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Borrelia burgdorferi elicits a potent cytokine response through activation of multiple signaling receptors on innate immune
cells. Spirochetal lipoproteins initiate expression of NF-�B-dependent cytokines primarily via TLR2, whereas type I interferon
(IFN) production is induced through the endosomal receptors TLR7 and TLR9 in human dendritic cells and TLR8 in monocytes.
We demonstrate that DNA and RNA are the B. burgdorferi components that initiate a type I IFN response by human peripheral
blood mononuclear cells (PBMCs). IFN-� protein and transcripts for IRF7, MX1, and OAS1 were induced by endosomal delivery
of B. burgdorferi DNA, RNA, or whole-cell lysate, but not by lysate that had been treated with DNase and RNase. Induction of
IFN-� and IFN-�1, a type III IFN, by B. burgdorferi RNA or live spirochetes required TLR7-dependent signaling and correlated
with significantly enhanced transcription and expression of IRF7 but not IRF3. Induction of type I and type III IFNs by B. burg-
dorferi RNA could be completely abrogated by a TLR7 inhibitor, IRS661. In addition to type I and type III IFNs, B. burgdorferi
RNA contributed to the production of the NF-�B-dependent cytokines, IFN-�, interleukin-10 (IL-10), IL-1�, IL-6, and tumor
necrosis factor alpha (TNF-�), by human PBMCs. Collectively, these data indicate that TLR7-dependent recognition of RNA is
pivotal for IFN-� and IFN-�1 production by human PBMCs, and that RNA-initiated signaling contributes to full potentiation of
the cytokine response generated during B. burgdorferi infection.

Borrelia burgdorferi is the causative agent of Lyme disease, the
most common arthropod-borne disease in the United States

(1, 2). Transmission of the spirochete by feeding of an infected tick
frequently results in a distinctive skin rash, erythema migrans
(EM), which is characterized by an influx of immune cells at the
site of inoculation (1, 3). Disseminated infection occurs when
spirochetes migrate from the initial site of infection to distal sites
in the body, particularly the heart, joints, and central nervous
system. Sequelae of disseminated infection are characterized by a
robust inflammatory response which results in many of the typical
symptoms of Lyme disease, notably carditis, arthritis, and neu-
roborreliosis (1). B. burgdorferi elicits a variety of pro- and anti-
inflammatory cytokines via host recognition of spirochetal patho-
gen-associated molecular patterns (PAMPs) mediated by various
pattern recognition receptors expressed on cells of the innate im-
mune system. Detection of spirochetal lipoproteins by TLR2 has,
until recently, been considered to be the key mediator of many B.
burgdorferi-induced cytokines (4–9). However, more recent stud-
ies have demonstrated that B. burgdorferi, an extracellular patho-
gen, induces the production of type I interferons (IFNs) and other
inflammatory cytokines via endosomal or cytosolic receptors, im-
plicating PAMPs other than lipoproteins as contributors to the
innate immune response to B. burgdorferi (10–13).

MyD88-dependent signaling is initiated from within intracel-
lular compartments by the endosomal receptors TLR7, TLR8, and
TLR9, as well as by endosomally localized TLR2. MyD88-inde-
pendent signaling is activated by endosomal TLR3 or by cytosolic
receptors (14–16) and mediated through a variety of signal trans-
duction molecules, including TRIF (TLR3/Toll.IL-1R domain-
containing adaptor-inducing IFN-�), TBK1 (TANK-binding ki-
nase 1), and IRF3 (interferon regulatory factor 3) (17, 18). Each of
these pathways is triggered by detection of nucleic acids and nu-
cleoproteins (15, 16). TLR7 and TLR8 recognize single-stranded

RNA motifs; TLR3 and cytosolic RNA helicases, such as RIG-I
(retinoic acid-inducible gene 1) and MDA-5 (melanoma differen-
tiation-associated protein 5), detect double-stranded RNA (19);
CpG DNA motifs are ligands for TLR9 and cytosolic DNA sensors
(17, 18, 20). Detection of RNA or DNA by its cognate receptors
promotes a rapid antimicrobial response mediated through tran-
scriptional activation of one or more IRFs. IRF3 is constitutively
expressed by almost all cell types (21, 22). Following detection of
nucleic acids by TLR3 and cytosolic receptors, IRF3 is phosphor-
ylated and activates transcription of IFNB and IFNA1 (23). This
initial type I IFN response then can be amplified through auto-
crine/paracrine feedback signaling via the type I IFN receptor
(IFNAR), which results in transcription of IRF7 and other IFN-
responsive genes (21, 23–26). Activation of IRF7 can also occur
following ligand recognition by TLR7, TLR8, and TLR9. Some cell
types, notably plasmacytoid dendritic cells (pDCs), constitutively
express high levels of IRF7 which enable these cells to rapidly
produce IFN-� in response to a stimulus without the requirement
for IFNAR feedback signaling (24–26).

Published reports describe multiple distinct signaling path-
ways by which B. burgdorferi elicits a type I IFN response in various
human and mouse innate immune cells. We and others have dem-
onstrated that ex vivo stimulation of isolated human monocytes
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with B. burgdorferi elicits transcription of IFNB through TLR8/
IRF7-dependent signaling (10). A more recent report by Cer-
vantes and colleagues identified B. burgdorferi RNA as the ligand
that activates this pathway and that also contributes to the pro-
duction of interleukin-6 (IL-6), IL-10, and tumor necrosis factor
alpha (TNF-�) by human monocytes (27). In mouse bone mar-
row-derived macrophages, transcriptional activation of IFN-re-
sponsive genes occurs via an IRF3-dependent but MyD88- and
TRIF-independent pathway following recognition of B. burgdor-
feri RNA and multiple proteins by an unidentified cytosolic recep-
tor (12). Petnicki-Ocwieja and colleagues demonstrated that B.
burgdorferi initiates IFNA and IFNB gene transcription in mouse
macrophages through activation of endosomally localized TLR2
and contributions from both MyD88- and TRIF-dependent sig-
naling pathways (28). These studies with isolated immune cell
populations, while providing crucial mechanistic insights into the
production of B. burgdorferi-induced type I IFNs by specific cell
types, are limited by the fact that these observations may not fully
reflect the immune response in vivo, which results from an intri-
cate network of interactions among multiple cell types.

