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ABSTRACT
A better understanding of the pathogenesis of rickett-
sial disease requires elucidation of mechanisms gov-
erning host defense during infection. TLRs are primary
sensors of microbial pathogens that activate innate im-
mune cells, as well as initiate and orchestrate adaptive
immune responses. However, the role of TLRs in rick-
ettsia recognition and cell activation remains poorly un-
derstood. In this study, we examined the involvement of
TLR2 and TLR4 in recognition of Rickettsia akari, a
causative agent of rickettsialpox. Transfection-based
complementation of TLR2/4-negative HEK293T cells
with human TLR2 or TLR4 coexpressed with CD14 and
MD-2 enabled I�B-� degradation, NF-�B reporter acti-
vation, and IL-8 expression in response to heat-killed
(HK) R. akari. The presence of the R753Q TLR2 or
D299G TLR4 polymorphisms significantly impaired the
capacities of the respective TLRs to signal HK R. akari-
mediated NF-�B reporter activation in HEK293T trans-
fectants. Blocking Ab against TLR2 or TLR4 markedly
inhibited TNF-� release from human monocytes stimu-
lated with HK R. akari, and TNF-� secretion elicited by
infection with live R. akari was reduced significantly only
upon blocking of TLR2 and TLR4. Live and HK R. akari
exerted phosphorylation of IRAK1 and p38 MAPK in
293/TLR4/MD-2 or 293/TLR2 stable cell lines, whereas
only live bacteria elicited responses in TLR2/4-negative
HEK293T cells. These data demonstrate that HK R.
akari triggers cell activation via TLR2 or TLR4 and sug-
gest use of additional TLRs and/or NLRs by live R. akari.
J. Leukoc. Biol. 88: 675–685; 2010.

Introduction
Macrophages, DCs, and neutrophils sense invading microbial
pathogens by nonclonally distributed PRRs to activate innate
host defense mechanisms rapidly and to promote and orches-
trate adaptive immune responses [1–3]. TLRs are principal
membrane-associated innate sensors that recognize conserved
PAMPs at the cell surface (TLR2, TLR4, TLR5, TLR11) or in
the intracellular endosomal compartment (TLR3, TLR7–9) [1,
4]. TLR4, the predominant signal-transducing receptor for
Gram-negative bacterial LPS [5], is critical for host defense
against Gram-negative bacterial pathogens, as has been dem-
onstrated in studies with TLR4-deficient mice [6]. In addition
to LPS, TLR4 recognizes other structurally unrelated microbial
PAMPs, including the F protein of RSV [7], chlamydial heat
shock proteins 60 and 70 [8], and pneumolysin [9]. MD-2, an
extracellular protein, is essential for conferring LPS sensitivity
to TLR4 [10], and CD14 enhances LPS responses by facilitat-
ing LPS binding to MD-2, enables MyD88-independent signal-
ing pathways by LPS, and enhances TLR responses to other
microbial PAMPs, e.g., lipoarabinomannan [11, 12]. TLR2 rec-
ognizes lipoproteins and lipopeptides from Gram-positive bac-
teria, mycoplasma, and mycobacteria [13] in cooperation with
TLR1 (triacylated lipopeptides) or TLR6 (diacylated lipopep-
tides) [1, 14, 15]. TLR5 is the main membrane-associated sen-
sor of bacterial flagellin [16], whereas endosomal TLR3 and
TLR7/8 detect double-stranded and single-stranded, viral
RNA, respectively [17–19]. TLR9 responds to unmethylated
CpG motifs present in bacterial and viral DNA and recognizes
fungal pathogens Candida albicans and Aspergillus fumigatus [4,
20–22]. Microbial recognition leads to TLR dimerization and
conformation changes, creating docking platforms within their
TIR intracellular domains to enable recruitment of adapters
and kinases that mediate transcription factor activation and
expression of inflammatory and costimulatory molecules [23].
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In humans, the D299G and T399I SNPs in the ectodomain
of TLR4 have been associated with decreased LPS responsive-
ness in primary airway epithelial cells and alveolar macro-
phages [24]. The D299G SNP has also been linked to in-
creased incidence of Gram-negative bacterial and RSV infec-
tions, tuberculosis, Crohn’s disease, and predisposition to
septic shock [25–29]. SNPs within TLR2 have been associated
with an increased incidence of certain infectious diseases, such
as tuberculosis, and decreased capacity of TLR2 to signal cell
activation [30–33]. The R753Q TLR2 mutation was reported
to determine susceptibility to staphylococcal infections, and
cells obtained from individuals with this TLR2 mutation
showed diminished responses to bacterial lipopeptides ob-
tained from Borellia burgdorferi and Treponema pallidum [34].
These results suggest that TLR2 and TLR4 polymorphisms are
associated with susceptibility to infectious diseases.

