the source of membrane proteins in the serum. 
Five B. burgdo,feri proteins included in the Qs:onCAT are mem
brane proteins: p66 is a single pass transmembrane protein; 
bmpA, ospA, and ospC have an N-terminal lipid anchor; apeA 
was recovered from a membrane fraction. 24 Previously, we have 
demonstrated that washing the membrane pellet with 0.1 mol/L 
Na2C03 can enrich the sample with those membrane proteins 
which were not detectable in membrane pellet after high-speed 
centrifugation. 10 However, prior to applying 0.1 mol/L Na2C03 

washing to our samples, we confirmed that this washing step 
does not cause loss of the target proteins. Visual comparison of 
p66, apeA, bmpA, and ospA staining on the two-dimensional gels 
shows no changes in the amount of these proteins before and 
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Figure 2. Extracted ion chromatograms and MRM transitions ratio 
monitored for ospA in the serum from Lyme disease patients, collected 
at the time of first visit. Data are presented for the YDLIATVDK (A), 
EGTVTLSK (B), and GYVLEGTLTAEK (C) peptides. Heavy and 
light versions of peptides represent QconCAT and endogenous ospA, 
respectively. Overlaid extracted ion chromatograms and bars for 
transitions ratio are color-coordinated. For transitions ratio, the most 
intensive transition was taken as a 100 and intensities of other 
transitions were plotted as a portion of a 100. Measurements were 
performed in duplicate for three Lyme disease patients with three 
analytical replicates. 
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Table 2. Quantification of ospA in the Serum from Lyme Disease Patients Collected on Their First Visit 

&no! of ospNmg of serum protein a 

15N / 14N ratio & patient no. 1 patient no. 2 patient no. 3 av consensus 

YDLIATVDK 16.3 ± 4.0 2.4 ± 0.5 3.3 ± 0.6 3.0 ± 0.6 2.9 ± 0.6 3.8 ± 0.4 

EGTVTLSK 14.7 ± 5.4 3.7 ± 1.4 4.l ± l.6 2.7 ± l.O 3.5 ± l.4 

GYVLEGTLTAEK 9.4 ± 2.5 5.4 ± 1.4 5.8 ± 0.8 4.2 ± l.O 5.1 ± l.3 

a All experiments for three patients were performed in duplicate with three replicate injections. Data is presented as the mean ± SD. b Average ratio 
shows the proportion between 15N-labeled internal standard and 14N-analyte signal intensities. 

after 0.1 mol/L Na2C03 washing (Supporting Information 
Figure 53). At the same time, measurement of the total protein 
in these samples shows that washing with 0.1 mol/L Na2C03 

removed 57% of the total protein, resulting in approximately 
2-fold sample enrichment with target proteins. Such a step is 
important for detection of low-abundance proteins. 

To prove the proposed concept, we supplemented l mL of 
normal human serum with various amount of total bacterial 
protein obtained from B. burgdoiferi B31 isolate A3. The mem
brane proteins were pulled down by high-speed centrifugation 
and washed with 0.1 mol/L Na2C03. The washed membrane 
pellet was supplemented with 15N-labeled QconCAT, and mass 
spectrometry analysis was focused on detecting B. burgdoiferi 
proteins included in the Qs:onCAT. The quantitative data are 
summarized in Table l. Two proteins, apeA and hup, were not 
detected in these experiments and are not included in Table l. 
Qµantification of five other proteins for different added amounts 
of total B. burgdoiferi protein was consistently reproducible with 
the SD generally under 20% of the mean value. The lowest 
detection for these proteins concurs well with their relative 
abundance in B. burgdoiferi. For example, bmpA with an average 
concentration 79 ± 7 pmol/mg of total B. burgdoiferi protein 
was detected at l pg supplementation while ospA with an average 
concentration 4220 ± 349 pmol/mg of total B. burgdoiferi 
protein was detected at 0.03 pg supplementation. None of 
the proteins was detected for 0.01 pg supplementation of total 
B. burgdoiferi protein. The data in Table l allow two simple 
calculations. First, the molecular mass of ospA is 29.4 kDa 
and the concentration 4220 pmol of ospA per mg of total 
B. burgdoiferi protein means that ospA represents approximately 
12% of total protein in B. burgdoiferi B31 isolate A3. Second, 
0.03 pg supplementation represents approximately 4 ng of ospA 
This amount was supplemented into l mL of human serum, 
which has 60 mg of total protein. The resulting dynamic range 
between 60 mg/mL and 4 ng/mL is 1.5 X 107