The present study was designed to identify the B. burgdorferi
ligands contributing to the production of IFNs and other cyto-
kines using an experimental system that, while not replicating
an in vivo model, more closely approximates the immune re-
sponse under physiological conditions. We have previously
demonstrated that human peripheral blood mononuclear cells
(PBMCs), a mixed immune cell population consisting of lympho-
cytes, natural killer cells, monocytes, and dendritic cells, respond
to live B. burgdorferi by transcriptional activation of type I IFNs
and IFN-responsive genes, including IRF7, and the secretion of
IFN-� protein by dendritic cell populations (11). These responses
required spirochete phagocytosis and subsequent activation of
TLR7- and TLR9-dependent signaling pathways (11). In the pres-
ent study, IFN-� protein and transcription of IFN-responsive
genes were measured following stimulation of human PBMCs
with B. burgdorferi whole-cell lysates and purified DNA and RNA.
We also assessed the production of IFN-�1, a member of the type
III IFN family which we have previously implicated in B. burgdor-
feri pathogenesis (92). In addition, TLR7 was investigated as a
receptor for B. burgdorferi RNA and as a contributor to the pro-
duction of NF-�B-dependent cytokine production by B. burgdor-
feri-stimulated human PBMCs.

MATERIALS AND METHODS
Isolation of human PBMCs. Venous blood was obtained from each of
four healthy volunteers (1 male, 3 female; 25 to 65 years of age) with no
history of Lyme disease as confirmed by serologic testing. Written in-
formed consent was obtained from all subjects before blood collection, in
accordance with a protocol approved by the Institutional Review Board of
New York Medical College. Blood was collected directly into BD-Vacu-
tainer CPT tubes (BD Biosciences), and PBMCs were obtained by centrif-
ugation per the manufacturer’s instructions. PBMCs were washed twice in
Hanks’ buffered saline solution (HBSS) without calcium, magnesium, or
phenol red (Invitrogen) and resuspended in RPMI 1640 without phenol
red (Gibco-BRL) but containing 10% (vol/vol) heat-inactivated and en-
dotoxin-free fetal bovine serum (FBS) (HyClone). PBMCs were main-
tained at 37°C in a humidified incubator containing 5% CO2.

Culture of B. burgdorferi. B. burgdorferi B515, a human clinical iso-
late, has been described previously (29). Low-passage (passages 5 to 7)
spirochetes were cultured in modified Barbour-Stoenner-Kelly medium
at 37°C to the mid- to late-log phase of growth (4 � 107 to 1 � 108/ml)

(30). To simulate the temperature shifts that occur during tick-to-mam-
mal transmission and that affect the expression of virulence factors, spi-
rochetes were subcultured and grown at 25°C to the mid-log phase of
growth and then subcultured and incubated at 37°C until cultures once
again reached the mid- to late-log phase of growth. Spirochetes were enu-
merated and assessed for motility by dark-field microscopy (31). Prior to
coincubation with PBMCs, spirochetes were centrifuged for 10 min at
8,000 � g, washed twice with HBSS, and resuspended at a concentration
of 5 � 108/ml in RPMI 1640 containing 10% FBS.

Preparation of B. burgdorferi lysate. Fifty-ml cultures of B. burgdor-
feri B515 were pelleted by centrifugation for 10 min at 8,000 � g and
washed three times with PBS that did not contain Ca2� or Mg2�. The
pellet was resuspended in PBS containing 4 �g/ml of lysozyme and incu-
bated at 37°C for 30 min. Acid-washed beads were prepared by transfer-
ring 50 g of unwashed glass beads (Sigma) to a 100-ml autoclave-safe
bottle, adding 5.8 M HCl to cover the beads and incubating them for 1 h.
Beads were washed 10 times with 80 ml of deionized H2O, autoclaved for
20 min, dried overnight at 55°C, and stored in an airtight container. Cells
were lysed by the addition of 1.5 g/ml of acid-washed glass beads (425 to
600 nm diameter) followed by 5 cycles of vortexing at maximum speed for
3 min and incubating on ice for 1 min (32–35). Spirochete membrane
disruption was confirmed by dark-field microscopy (31). Whole-cell ly-
sate was recovered after the beads had settled. Protein concentration was
measured by the Bradford assay and adjusted to 1.0 �g/�l. For some
experiments, lysates were treated with RNase A (Qiagen), DNase I (Qia-
gen), or proteinase K (Sigma) according to the manufacturer’s instruc-
tions. As a control for Western immunoblotting to assess the presence of
lipoproteins in lysate prepared using glass beads, lysate was prepared from
separate B515 cultures using BugBuster lysis reagent (Merck Millipore).

Isolation of B. burgdorferi nucleic acids. Total RNA was prepared
from a 50-ml B. burgdorferi B515 culture using the toTALLY RNA kit
(Ambion). RNA was resuspended in 30 �l of RNase-free water, and con-
taminating DNA was removed by treatment with the Turbo DNA-free kit
(Ambion). RNA quality and concentration were determined by gel elec-
trophoresis and spectrophotometric readings at 260 and 280 nm. The final
concentration was adjusted to 1.0 �g/�l, 0.5 �l of RNase inhibitor (40
U/�l; Promega) was added, and RNA was stored at 	80°C in single-use
aliquots. Genomic DNA was prepared from 50-ml cultures of B. burgdor-
feri B515 using the DNeasy kit (Qiagen). DNA was eluted in 100 �l of
nuclease-free water; the concentration was determined by spectropho-
tometry and adjusted to 1.0 �g/�l. DNA was stored at 	20°C until use.

DOTAP methosulfate encapsulation of B. burgdorferi lysate and
nucleic acids. DOTAP {N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimeth-
ylammonium} methosulfate (Sigma), a liposomal transfection reagent,
was used to deliver B. burgdorferi cellular components to PBMCs via the
endosomal pathway (36–40). B. burgdorferi DNA, RNA, or whole-cell
lysate were mixed with DOTAP at a 1:1 (vol/vol) ratio and incubated at
room temperature for 20 min immediately prior to stimulation of
PBMCs.