Rickettsia akari is an intracellular bacterium that is transmit-
ted to humans by mites causing rickettsialpox [35]. The mech-
anisms regulating cell activation during R. akari infection are
poorly defined. LPS-unresponsive C3H/HeJ mice expressing
the P712H point mutation that renders TLR4 nonfunctional
are the most susceptible to R. akari among the 24 mouse
strains studied [36]. The D299G TLR4 SNP was linked to Med-
iterranean spotted fever caused by Rickettsia conorii [37], sug-
gesting TLR4 as an important sensor of rickettsia. However, it
is unknown to what extent TLR4 recognition of R. akari is af-
fected by TLR4 SNPs and whether TLR4 is the sole sensor.
This study was undertaken to determine involvement of TLR2
and TLR4 in recognition and cell activation in response to
R. akari. Transfection-based complementation of TLR2/4-nega-
tive HEK293T cells with WT or mutant TLR2 or TLR4 vari-
ants, combined with Ab-mediated blocking of TLR2 or TLR4
in human monocytes, has revealed that TLR2 and TLR4 are
important sensors of R. akari. Our data demonstrate that live
R. akari also uses TLR2/4-independent mechanisms of cell ac-
tivation, suggesting the use of additional TLRs or cytosolic
PRRs.

MATERIALS AND METHODS

Reagents and cell culture
Ab against I�B-�, �-actin, tubulin, and IRAK1 were from Santa Cruz Bio-
technology (Santa Cruz, CA, USA); anti-p-p38, anti-p-IRAK1, and anti-p38
Ab were purchased from Cell Signaling (Danvers, MA, USA); and anti-
TLR2 and anti-TLR4 Ab TL2.1 and HTA125 were from eBioscience (San
Diego, CA, USA). SuperFect transfection reagent and EndoFree plasmid
purification kits were from Qiagen (Valencia, CA, USA). Ultrapure
Escherichia coli 0111:B4 LPS and Pam3Cys were obtained from Invivogen
(San Diego, CA, USA), and African green monkey kidney (Vero) cells were
obtained from American Type Culture Collection (Manassas, VA, USA).
R. akari (the MK strain) was obtained as a clinical isolate from a human
patient and was propagated in African green monkey kidney cells (Vero) at
respective concentrations of 106 PFU/ml as described previously [38]. After
growing for 4 days at 35°C in the gas atmosphere of 5% CO2, cells were
scraped off, centrifuged, resuspended in PBS, and subjected to 5 cycles of
freezing-thawing for lysis, followed by differential centrifugation (1000 g for
10 min) to remove the cell debris. The supernatant containing R. akari was
then centrifuged for 20 min at 15,000 g at 4°C. The pellet containing 109

PFU (determined by Vero cell infection and limiting dilution plaque for-
mation, as described [38]) was resuspended in PBS and used for prepara-

tion of HK bacteria or for cell infection with live R. akari. R. akari were
boiled for 10 min at 100°C and used as a source of HK bacteria. HEK293T
cells were described previously [7, 39–43], and HEK293 cell lines stably
transfected with YFP huTLR4 and Flag-tagged huMD-2 (293/TLR4/MD-2)
or huYFP-TLR2 (293/TLR2) were kindly provided by Dr. Douglas T. Go-
lenbock (University of Massachusetts Medical School, Worchester, MA,
USA). Cells were cultured in DMEM (Mediatech, Inc., Manassas, VA, USA),
supplemented with 2 mM L-glutamine, 10% FBS (HyClone, Logan, UT,
USA), 100 U/ml penicillin, and 100 �g/ml streptomycin (Invitrogen, San
Diego, CA, USA; complete DMEM) in the absence (HEK293T) or presence
(293/TLR4/MD-2 and 293/TLR2) of G418 (0.5 mg/ml, Sigma Chemical
Co., St. Louis, MO, USA). Human monocytes were isolated from whole
blood by counter-flow centrifugal elutriation from PBMCs that were ob-
tained by leukapheresis of blood from healthy human volunteers at the De-
partment of Transfusion Medicine, NIH (Bethesda, MD, USA), as de-
scribed previously [42–44]. Monocytes were cultured in RPMI-1640 me-
dium (Mediatech, Inc.), supplemented with 2 mM L-glutamine, 100 u/ml
penicillin, 100 �g/ml streptomycin (Invitrogen), 5 � 10�5 M �-ME (Sigma
Chemical Co.), and 5% FBS (HyClone). Studies with human cells were ap-
proved by the Institutional Review Board, University of Maryland (Balti-
more, MD, USA).