. We believe this 
would be the largest dynamic range reported for quantitative 
measurements of a target protein in the human serum. Overall, 
the developed protocol for quantitative analysis of bacterial 
membrane proteins in human serum encouraged us to proceed 
to measurements' of serum samples from control and Lyme 
disease-diagnosed patients. 

Detecting B. burgdorferi Membrane Proteins in the 
Serum of Lyme Disease-Diagnosed Patients. There is a 
well-documented diversity of the spirochetes protein expression 
pattern in response to changing environmental factors. 23

•
25

-
29 

In the previous section, we have used a clonal and low-passage 
infectious B. burgdorferi B31 isolate A3 to optimize the serum 
processing protocol and detecting of spirochetes proteins 
supplemented in human serum. The average protein concen
trations presented in Table l are correct for this specific isolate 
and its cultured conditions. For example, average concentration 
for ospC at 83 pmol/mg of total B. burgdoiferi protein is SO-fold 
lower than concentration for ospA, which is 4220 pmol of ospA 
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per mg of total B. burgdoiferi protein. This explains why we do 
not see ospC in our 2D-PAGE images (Figure 1 and Supporting 
Information Figure 53). However, previously published 2D
PAGE images of a different isolate of B. burgdoiferi B3 l 24 show 
approximately equal levels of expression for both proteins. 
Therefore, when approaching measurements in human serum 
from naturally infected patients, we decided to track all proteins 
included in QconCAT no matter how abundant they are in the 
B. burgdoiferi B3l isolate A3. 

In our measurements, we used l mL size serum samples from 
control patients and from Lyme disease patients, collected at 
the time of their first and third visits ( Supporting Information 
Table Sl). We did not detect B. burgdoiferi proteins in the 
control and third visit samples, but we were able to detect 
ospA in the Lyme disease samples, collected at the time of first 
visit. Detection has been made based on three ospA peptides 
(Figure 2): YDLIATVDK (two transitions), EGTVTLSK (two 
transitions), and GYVLEGTLTAEK. (three transitions). It is 
important to emphasize that the relative ratios of these transi
tions for every pair of labeled and nonlabeled peptides were 
almost identical (Figure 2). This confirms that ospA quanti
fication is not affected by nonspecific interference from the 
biological sample. In the contrast to supplementation experi
ments, we cannot normalize these measurements to the amount 
of the total B. burgdoiferi protein. However, taking a value of 
60 mg of serum protein/mL, we can normalize ospA measure
ments to a mg of total serum protein. On the basis of 
YDLIATVDK., EGTVTLSK, and GYVLEGTLTAEK peptides, 
we have detected an average concentration of ospA as 2.9 ± 
0.6, 3.5 ± 1.4, and 5.1 ± 1.3 fmol of ospA/mg of serum protein 
for three Lyme disease patients, respectively (Table 2). As a 
consensus, it brings us to the detection limit on the level of 
approximately 4.0 fmol of ospA/mg of serum protein. 

• CONCLUSIONS 

In the summary, broken bacterial cells may be a source of 
membrane proteins in human serum during early bacterial 
infection with B. burgdoiferi. Targeting these proteins is strongly 
supported by the fact that a simple experimental step such as 
high-speed centrifugation allows substantial enrichment of the 
sample before LC-MS/MS analysis. Therefore, detection of 
proteins, whose abundance is ~107 lower than abundance of 
major serum proteins, became feasible. We report here a proof 
of concept based on detecting ospA protein in the serum 
from patients diagnosed with Lyme disease, and we believe 
that this approach may be universally applicable to detection of 
other bacterial infections in human serum. We anticipate that 
future investigations with additional serum samples will fur
ther substantiate this approach and expand its potential range of 
applications. 
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