Coincubation of human PBMCs with B. burgdorferi and spirochetal
components. Freshly isolated human PBMCs were suspended to a final
concentration of 5 � 106 viable cells/ml in RPMI 1640 containing 10%
heat-inactivated FBS. Live B. burgdorferi (5 � 107 cells; multiplicity of
infection [MOI] of 10:1) or 1 �g of B. burgdorferi RNA, DNA, or whole-
cell lysate, either alone or complexed with DOTAP, was added to triplicate
wells for a final volume of 1.1 ml. Control wells received 100 �l of medium
alone. PBMCs were coincubated for 12 h with live B. burgdorferi or spiro-
chetal components in a humidified 37°C incubator containing 5% CO2.
Cell-free culture supernatants were stored at 	20°C. PBMC pellets were
washed twice with PBS and immediately processed for RNA isolation or
frozen in aliquots at 	20°C for Western immunoblot analysis.

TLR ligands and inhibitors. Imiquimod (R837) and Pam2CSK4
(InvivoGen) were added to PBMCs at final concentrations of 5 �g/ml and
1 �g/ml, respectively. An oligonucleotide (ODN) inhibitor of TLR7 sig-
naling (IRS661; 5=-TGCTTGCAAGCTTGCAAGCA-3=) and a control
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ODN sequence (5=-TCCTGCAGGTTAAGT-3=) were synthesized by In-
tegrated DNA Technologies (IDT) and purified by ion-exchange high-
performance liquid chromatography (HPLC) (IE-HPLC) (41, 42). Endo-
toxin levels of all ODNs were 
0.1 U/ml, as determined by the Limulus
amebocyte lysis assay (LAL; Lonza). ODNs were used at a concentration of
5.6 �M as previously described (11, 41, 42).

Measurement of gene transcripts by real-time RT-PCR. Total RNA
was isolated from PBMCs using the RNeasy kit (Qiagen), and contami-
nating DNA was removed using the Turbo DNA-free kit (Ambion) per
the manufacturer’s instructions. RNA was eluted in 30 �l of RNase/
DNase-free water, and the concentration was determined by spectropho-
tometry. RNA samples were stored at 	80°C after the addition of 0.8 �l of
RNase inhibitor (40 U/�l; Promega). cDNA was synthesized from 1.0 �g
of total RNA in 20-�l reaction mixtures containing deoxynucleoside
triphosphates (dNTPs) (250 �M each), 0.5 �g random primers, 5 U avian
myeloblastosis virus (AMV) reverse transcriptase (RT), 10 U of RNase
inhibitor, and 1� RT buffer (all from Promega). Reactions proceeded for
75 min at 42°C and were terminated by heating at 94°C for 5 min. cDNA
was stored at 	20°C until use.

Real-time RT-PCR was used to determine transcriptional expression
of transcription factors and type I IFN-responsive genes. PCR assays were
performed in duplicate on 10� diluted cDNA, prepared as described
above, using the following predesigned TaqMan human gene expression
assays (Applied Biosystems): MX1 (myxovirus [influenza virus] resistance
1, IFN-inducible protein p78 [mouse]), Hs00895608_m1; OAS1 (2=-5=
oligoadenylate synthetase 1), Hs00973637_m1; IRF7 (interferon-respon-
sive factor 7), Hs00185375_m1; and IRF3 (interferon-responsive factor
3), Hs00155574_m1. All assays were performed in 20-�l reaction vol-
umes using the ABI 7900HT SDS sequence detection system (Applied
Biosystems) according to the manufacturer’s instructions. For each sam-
ple, expression of the GAPDH (glyceraldehyde 3-phosphate dehydroge-
nase) gene was quantified by real-time RT-PCR using the TaqMan human
GAPDH endogenous control assay (GenBank accession number
NM_002046.3) (Applied Biosystems). A ��CT method was used to cal-
culate the differential expression of each GAPDH-normalized gene in ex-
perimental samples relative to unstimulated PBMCs (43).

Quantitation of secreted cytokine proteins. Protein concentrations
of IFN-� and IFN-�1 in cell-free culture supernatants were quantitated
using the human VeriKine IFN-� enzyme-linked immunosorbent assay
(ELISA) kit (PBL Biomedical Laboratories) or the human IL-29 Ready-
SET-Go ELISA kit (eBioscience), respectively. Concentrations of IFN-�,
TNF-�, IL-6, IL-1�, and IL-10 were measured by cytometric bead
array using FlowSimplex kits (eBiosciences). Samples were processed
on a MACSQuant Analyzer (Miltenyi Biotec) and analyzed using
FlowCytomic 3.0 software (eBioscience).

Western immunoblotting. Western immunoblotting was performed
to detect levels of transcription factors IRF7 and IRF3 in PBMC lysates.
Briefly, frozen pellets containing 3.33 � 105 PBMCs were thawed and
resuspended in 100 �l of sample buffer containing 40 mM Tris-HCl (pH
6.8), 2% SDS, 1.8 mM EDTA, 10% glycerol, 1% �-mercaptoethanol, and
1� Halt protease and phosphatase inhibitor cocktail (Thermo Scientific).
Cell suspensions were vortexed for 30 s, heated at 100°C for 10 min, and
cooled on ice. Twenty-�l aliquots of lysate (corresponding to 6.7 � 104

PBMCs; 40 �g total protein) were resolved by 12.5% SDS-PAGE and
transferred to polyvinylidene fluoride (PVDF) membranes. Membranes
were blocked for 1 h with 5% nonfat milk in Tris-buffered saline contain-
ing 0.1% Tween 20 (TBST) and incubated at 4°C overnight with rabbit
IgG anti-human IRF7 or IRF3 antibody (Cell Signaling) diluted 1:1,000 in
TBST containing 5% nonfat milk. Membranes were washed three times
for 10 min with TBST, incubated with horseradish peroxidase (HRP)-
conjugated goat anti-rabbit IgG secondary antibody (Thermo Scientific)
diluted 1:20,000 in TBST containing 3% nonfat milk, and developed using
SuperSignal West Pico ECL substrate (Thermo Scientific). Following de-
tection of IRF proteins, polyvinylidene difluoride (PVDF) membranes
were stripped and reprobed with an antibody to GAPDH. Briefly, mem-

branes were incubated in stripping buffer (2% SDS, 62.5 mM Tris-HCl,
pH 6.8, 1% �-mercaptoethanol) for 30 min at 55°C, washed three times
for 10 min in TBST, blocked for 1 h in TBST containing 5% nonfat milk,
washed as before, and incubated overnight at 4°C with primary anti-hu-
man GAPDH IgG (Cell Signaling) diluted 1:1,000 in TBST-5% nonfat
milk. Membranes were incubated with secondary conjugate and devel-
oped as described above. Protein levels were quantified by densitometry
using ImageJ software (NIH). The average pixel value was calculated for
each protein from boxes of equal size, background was automatically sub-
tracted, and pixel values for IRF proteins were divided by pixel values for
GAPDH. The IRF/GAPDH density ratio for unstimulated PBMCs was
assigned a value of 1. Results from multiple donors were normalized for
comparison by designating the smallest and largest densitometry ratios
for each donor as baseline values.