Recombinant plasmids and transient transfection
Expression vectors pCDNA3-huYFP-TLR4, pCDNA3-huYFP-TLR2, pCDNA3-
huCD14, pEFBOS-HA-huMD-2, pELAM-luciferase, and pCMV-�-galactosi-
dase were described previously [41–43] and obtained from Dr. Golenbock
(University of Massachusetts Medical School). Point mutations D299G and
T399I in huTLR4 protein were created by site-directed mutagenesis of
pCDNA3-YFP-TLR4 using a QuikChange mutagenesis kit (Stratagene, La
Jolla, CA, USA), according to the manufacturer’s instructions. The follow-
ing primer pairs were used: D299G, nucleotide change, A896 3 G: forward
primer, 5�-ttagactactacctcgatggtattattgacttattt-3�, reverse primer, 5�-aaataagt-
caataataccatcgaggtagtagtctaa-3�; T399I, nucleotide change, C1196 3 T: for-
ward primer, 5�-ctgttctcaaagtgattttgggacaatcagcctaaagtatttagatctgagc-3�, re-
verse primer: 5�-gctcagatctaaatactttaggctgattgtcccaaaatcactttgagaacag-3�. The
point mutation R753Q in human TLR2 protein was introduced into
pCDNA3-YFP-TLR2 by site-directed mutagenesis using the following prim-
ers: 5�-gcgcttctgcaagctgcagaagataatgaacacca-3�, forward, and 5�-tggtgttcat-
tatcttctgcagcttgcagaagcgc-3�, reverse. Nucleotide sequencing (Biopolymer/
Genomic Core Facility, University of Maryland, Baltimore) of each con-
struct was carried out using Big Dye Terminator Cycle Sequencing Kit, v.
3.0 (Applied Biosystems, Foster City, CA, USA), according to the manufac-
turer’s protocol, to verify the presence of the introduced SNPs and the ab-
sence of random mutations as a result of PCR errors. For transient trans-
fections, HEK293T cells were cultured overnight in 6-well plates (2�106

cells/well, protein and RNA studies) or 24-well plates (2�106 cells/well, for
reporter assays) and cotransfected for 3 h with expression vectors as de-
scribed in the figure legends using Superfect transfection reagent as de-
scribed [42, 43]. Cellular extracts were prepared as reported previously
[43] and used for immunoblotting, and reporter assays were conducted as
described below.

Luciferase reporter assays
For NF-�B reporter assays, HEK293T, HEK293T transient transfectants, or
293/TLR4/MD-2 and 293/TLR2 stable transfectans were plated in 24-well
plates (2�105 cells/well) and grown overnight. For transient transfections,
HEK293T cells were cotransfected using Superfect (Qiagen) with pCDNA3-
YFP-TLR4 encoding WT [45] or D299G variants (50 ng/well each),
pCDNA3-CD14 (20 ng/well), pEFBOS-MD-2 (2 ng/well), pELAM-luciferase
(200 ng/well), and pCMV-�-galactosidase (50 ng/well), and total plasmid
DNA amount was adjusted to 1 �g/well with pCDNA3. Overexpression of
WT or mutant (R753Q) TLR2 species was achieved by transient transfec-
tion as described for TLR4, replacing TLR4-encoding plasmids with
pCDNA3-YFP-TLR2 vectors encoding WT or R753Q variants. Following
transfections, cells were recovered for 24 h, treated as indicated in figure
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legends, and lysed in a passive lysis buffer (Promega, Madison, WI, USA),
and firefly luciferase versus �-galactosidase activities were measured with a
luciferase reporter assay system (Promega) and �-galactosidase assay kit
(Galacto-Light system, Tropix Inc., Bedford, MA, USA) on a LB9507 lumi-
nometer (Berthold Technologies, Bad Wildbad, Germany).

Immunoblotting
Cell extracts were prepared using a lysis buffer containing 20 mM Tris-HCl
(pH 7.4), 1% Triton X-100, 150 mM NaCl, 12.5 mM �-glycerophosphate,
50 mM sodium fluoride, 1 mM DTT, 1 mM sodium orthovanadate, 2 mM
EDTA, 1 mM PMSF, and protease inhibitor cocktail (Roche, Indianapolis,
IN, USA). Protein concentration was determined using a protein assay kit
(Bio-Rad, Hercules, CA, USA), and samples were resuspended in Laemmli
buffer (Bio-Rad) and loaded (20 �g/lane) onto 4–20% polyacrylamide
minigels (Invitrogen). Proteins were separated by electrophoresis and elec-
trotransferred to Immobilon-P membranes (Millipore, Bedford, MA, USA).
Membranes were blocked and probed with corresponding Ab as described
previously [42, 43].