For detection of OspA and OspC, B. burgdorferi lysates were sus-
pended at a 2:1 (vol/vol) ratio in 3� concentrated sample buffer and
prepared as described above. Equal amounts of proteins were resolved by
12.5% SDS-PAGE and transferred onto a PVDF membrane. The mem-
branes were blocked and incubated with a rabbit polyclonal antibody
against B. burgdorferi OspC (generously provided by Patricia Rosa, NIH)
diluted 1:1,000 in 0.1% TBST containing 5% nonfat milk. Membranes
were washed, incubated for 1 h with HRP-conjugated goat anti-rabbit IgG
(Thermo Scientific), and developed using SuperSignal ECL substrate
(Thermo Scientific). Following detection of OspC, PVDF membranes
were stripped, reprobed using a mouse monoclonal antibody against B.
burgdorferi OspA (a gift from Doris Bucher, NYMC), and developed using
substrate containing 5-bromo-4-chloro-3=-indolylphosphate p-toluidine
salt (BCIP) and nitroblue tetrazolium (Thermo Scientific).

Statistics. Differences in cytokine levels were analyzed by one-way
analysis of variance (ANOVA) with Tukey-Kramer’s posttest or by an
unpaired Mann-Whitney U test as indicated. The fold change was calcu-
lated from real-time RT-PCR ��CT values and analyzed for statistical
significance using either Student’s t test or a one-way ANOVA with
Tukey-Kramer’s posttest where appropriate (44). Densitometric values of
Western blots were analyzed by one-way ANOVA with Tukey-Kramer’s
posttest. For all tests, P values of less than 0.05 were considered statistically
significant. Statistical analyses were performed using GraphPad Prism 5.0
software (GraphPad Prism Software, Inc.).

RESULTS
B. burgdorferi nucleic acids induce expression of IFN-� protein
and IFN-responsive genes by human PBMCs. We have previ-
ously shown that B. burgdorferi elicits the production of type I IFN
protein and transcription of IFN-responsive genes by human
PBMCs; this response requires phagocytosis and signaling via
TLR7 and TLR9 (11). In order to identify the specific B. burgdor-
feri PAMPs that are recognized by these phagosomal receptors,
PBMCs from healthy donors were stimulated with live spirochetes
(MOI of 10), B. burgdorferi whole-cell lysate, or purified nucleic
acids that had been complexed with DOTAP, a liposomal trans-
fection reagent that triggers uptake through the endolysosomal
pathway (36–40, 45, 46). After a 12-h coincubation, the type I IFN
response was assessed by measurement of IFN-responsive gene
transcripts and quantitation of secreted IFN-� protein. Consis-
tent with our previously reported results (11), live B. burgdorferi
elicited a significant increase in transcript levels for IRF7 (3.02-
fold  0.64-fold), MX1 (14.51-fold  3.77-fold), and OAS1 (9.56-
fold  2.6-fold) relative to PBMCs incubated with medium alone
(Fig. 1A). Similarly, 1 �g of purified, DOTAP-complexed B. burg-
dorferi RNA or DNA induced significant transcriptional activa-
tion of these genes, with fold change values of 7.04  0.99 and
7.47  1.62 (IRF7), 28.54  4.68 and 22.37  3.35 (MX1), and
19.63  1.23 and 16.09  6.4 (OAS1) for RNA and DNA, respec-
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tively, relative to PBMCs stimulated with DOTAP only (Fig. 1A).
DOTAP-complexed B. burgdorferi lysate also elicited significant
transcriptional activation of these genes, with fold changes of
2.36  0.05 (IRF7), 4.19  0.14 (OAS1), and 7.15  3.08 (MX1)
relative to the unstimulated control. However, this response could
be abrogated by treatment of the lysate with both DNase I and
RNase A prior to DOTAP encapsulation (Fig. 1A). In contrast,
treatment of lysate with proteinase K did not significantly reduce
transcript levels of IRF7, MX1, or OAS1 (data not shown). In order
to verify that spirochetal lipoproteins were not eliminated during
preparation or nuclease treatment of the whole-cell lysate, West-
ern immunoblotting for the presence of outer surface protein A
(OspA) and OspC, which are well-characterized ligands for TLR2,

was performed. Comparable levels of OspA and OspC were de-
tected in B. burgdorferi lysate that had been prepared using either
the glass bead or chemical lysis method, as well as in lysates that
had been treated with RNase A or DNase I (Fig. 1C).

To confirm the ability of B. burgdorferi nucleic acids to induce
type I IFN, levels of IFN-� protein in PBMC culture supernatants
were quantitated by ELISA. Significant amounts of IFN-� were
secreted by PBMCs in response to purified, DOTAP-complexed B.
burgdorferi RNA (1112 pg/ml) or DNA (126.0 pg/ml) (Fig. 1B).
Collectively, these data identify B. burgdorferi RNA and DNA, but
not protein, as the bacterial PAMPs that elicit the production of
IFN-� protein and type I IFN-responsive gene transcripts in hu-
man PBMCs.

B. burgdorferi RNA induces expression of IRF7 but not IRF3
in human PBMCs. Stimulation of human PBMCs with live B.
burgdorferi and B. burgdorferi nucleic acids results in significant
transcriptional activation of IRF7 (11) (Fig. 1), a critical transcrip-
tion factor in the TLR7-MyD88-dependent signaling pathway
(25). In contrast, IRF3 is utilized by TLR3 and some cytosolic RNA
receptors for the generation of type I IFNs (21, 22). Transcript
levels for IRF7 and IRF3 were determined by real-time RT-PCR
following coincubation of PBMCs for 12 h with either live B. burg-
dorferi or DOTAP-complexed B. burgdorferi RNA. No significant
change in IRF3 transcript level was observed for any of the exper-
imental conditions tested relative to unstimulated PBMCs (Fig.
2). In contrast, transcript levels for IRF7 were significantly in-
duced in PBMCs by live B. burgdorferi (fold change of 7.19) and by
B. burgdorferi RNA (fold change of 8.00) (Fig. 2). The induction of
IRF7 by B. burgdorferi could be ablated by the prior addition of
IRS661, a specific inhibitor of TLR7, whereas a control ODN had
no effect.

Expression of IRF7 and IRF3 proteins was assessed by Western

FIG 1 B. burgdorferi nucleic acids induce a type I IFN response in human
PBMCs. Human PBMCs (5 � 106) were stimulated for 12 h with 5 � 107 live
B. burgdorferi (Bb) spirochetes, DOTAP-complexed B. burgdorferi DNA or
RNA (1 �g/ml), or B. burgdorferi whole-cell lysate (1 �g/ml) with or without
DOTAP added. (A) Transcriptional expression of MX1, OAS1, and IRF7 was
measured by RT-PCR and normalized to transcript levels for GAPDH. Data
are presented as the mean fold changes  standard deviations (SD) relative to
PBMCs incubated with medium alone. (B) Protein concentration of IFN-� in
cell-free supernatants was measured by ELISA. Data shown are the means 
SD of values from two donors assessed in triplicate in two independent exper-
iments and are representative of one additional donor. P 
 0.05 (*), P 
 0.01
(**), and P 
 0.001 (***) relative to PBMCs incubated with medium alone. (C)
B. burgdorferi B515 lysate was prepared by vortexing in the presence of glass
beads until cellular breakage was verified via dark-field microscopy. Whole-
cell lysate, or lysate that had been treated with RNase A or DNase I, was used to
stimulate PBMCs. In order to confirm the presence of TLR2 ligands in the
lysate preparations, volumes containing 10 �g total protein were resolved by
12.5% SDS-PAGE and immunoblotted with specific antibodies for OspC and
OspA, spirochetal lipoproteins known to initiate TLR2-mediated signaling. B.
burgdorferi B515 lysate prepared from a separate culture using a chemical lysis
method was included as a positive control (far left lane).

FIG 2 B. burgdorferi RNA induces transcription of IRF7 in human PBMCs via
TLR7-dependent signaling. Human PBMCs (5 � 106) were cultured in the
presence of medium, a control ODN (5.6 �M), or the TLR7 inhibitor IRS661
(5.6 �M) for 1 h before stimulation with live B. burgdorferi (5 � 107), DOTAP-
complexed B. burgdorferi RNA (1 �g/ml), or a synthetic TLR7 agonist, R837 (5
�g/ml). PBMC RNA was isolated 12 h after addition of stimuli, and real-time
RT-PCR was used to measure transcriptional expression of signaling media-
tors. GAPDH-normalized values were used to calculate fold changes in tran-
script levels for IRF7 or IRF3 relative to PBMCs incubated with medium
alone. Columns represent the means  SD of results obtained using
PBMCs from two donors assessed in triplicate in independent experiments.
***, P 
 0.001 relative to PBMCs incubated with medium alone; NS, not
significantly different.
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immunoblotting using PBMC lysates from 12-h coincubation ex-
periments. Basal levels of IRF7 could not be detected in unstimu-
lated PBMCs (Fig. 3A). Stimulation of PBMCs with live B. burg-
dorferi or DOTAP-complexed B. burgdorferi RNA resulted in
measurable levels of IRF7 that were significantly higher than that
of the barely detectable IRF7 protein induced by B. burgdorferi
lysate (normalized IRF7/GAPDH density values were the follow-
ing: 87.7, B. burgdorferi; 82.5, B. burgdorferi RNA) (Fig. 3A). In
contrast to IRF7, basal levels of IRF3 could be detected in un-
stimulated PBMCs, and these levels did not change significantly in
response to any stimulus (Fig. 3B). These results suggest that the
type I IFN response elicited by live B. burgdorferi and B. burgdorferi
RNA in human PBMCs is mediated by IRF7.

Type I IFN and type III IFNs are induced by TLR7-dependent
recognition of B. burgdorferi RNA. Stimulation of human
PBMCs for 12 h with live B. burgdorferi, DOTAP-complexed B.
burgdorferi RNA, or the TLR7-specific agonist R837 resulted in the
expression of significant levels of IFN-� protein (130.8 pg/ml,
133.3 pg/ml, and 264.6 pg/ml, respectively) (Fig. 4A). In contrast,
stimulation of PBMCs with B. burgdorferi whole-cell lysate that

had not been complexed with DOTAP or with Pam2CSK4 did not
elicit significant IFN-� production. The IFN-� response to B.
burgdorferi RNA could be completely ablated by the addition of
IRS661 prior to B. burgdorferi RNA stimulation (P 
 0.01 relative
to the control ODN) or by pretreatment of B. burgdorferi RNA
with RNase A (Fig. 4A).

We have recently identified the ability of B. burgdorferi to in-
duce the expression of both type I and type III IFNs by human
PBMCs (11, 92). Therefore, we sought to determine if recognition
of B. burgdorferi RNA by TLR7 also elicits type III IFN production.
Significant concentrations of IFN-�1 were detected by ELISA in
the culture supernatants of human PBMCs following stimulation
with live B. burgdorferi (15.90 pg/ml) or DOTAP-complexed B.
burgdorferi RNA (14.56 pg/ml) (Fig. 4B); similar to the results for
IFN-�, addition of IRS661 prior to stimulation completely inhib-
ited the IFN-�1 response to RNA (Fig. 4B). In contrast, B. burg-
dorferi lysate that had not been complexed with DOTAP did not
induce IFN-�1.