Isolation of RNA, PCR, and real-time PCR
Total RNA was isolated with RNeasy kits (Qiagen), followed by DNase di-
gestion and repurification, as recommended by the manufacturer. cDNA
was prepared from 1 �g RNA using a RT system (Promega). To determine
R. akari loads, RNA, prepared from cells infected with bacteria, was sub-
jected to RT-PCR to amplify R. akari-specific 16S RNA as reported [36],
and relative quantities of human �-actin mRNA (a housekeeping gene)
were also analyzed [44]. The following primers were used: R. akari 16S
RNA forward, 5�-GTTCGGAATTACTGGGCGTA-3�, R. akari 16S RNA re-
verse, 5�-AATTAAACCGCATGCTCCAC-3�; �-actin forward, 5�-GAT-
GATATCGCCGCGCTCGT-3�, �-actin reverse, 5�-GTAGATGGGCACAGTGT-
GGGTG-3�. The following PCR procedure was used for both sets of prim-
ers: 95°C, 5 min (denaturing); 30 amplification cycles of 95°C for 30 s,
56°C for 30 s, and 72°C for 2 min; and the final cycle of 72°C for 10 min.
To analyze cytokine gene expression, cDNA was subjected to quantitative
real-time PCR analysis on a MyIQ real-time PCR system (Bio-Rad). The fol-
lowing primers were used: huHPRT, forward, 5�-ACCAGTCAACAGGGGA-
CATAAAAG-3�, reverse, 5�-GTCTGCATTGTTTTGCCAGTGTC-3�; huIL-8,
forward, 5�-CACCGGAAGGAACCATCTCACT-3�, reverse, 5�-TGCACCTTCA-
CACAGAGCTGC-3�. Data were processed using the 2–��comparative threshold

method [46]. Purified and sequenced PCR products were used as standards
and positive controls, and melting curve analysis was used additionally to
ensure the specificity of PCR amplification.

Analysis of cytokine secretion by ELISA
Levels of TNF-� and IL-8 in supernatants were determined by ELISA in the
University of Maryland, Baltimore, Cytokine Core Laboratory using com-
mercial Ab and standards obtained from R&D Systems (Minneapolis, MN,
USA; TNF-�) and Biosource (Camarillo, CA, USA; IL-8), respectively, with
the lower detection limit of 3.9 pg/ml.

Statistical analysis
Statistical analysis was performed using the GraphPad Prism 5 program for
Windows (GraphPad Software, San Diego, CA, USA). Statistical differences
among experimental groups were evaluated by a one-way ANOVA with re-
peated measures, followed by post hoc comparisons with Tukey’s multiple
paired comparison test. Values are expressed as mean � sd.

RESULTS

Overexpression of TLR2 or TLR4 imparts NF-�B
activation in HEK293 cells in response to stimulation
with HK R. akari
To examine whether TLR2 and/or TLR4 are involved in cell
activation elicited by HK R. akari, we first assessed activation of

the transcription factor NF-�B, a principal transcription regula-
tor of a variety of genes encoding cytokines, chemokines, ad-
hesion, and costimulatory molecules. To this end, we first mea-
sured protein levels of I�B-�, an inhibitor sequestering NF-�B
dimers in the cytoplasm of unstimulated cells that undergoes
receptor-triggered proteasomal degradation, allowing NF-�B to
translocate into the nucleus and to bind �B sites in promoter
elements, initiating gene expression. TLR2/4-negative
HEK293T cells or HEK293 cells stably expressing TLR2 (293/
TLR2) or the TLR4/MD-2 cassette (293/TLR4/MD-2) were
treated with medium or stimulated with HK R. akari for 15
and 30 min. As controls for TLR specificity, cells were stimu-
lated with TLR1/2 and TLR4 agonists, Pam3Cys, and LPS, re-
spectively. Immunoblot analyses of whole cell lysates demon-
strate prominent I�B-� degradation in response to stimulation
with HK R. akari in 293/TLR2 and 293/TLR4/MD-2 cells,
whereas no degradation was observed in untransfected
HEK293T cells (Fig. 1, top panel). In line with the literature,
LPS caused I�B-� degradation only in 293/TLR4/MD-2 cells
but not in 293/TLR2 or HEK293T cells, whereas Pam3Cys elic-
ited the response only in 293/TLR2 cells (Fig. 1, 2nd and 3rd
panels from top). The differences in I�B-� levels were not a
result of variations in protein loading, as comparable levels of
�-actin were observed in all samples analyzed (Fig. 1, bottom
panel, and data not shown).

To confirm that HK R. akari-inducible, TLR-mediated degra-
dation of I�B-� is linked to increased transactivation potential
of NF-�B, we studied activation of NF-�B-dependent reporter
pELAM-luciferase that results in the expression of a luciferase
reporter gene. HEK293T cells were transiently transfected with
a control vector (pCDNA3) or complemented with YFP-TLR2
or YFP-TLR4 in combination with MD-2 and CD14 following
transfection of the corresponding plasmids and with pELAM-
luciferase together with pCMV-�-galactosidase (used for nor-
malization; Fig. 2A). As a second approach, we compared acti-
vation of the NF-�B-dependent pELAM-luciferase reporter
transfected in HEK293T cells or stable cell lines 293/TLR2 or

Figure 1. Overexpression of TLR2 or TLR4 in HEK293 cells confers
I�B-� degradation in response to HK R. akari. HEK293T cells and
293/TLR2 or 293/TLR4/MD-2 stable transfectants were treated for
the indicated time periods with medium (0 time-point), 1 �g/ml
Pam3Cys, 100 ng/ml LPS, or HK R. akari (prepared based on bacteria
equivalent used for heat inactivation/HEK cell ratio 50:1). Cell ex-
tracts were prepared and analyzed by immunoblotting with Ab against
I�B-� or �-actin to determine I�B-� degradation and protein loading.
Shown are results of a representative (n�3) experiment.
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293/TLR4/MD-2 (Fig. 2B). Cells were treated for 5 h with me-
dium, HK R. akari, or established TLR2 and TLR4 agonists,
Pam3Cys and LPS, to confirm the specificity of TLR stimula-
tion. Activation of the NF-�B reporter, pELAM-luciferase, was
measured based on expression of firefly luciferase, normalized
to that of galactosidase, and fold stimulation was calculated by
dividing values in cells incubated with stimuli by those de-
tected in medium-treated cultures. As shown in Fig. 2A, HK R.
akari induced 5.6- to 5.9-fold activation of pELAM-luciferase in
HEK293T cells overexpressing TLR2 or TLR4 along with CD14
and MD-2, whereas no stimulation (fold activation�1) was
seen in cells transfected with pCDNA3 only. In accordance
with previous results reported by us and others [39, 41, 47],
cell transfection with pCDNA3-CD14 or pEFBOS-MD-2 without
addition of TLR2/4-encoding vectors failed to elicit NF-�B re-
porter activation (data not shown). As shown in Fig. 2B, we

observed 4.9- and 7.2-fold pELAM-luciferase induction by HK
R. akari in 293/TLR2 and 293/TLR4/MD-2 stable cell lines,
whereas only twofold induction was seen in HEK293T cells. As
expected, LPS stimulated activation of pELAM-luciferase re-
porter only in HEK293 cells overexpressing TLR4 but not in
cells expressing TLR2 or transfected with pCDNA3 only (Fig.
2A and B). Fig. 2 also shows that only TLR2-expressing
HEK293 cells showed NF-�B reporter activation in response to
stimulation with Pam3Cys, and no induction was detected in
TLR4-expressing cells or HEK293T cells transfected with
pCDNA3 only or expressing CD14/MD-2 without TLRs (data
not shown). Taken collectively, these results indicate that in-
troduction of TLR2 or TLR4 by transfection into TLR2/4-defi-
cient HEK293T cells enables NF-�B activation in response to
stimulation with HK R. akari.

Overexpression of TLR2 or TLR4 in HEK293T cells
enables IL-8 gene expression and secretion in
response to stimulation with HK R. akari
In view of importance of NF-�B in mediating gene expression
[4], we next asked whether TLR-mediated activation of this
transcription factor translates into induction of cytokine
mRNA and protein expression. As IL-8 is the most inducible
cytokine expressed by HEK293 cells [7, 13, 41], we compared
IL-8 mRNA expression and secretion in HEK293T cells tran-
siently transfected with a pCDNA3 empty vector (negative con-
trol) versus cells expressing TLR2 or TLR4, along with core-
ceptors CD14 and MD-2, upon cell stimulation with HK R.
akari. Similar to NF-�B reporter studies described above, we
used Pam3Cys and LPS, known TLR1/2 and TLR4 agonists, to
control for the specificity of cell activation via corresponding
TLRs. Real-time PCR analyses demonstrated that HK R. akari
caused 7.6 and 5.2-fold induction of IL-8 gene expression in
HEK293T/CD14/MD-2 cells coexpressing TLR4 and TLR2,
respectively, whereas no response was observed in HEK293T
cells transfected with pCDNA3 only (Fig. 3A). Of note, expo-
sure of either cell line to HK control, uninfected Vero cells
(infected Vero cells were used to generate R. akari prepara-
tions), failed to activate IL-8 mRNA (Fig. 3A). Similar to IL-8
mRNA data, only HEK293T/CD14/MD-2 cells expressing
TLR2 or TLR4 responded to exposure to HK R. akari by in-
creases in secreted IL-8 levels from 22 pg/ml (unstimulated
cells incubated with medium) to 220 pg/ml and 206 pg/ml,
respectively, and pCDNA3-transfected HEK293T cells did
not respond to any stimuli (Fig. 3B). As expected, stimula-
tion of HEK293T/CD14/MD-2 cells with LPS resulted in
9-fold up-regulation of IL-8 mRNA and increased levels of
secreted IL-8 from 22 pg/ml to 1242 pg/ml, whereas no
responses were observed in TLR2-expressing cells or cells
transfected with pCDNA3 vector only (Fig. 3A and B). Re-
ciprocally, Pam3Cys caused a 6-fold increase in IL-8 mRNA
levels and enhanced production of IL-8 from 22 pg/ml to
282 pg/ml only in HEK293 cells expressing TLR2 and ex-
hibiting no activity in TLR4-expressing cells or cells trans-
fected with pCDNA3 only (Fig. 3A and B). These results
show acquisition of sensitivity of HEK293T cells to HK R.
akari upon their complementation with transfected TLR2 or
TLR4, along with CD14 and MD-2.