FIG 3 B. burgdorferi RNA promotes expression of IRF7 human PBMCs. Hu-
man PBMCs (5 � 106) were incubated for 12 h with 5 � 107 live B. burgdorferi
spirochetes, DOTAP-complexed B. burgdorferi RNA (1 �g/ml), or B. burgdor-
feri whole-cell lysate (1 �g/ml) added without DOTAP. PBMC lysates were
resolved by 12.5% SDS-PAGE for Western immunoblotting with rabbit anti-
human IRF7 (A) or IRF3 (B). Signals were quantified by densitometry and are
expressed as ratios to GAPDH. Columns represent the means  SD of results
from three donors. Western blot images from a single representative donor are
shown. ***, P 
 0.001 relative to PBMCs incubated with medium alone. NS,
not significantly different.

FIG 4 TLR7-dependent signaling by B. burgdorferi RNA elicits production of
type I and type III IFNs by human PBMCs. Human PBMCs (5 � 106) were
cultured in the presence of medium, a control ODN (5.6 �M), or the TLR7
inhibitor IRS661 (5.6 �M) for 1 h prior to stimulation with 5 � 107 live B.
burgdorferi spirochetes, DOTAP-complexed B. burgdorferi RNA (1 �g/ml), or
B. burgdorferi whole-cell lysate (1 �g/ml) added without DOTAP. R837 (5
�g/ml) and Pam2CSK4 (1 �g/ml) were used as positive controls for activation
of TLR7 or TLR2, respectively. IFN-� (A) and IFN-�1 (B) protein concen-
trations in culture supernatants were quantitated by ELISA. Data represent
the means  SD of values from three donors assessed in triplicate in three
independent experiments. P 
 0.05 (*), P 
 0.01 (**), and P 
 0.001 (***)
relative to PBMCs incubated with medium alone, as determined by one-way
ANOVA with Tukey-Kramer’s posttest, with the exception of the positive-
control R837, which was determined by nonparametric Mann-Whitney U test.
NS, not significantly different.
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Transcriptional induction of the IFN-responsive genes MX1
and OAS1 paralleled the expression of IFN-� and IFN-�1. Stim-
ulation of PBMCs with live spirochetes or B. burgdorferi RNA
elicited significant induction of both genes (MX1, 22.16-fold and
47.63-fold, respectively; OAS1, 8.19-fold and 20.78-fold, respec-
tively) (Fig. 5). This induction by B. burgdorferi RNA could be
completely ablated by the addition of IRS661 prior to stimulation,
whereas a control ODN had no significant effect (Fig. 5). In addi-
tion, RNase A treatment completely abolished the ability of B.
burgdorferi RNA to induce MX1 transcription (Fig. 5A). Taken
together, these results demonstrate that type I and type III IFN
production by human PBMCs is mediated, at least in part, by
TLR7-dependent recognition of B. burgdorferi RNA.

B. burgdorferi RNA contributes to, but is not sufficient for,
full production of NF-�B-dependent cytokines. Engagement of
TLR7 elicits the production of cytokines and chemokines, includ-
ing type I IFNs, through MyD88-dependent activation of IRF7
and NF-�B. Therefore, the contribution of RNA to the cytokine
profile elicited by B. burgdorferi in human PBMCs was investi-
gated next. A cytometric bead array was employed to measure
protein concentrations for IFN-�, IL-1�, IL-10, IL-6, and TNF-�
in the culture supernatants after 12 h of coincubation. Stimulation
of PBMCs with live B. burgdorferi resulted in the production of
significant levels of IFN-� (3,100 pg/ml), TNF-� (29,500 pg/ml),
IL-10 (2,200 pg/ml), IL-6 (24,100 pg/ml), and IL-1� (10,800 pg/
ml) (Fig. 6). Coincubation of PBMCs with B. burgdorferi lysate
that had not been complexed with DOTAP, which would be ex-
pected to elicit cytokine production predominantly through de-
tection of B. burgdorferi lipoproteins by TLR2, produced modest
but significant levels of IFN-� (63.3 pg/ml), TNF-� (1,312 pg/ml),
IL-10 (217.4 pg/ml), IL-6 (6,870 pg/ml), and IL-1� (1,700 pg/ml)
(Fig. 6). However, levels of these cytokines were significantly
lower than those induced by live B. burgdorferi (P 
 0.01 for all
cases). Similarly, Pam2CSK4, a synthetic TLR2 ligand, elicited sig-
nificant production of all cytokines; with the exception of IL-6,
these concentrations were significantly lower than those induced
by live B. burgdorferi (IFN-�, P 
 0.001; TNF-�, P 
 0.05; IL-10,
P 
 0.01; IL-1�, P 
 0.01) (Fig. 6). DOTAP-complexed B. burg-
dorferi RNA induced significant production of IFN-� (413.4 pg/
ml), TNF-� (715.5 pg/ml), IL-10 (146.1 pg/ml), IL-6 (231.1 pg/
ml), and IL-1� (1,374 pg/ml) (Fig. 6); treatment of RNA with
RNase A, or preincubation of PBMCs with the TLR7-specific in-
hibitor IRS661, ablated production of these cytokines. Notably,
the induction of cytokines by B. burgdorferi RNA or by the TLR7
ligand (R837) was significantly lower than that elicited in response
to live B. burgdorferi. Furthermore, cytokine levels induced by the
TLR2-specific ligand Pam2CSK4 were significantly higher than
those induced by the TLR7-specific ligand R837 (Fig. 6). Taken
together, these data indicate that TLR2 and TLR7 signaling both
contribute to the production of NF-�B-dependent cytokines by
human PBMCs in response to live B. burgdorferi.

DISCUSSION

Infection with Borrelia burgdorferi leads to a robust inflammatory
response that is characterized by the production of IFN-�, TNF-�,
IL-6, IL-10, IL-1�, and type I IFNs (4–7, 9–11, 13, 47). Until re-
cently, it was believed that the key inflammatory mediators con-
sisted of B. burgdorferi lipoproteins that signal through TLR2 het-
erodimers expressed on the mammalian cell surface (48, 49). Our
group has previously shown that live B. burgdorferi induces ex-
pression of IFN-� protein and IFN-responsive gene transcripts by
pDC and immature mDC populations in human PBMCs follow-
ing spirochete phagocytosis. This response could be partially but
significantly reduced by the addition of synthetic inhibitors of
either TLR7 or TLR9 to PBMCs prior to stimulation with live
spirochetes, and it could be completely ablated by simultaneous
addition of both inhibitors (11). In the present study, we exam-
ined the B. burgdorferi PAMPs that may mediate this response.
Purified B. burgdorferi DNA or RNA, delivered via the endosomal
pathway, elicited expression of IFN-� protein and induction of
the IFN-responsive transcripts that had been assessed in our pre-
vious study. This result is consistent with our observation that
concomitant signaling by TLR7 and TLR9 is required for full in-

FIG 5 B. burgdorferi RNA induces transcription of IFN-responsive genes in
human PBMCs via TLR7. Human PBMCs (5 � 106) were cultured in the
presence of medium, a control ODN (5.6 �M), or the TLR7 inhibitor IRS661
(5.6 �M) for 1 h before stimulation with live B. burgdorferi (5 � 107), the
synthetic TLR7 agonist R837 (5 �g/ml), or DOTAP-complexed B. burgdorferi
RNA (1 �g/ml) that had been treated with RNase A or left untreated. Total
RNA was isolated 12 h after addition of stimuli, and transcriptional expression
of IFN-responsive genes was measured by real-time RT-PCR. GAPDH-nor-
malized values were used to calculate fold changes in transcript levels for MX1
(A) or OAS1 (B) relative to PBMCs incubated with medium alone. Columns
represent the mean fold changes  SD obtained using PBMCs from two do-
nors assessed in independent experiments. ***, P 
 0.001 relative to PBMCs
incubated with medium alone. NS, not significantly different.
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duction of IFN-� by live B. burgdorferi in human PBMCs (11).
However, RNA induced significantly larger amounts of IFN-�
than did the same concentration of DNA (1 �g/ml). Whole B.
burgdorferi cell lysate was also able to induce a type I IFN response,
but only when delivered to the phagosome using DOTAP metho-
sulfate as a vehicle (36–40). Pretreatment of lysate with RNase A
and DNase I abolished its ability to induce type I IFN. These find-
ings demonstrate that B. burgdorferi nucleic acids, but not
proteins, are type I IFN-inducing ligands recognized by human
PBMCs.

We observed significant increases in IRF7 transcript and pro-
tein levels in human PBMCs in response to stimulation by either
live B. burgdorferi or B. burgdorferi RNA, but not by extracellular

B. burgdorferi lysate that had not been complexed with DOTAP
and did not have access to receptors within the phagosome. In
contrast, no changes were observed for either IRF3 transcript or
protein. This is in contrast to a previous study by Miller et al.
which suggested that B. burgdorferi RNA and protein elicit a type I
IFN response through a MyD88-independent, IRF3-dependent
pathway initiated by an unidentified cytosolic receptor (12). These
seemingly contradictory findings are likely attributable to a num-
ber of variables, including inherent immunological differences be-
tween the species (human versus mouse) and cell types (PBMCs
versus macrophages) used in the respective systems (50), as well as
methodological differences in the approaches used to deliver spi-
rochetal cellular components and to measure the type I IFN re-

FIG 6 B. burgdorferi RNA contributes to the induction of NF-�B-dependent cytokines by human PBMCs. Human PBMCs (5 � 106) were incubated for 12 h with
5 � 107 live B. burgdorferi spirochetes, DOTAP-complexed B. burgdorferi RNA (1 �g/ml), or B. burgdorferi whole-cell lysate (1 �g/ml) added without DOTAP.
R837 (5 �g/ml) and Pam2CSK4 (1 �g/ml) were used as controls for activation of TLR7 and TLR2, respectively. Protein concentrations of IFN-�, IL-1�, TNF-�,
IL-10, and IL-6 in cell-free culture supernatants were measured by cytometric bead array using a MACSQuant analyzer. Columns depict the mean values  SD
of results from three donors assessed in triplicate in three independent experiments. P 
 0.05 (*), P 
 0.01 (**), and P 
 0.001 (***) relative to PBMCs incubated
with medium alone, as determined by Mann-Whitney U test.
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sponse. We previously identified pDCs as predominant producers
of IFN-� in B. burgdorferi-stimulated PBMCs (11). DC popula-
tions constitutively express high basal levels of IRF7; thus, they are
immediately primed to respond to the appropriate stimuli (24,
25). Although we did not observe any detectable IRF7 in unstimu-
lated PBMCs, this is not surprising, as DCs comprise only 0.1 to
1.0% of peripheral blood cells (51). In contrast to DCs, macro-
phages produce initial levels of type I IFNs in an IRF3-dependent
manner in response to cytosolic sensing of other pathogens (12,
21–23, 52–57). Collectively, the present findings demonstrate
that, in an ex vivo human PBMC experimental model, production
of type I IFNs in response to live B. burgdorferi, or endosomal
delivery of B. burgdorferi RNA, occurs through an IRF7-depen-
dent pathway.

TLR2 has been implicated in the production of many proin-
flammatory cytokines associated with Lyme disease through rec-
ognition of B. burgdorferi lipoproteins (4–6, 8, 48, 49, 58). How-
ever, TLR2 has been shown to traffic to the endosomal membrane
upon recognition of B. burgdorferi lipoproteins and contributes to
MyD88/TRIF-dependent transcriptional activation of type I IFN
gene products (28, 48). Therefore, it was important to establish
the potential contribution of TLR2-specific ligands to the type I
IFN response we observed. We identified the presence of lipopro-
teins within the B. burgdorferi lysates utilized for PBMC stimula-
tion, specifically the presence of OspA and OspC. However, only
B. burgdorferi lysate delivered endosomally via DOTAP was able to
induce a type I IFN response, and treatment with RNase and
DNase abolished this response. This allows us to conclude that in

human PBMCs, recognition of TLR2 ligands, namely, B. burgdor-
feri lipoproteins, does not contribute to the type I IFN response
observed. Based on these results and those from our previous
study using live B. burgdorferi (11), we infer that phagocytosis of B.
burgdorferi by human PBMCs results in the release of spirochetal
nucleic acids and the subsequent activation of TLR7 and TLR9
(Fig. 7).