Figure 2. Overexpression of TLR2 or TLR4 enables NF-�B reporter
activation in HEK cells stimulated with HK R. akari. (A) HEK293T
cells were transiently transfected with empty vector (pCDNA3) or com-
binations of pCDNA3-CD14 (20 ng/well), pEFBOS-HA-MD-2 (2 ng/
well), and pCDNA3-YFP-TLR4 (50 ng/well) encoding WT, D299G, or
T399I TLR4 species, as indicated. Total level of plasmid DNA was ad-
justed to 1 �g/well with empty (pCDNA3) vector. (B). HEK293T cells
or 293/TLR2 or 293/TLR4/MD-2 stable transfectants were plated into
24-well plates and grown for 20 h. (A and B) Cells were cotransfected
with pELAM-luciferase (200 ng/well) and pCMV-�-galactosidase (50
ng/well), recovered for 24 h, and treated for 5 h with medium, 1
�g/ml Pam3Cys, 100 ng/ml LPS, or HK R. akari (prepared based on
bacteria equivalent used for heat inactivation/HEK cell ratio 50:1).
Cell lysates were prepared and assayed for firefly luciferase versus �-ga-
lactosidase activities, and results were expressed as fold stimulation
calculated by dividing firefly luciferase/�-galactosidase observed in
wells with stimuli by those detected in medium-alone wells. Shown are
data (mean�sd) of a representative (n�3) experiment.
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D299G TLR4 and R753Q TLR2 mutations impair the
ability of TLR2 and TLR4 to mediate NF-�B reporter
activation in response to HK R. akari
To further confirm use of TLR2 and TLR4 by R. akari for cell
activation, we took advantage of known mutations present in
these TLRs, the D299G, T399I TLR4, and R753Q TLR2 SNPs,
that have been associated with impaired receptor signaling
and predisposition to a number of infectious diseases [24–28,

31, 33, 37]. These mutations were introduced into expression
vectors encoding WT TLR2 or TLR4 by site-directed mutagen-
esis, and their presence was confirmed by sequencing. Subse-
quently, the effect of the R753Q TLR2 and D299G TLR4 mu-
tations on TLR-mediated activation of NF-�B reporter in re-
sponse to stimulation with HK R. akari was examined. To this
end, TLR2/4-negative HEK293T cells were transfected with
expression plasmids encoding WT or mutant versions of TLR2
or TLR4, along with vectors encoding CD14 and MD-2, as well
as with the NF-�B reporter pELAM-luciferase and pCMV-�-
galactosidase (used for normalization). After recovery, cells
were treated for 5 h with medium or incubated with HK
R. akari, LPS, or Pam3Cys, and NF-�B reporter activation was
measured in cell extracts relative to �-galactosidase expression.
Overexpression of WT TLR2 and TLR4 in HEK293T resulted
in �6.7- and 8.5-fold induction of the NF-�B reporter in re-
sponse to Pam3Cys and LPS, respectively, and rendered cells
sensitive to HK R. akari, as evidenced by �8- and 4-fold activa-
tion of pELAM-luciferase (Fig. 4A and B). The presence of the
R753Q mutation resulted in 70–85% inhibition of pELAM-
luciferase activation mediated by HK R. akari and Pam3Cys
(Fig. 4A), and the D299G SNP led to 49–67% decreases in
induction of the NF-�B reporter by LPS and HK R. akari, re-
spectively (Fig. 4B). In contrast, comparable pELAM-luciferase
reporter activation was induced by HK R. akari or LPS in cells
expressing WT TLR4 or the T399I TLR4 (Fig. 4B). Compara-
ble levels of WT or mutant YFP-TLR2 and -TLR4 were de-
tected by immunoblot analyses of cell extracts with anti-GFP
Ab that detect the YFP tag [40] (Fig. 4C). Thus, impaired ca-
pacities of the R753Q TLR2 and D299G TLR4 to elicit NF-�B
reporter activation could not be attributed to their lower ex-
pression levels. These data indicate that the R753Q TLR2 and
D299G TLR4 mutations significantly impair the capacity of the
respective TLRs to mediate NF-�B activation in response to
HK R. akari.