Convergent signaling by multiple receptors results in the pro-
duction of a maximal inflammatory response to a variety of patho-
gens, including Francisella tularensis and Streptococcus pyogenes (6,
53, 59–61). Phagocytosis is required for full induction of several
NF-�B-dependent cytokines that are elicited in response to B.
burgdorferi (10, 47). Several recent reports describe the contribu-
tions of TLR8-MyD88 signaling to the production of inflamma-
tory cytokines following recognition of self RNA or microbial
RNA, including the requirement for TLR2-TLR8 cooperativity in
the generation of TNF-�, IL-6, IL-1�, and IL-10 by B. burgdorferi
RNA-stimulated human monocytes (27). In the present study, we
observed that isolated B. burgdorferi cellular constituents, as well
as synthetic agonists specific for TLR7 and TLR2, elicited the pro-
duction of the NF-�B-dependent cytokines implicated in the
pathogenesis of B. burgdorferi. However, levels of these inflamma-
tory proteins generally were lower than those induced by stimula-
tion with the live spirochete. Both TLR7 and TLR8 are able to
recognize single-stranded RNA motifs and thereby induce the
production of type I IFNs (14, 21, 62), although there are distinct
differences in the cytokine responses elicited by each of these re-
ceptors (63, 64). TLR7 signaling preferentially leads to IFN-� pro-

FIG 7 Proposed model of B. burgdorferi-induced cytokine production by human dendritic cells. Following phagocytosis of B. burgdorferi, spirochetal RNA is
detected by TLR7 and initiates MyD88-dependent signaling that leads to activation of IRF7 and production of IFN-� and IFN-�1. TLR7-MyD88 signaling
contributes to the production of NF-�B-dependent cytokines, including IL-6, IL-1�, TNF-�, IFN-�, and IL-10. Additional activation of NF-�B by B. burgdorferi
occurs via TLR2-dependent sensing of spirochetal lipoproteins. The figure is based on Petzke et al. (11) and adapted to include data from the present study.
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duction by plasmacytoid DCs, whereas TLR8 signaling is more
commonly associated with monocytes and IFN-� production (63,
65). During DC maturation, TLR7 and TLR8 agonists have differ-
ential biological effects on the expression of maturation markers
and the production of proinflammatory cytokines, including IL-6
and IL-12 (66). We have previously reported that in the human
PBMC system employed here, the predominant IFN-� producers
in response to B. burgdorferi are plasmacytoid DCs and myeloid
DC precursors (11). We now identify B. burgdorferi RNA as a
TLR7 signaling ligand not only for the IFN-� response but also as
a contributor to the NF-�B inflammatory profile.

The production of type I IFNs in response to bacterial patho-
gens can have a variety of effects. Classically thought of as antiviral
mechanisms, the potential role of type I IFNs in response to bac-
terial pathogens is less well defined (14, 62). Type I IFNs constitute
pivotal components of the host defense system that limit the
pathogenesis of Salmonella enterica serovar Typhimurium, group
B streptococci, and Escherichia coli (39, 67, 68). Conversely, the
production of type I IFNs by the host in response to pathogens
such as Listeria monocytogenes, uropathogenic E. coli (UPEC), and
Mycobacterium tuberculosis enhances the pathogenic potential of
these bacteria (69–71). Of greater relevance to the current study,
type I IFN signaling was shown to be a crucial factor in the devel-
opment and severity of Lyme arthritis in susceptible mouse strains
following infection with B. burgdorferi (72, 73). Therefore, evalu-
ating the signaling pathways that lead to type I IFN production in
response to B. burgdorferi is crucial to elucidating the mechanisms
that play a role in the pathogenesis of Lyme disease.

Interestingly, we also observed a novel type III IFN response
that paralleled the production of IFN-� and confirms our report
of B. burgdorferi-mediated type III IFN production. Type III IFNs,
which include IL-29/IFN-�1, IL-28A/IFN-�2, and IL-28B/IFN-
�3, are recently described inflammatory cytokines that can be in-
duced through recognition of double-stranded RNA motifs via
IRF3-, IRF7-, and NF-�B-mediated signaling (74–80). IFN-�s are
expressed by monocytes, macrophages, and dendritic cells and
can be produced concurrently with type I IFNs (75, 81, 82). Type
I and type III IFNs share a variety of biological activities that con-
tribute to antiviral responses, including induction of major histo-
compatibility complex class I antigen presentation, promotion of
NK cell and T cell cytotoxic effects, and transcriptional induction
of a subset of interferon-stimulated genes (75, 77, 83–85). Al-
though typically associated with antiviral responses, type III IFNs
are able to attenuate the T-helper 2 (Th2) response by limiting
inflammation during immune challenge, leading to tolerance; in
these instances, DCs were identified to be the predominant cell
populations producing IFN-� (86, 87). Recent studies have
established a role for type III IFNs in the pathogenesis of certain
bacteria, including Staphylococcus aureus, Pseudomonas aerugi-
nosa, and L. monocytogenes (88–91). L. monocytogenes infection is
promoted by type I IFNs and further enhanced by the production
of type III IFNs (89). IFN-�R is expressed solely in epithelial tis-
sues, indicating that the immune-modulatory effects are impor-
tant for pathogens interacting with epithelial surfaces, whereas
type I IFNs exert systemic effects (76, 85). These findings suggest
that the type III IFN production that was observed in response to
B. burgdorferi RNA contributes to the overall progression of infec-
tion and development of Lyme disease.

Differential transcription factor activation and coordinated
signaling between pathogen recognition receptors of innate im-

mune cells can dramatically alter the inflammatory response to B.
burgdorferi. Moreover, the signaling cascade that leads to a type I
IFN response is distinct from that of other inflammatory media-
tors of Lyme disease, as B. burgdorferi RNA contributed only mod-
estly to the levels of NF-�B-mediated cytokines we measured. This
provides further evidence that full potentiation of the immune
response to B. burgdorferi requires a combination of IFN and
NF-�B signaling mediated though multiple PRRs (Fig. 7) (10).
Collectively, these data indicate that B. burgdorferi DNA and RNA
are pivotal for IFN-� and IFN-�1 production by human PBMCs,
and that RNA-initiated TLR7 signaling contributes to full poten-
tiation of the cytokine response generated during B. burgdorferi
infection (Fig. 7). These findings suggest that the magnitude of
TLR7 signaling mediated by spirochetal RNA plays a pivotal role
in the ability of B. burgdorferi to cause disseminated disease, either
by direct effects exerted by type I and III IFNs or through activa-
tion of dendritic cells via TLR7 signaling.
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