Blocking Ab against TLR2 or TLR4 inhibit TNF-�
secretion by human monocytes stimulated with HK
R. akari
In our next series of experiments, we extended our data about
involvement of TLR2 and TLR4 in cell activation by HK
R. akari from the HEK293 overexpression system that uses
forced TLR overexpression to human monocytes. In doing so,
we used Ab against TLR2 (TL2.1) and TLR4 (HTA125) that
inhibit secretion of cytokines by monocytes treated with the
respective TLR agonists [39]. The presence of anti-TLR2 Ab
led to �63% reduction of TNF-� secretion in response to
Pam3Cys compared with cytokine levels detected in Pam3Cys-
stimulated monocytes treated with anti-TLR4 or isotype con-
trol Ab, while not affecting the LPS response (Fig. 5A). Recip-
rocally, anti-TLR4 Ab reduced LPS-mediated TNF-� release by
49% compared with LPS-induced cytokine levels observed in
cultures treated with anti-TLR2 Ab or isotype control Ab (Fig.
5A). Stimulation of monocytes for 24 h with HK R. akari in-
creased TNF-� secretion by �11-fold, addition of anti-TLR2 or
anti-TLR4 Ab decreased this response by 37–48%, and their
simultaneous addition led to 58% inhibition of TNF-� release
(Fig. 5A). These results indicate that Ab-mediated blocking of

Figure 3. Transfection-based complementation of HEK293T cells with
TLR2 or TLR4 elicits IL-8 gene expression and secretion upon activa-
tion with HK R. akari. HEK293T cells were plated in 6-well plates
(3�106 cells/well), grown overnight, and transiently transfected with
pCDNA3, alone or in combination with pCDNA3-CD14 (200 ng/well),
pEFBOS-MD-2 (20 ng/well), and pCDNA3-YFP-TLR2 or pCDNA3-YFP-
TLR4 (500 ng/well each). After recovery for 20 h, cells were treated
for 3 h (A) or 24 h (B) with medium, 1 �g/ml Pam3Cys, 100 ng/ml
LPS, HK R. akari (prepared based on bacteria equivalent used for heat
inactivation/HEK cell ratio 50:1), or HK lysates of Vero cells (used in
equivalent amounts and processed identically compared with lysates of
Vero cells infected with R. akari). (A) RNA was isolated and converted
into cDNA, and samples were subjected to real-time PCR analyses of
HPRT and IL-8 mRNA expression using gene-specific primers. Shown
are data of a representative (n�4) experiment. (B) Amounts of se-
creted IL-8 were analyzed in cell-free supernatants by ELISA. Shown
are results (mean�sd) of a representative (n�3) experiment.
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TLR2 or TLR4 inhibits TNF-� production by human mono-
cytes stimulated with HK R. akari.

Infection with live R. akari results in cell activation
via TLR2/4-dependent and independent mechanisms
To examine whether live R. akari signals cell activation via
TLR2 or TLR4, we first studied the effect of pretreatment of
human monocytes with blocking Ab against TLR2 and TLR4
on TNF-� release triggered by infection with live R. akari. Ad-
dition of anti-TLR2 Ab did not affect TNF-� production elic-
ited by live R. akari regardless of MOI used, as compared with
bacteria-infected cells exposed to isotype control Ab (Fig. 5B).
Anti-TLR4 Ab did not cause statistically significant changes in
the TNF-� response evoked by live R. akari infection at MOI
50, while yielding 24% down-regulation of the cytokine re-
sponse triggered by live bacteria at MOI 10 (Fig. 5B). Of note,

the presence of anti-TLR4 Ab led to 48% inhibition of TNF-�
release upon stimulation of monocytes with the dose of HK
R. akari equivalent to MOI 50 (Fig. 5A). Simultaneous addition
of Ab against both receptors resulted in 36.5% inhibition of
TNF-� secretion elicited by live R. akari (MOI 10), which is
lower compared with the inhibitory effect of these Ab on
TNF-� release induced by HK bacteria used at the 5-times
higher dose equivalent (58%; Fig. 5A and B). PCR analyses
showed similar expression levels of R. akari 16S RNA in groups
of bacteria-infected cells treated with different Ab and equal
expression of �-actin mRNA (Fig. 5C), revealing comparable
bacterial loads and sample loading.

As IRAK1 and p38 kinases are essential in induction of TLR
signaling cascades [1, 48, 49], we next compared activation of
IRAK1 and p38 kinases in TLR2/4-negative HEK293T cells or
HEK293 cells stably expressing TLR2 or TLR4/MD-2 after co-
incubation with live R. akari for 2 h. Activation of IRAK1 and
p38 was judged by their phosphorylation, which is a prerequi-
site for induction of kinase activities of IRAK1 and p38 [1, 48–
50]. Immunoblot analyses showed the presence of phosphory-
lated IRAK1 and p38 species in whole cell lysates obtained
from HEK293T, 293/TLR2, and 293/TLR4/MD-2 cells upon
infection with live R. akari but not in medium-treated cells,
and a higher degree of phosphorylation was observed in cells
expressing TLR2 or TLR4 (Fig. 6A, top and middle panels).
The noted differences were not a result of variations in pro-
tein loading, as similar levels of tubulin were detected in all
samples analyzed (Fig. 6A, bottom panel). Comparable expres-
sion levels of R. akari 16S RNA were seen in infected
HEK293T cells and 293/TLR2 and 293/TLR4/MD-2 transfec-
tants (Fig. 6B), indicating that the noted differences were not
a result of variations in the bacterial loads. These data show
that whereas live R. akari can signal IRAK1 and p38 activation
via TLR2/4-independent mechanisms, overexpression of TLR2
or TLR4 enhances R. akari-mediated responses. These data
indicate that live R. akari induces signaling by triggering
TLR2/4-independent mechanisms.

DISCUSSION

Elucidation of mechanisms by which rickettsia activate innate
immune cells is important for rational drug design and devel-
opment of new therapeutic approaches to treat rickettsial in-
fections, including Rocky Mountain spotted fever, Mediterra-
nian spotted fever, and typhus. Previous studies showed that
C3H/HeJ mice expressing nonfunctional P712H TLR4 de-
velop fatal R. conorii infection upon inoculation with the dose
of R. conorii that was well controlled and nonfatal in TLR4-
competent C3H/HeN mice [36]. The development of R. cono-
rii infection in C3H/HeJ mice was associated with higher bac-
terial burdens, impaired production of proinflammatory cyto-
kines, and decreased protective Th1 responses [36]. The lack
of functional TLR4 led to a decreased proportion of activated
NK cells in the spleen of R. conorii-infected mice and impaired
secretion of IFN-� and NK cytotoxicity and abolished the ca-
pacity of rickettsia-infected DCs to activate NK cells upon their
adoptive transfer into TLR4-competent mice [51]. Further-
more, the prevalence in expression of the D299G TLR4 SNP

Figure 4. The D299G TLR4 and R753Q TLR2 mutations inhibit the
capacities of TLR2 and TLR4 to signal NF-�B-reported activation elic-
ited by stimulation of HEK transfectants with HK R. akari. HEK293T
cells were transfected with pCDNA3-CD14, pEFBOS-MD-2, pELAM-
luciferase, pCMV-�-galactosidase, and pCDNA3-YFP-TLR2 encoding
WT or R753Q species (A) or pCDNA3-YFP-TLR4 encoding WT,
D299G, or T399I variants (B), as described in Fig. 2. Cells were
treated for 5 h with medium, 100 ng/ml LPS, 1 �g/ml Pam3Cys, and
HK R. akari (prepared based on bacteria equivalent used for heat inac-
tivation/HEK cell ratio 50:1). Firefly versus �-galactosidase activities
were measured in cell lysates, and data were expressed as described in
Fig. 2. *P � 0.05. (C) Cell lysates from cells transfected with expres-
sion vectors encoding WT or mutant YFP-TLR2, YFP-TLR4, or control
pCDNA3 plasmid were subjected to immunoblot (IB) analyses with
anti-GFP Ab. The data (mean�sd) of a representative (n�3) experi-
ment are depicted. IP, Immunoprecipitation.
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was found in patients with Mediterranean spotted fever caused
by R. conorii [37], suggesting TLR4 as an important sensor of
rickettsiae. However, studies in patients with African tick bite
fever caused by Rickettsia africae revealed TLR2 as the major
receptor mediating activation of platelets, and the R. africae-
mediated procoagulant effects and sCD40 expression in endo-
thelial cells were TLR4-dependent [52]. Thus, the use of TLR-
dependent and independent mechanisms by rickettsiae re-
mains poorly understood.

Macrophages are important in host defense against intracel-
lular microbial pathogens, including rickettsia, through bacte-
ria phagocytosis, destruction of intracellular bacteria via the
production of reactive oxygen and reactive nitrogen intermedi-
ates, and cytokine secretion [53]. R. akari targets macrophages
and endothelial cells, where proliferation of rickettsia contrib-
utes to vascular permeability and expression of cytokines and
adhesion molecules [38, 54]. In contrast to C3H/HeN, C3H/
HeJ mice expressing the P712H signaling-deficient TLR4 mu-
tant were found to succumb to R. akari, and their histopatho-
logical examination revealed the presence of R. akari in many
macrophages and circulating monocytes [36, 55], and mice
with deficient macrophage functions show increased suscepti-
bility to R. akari [56]. C3H/HeJ mice expressing the nonfunc-
tional P712H TLR4 are the most susceptible to R. akari among
the 24 mouse strains studied [36] and exhibit impaired serum
levels of proinflammatory cytokines TNF-�, IL-1�, and IL-6
after infection with R. akari in vivo (unpublished observation).
As R. akari expresses lipoproteins, lipopeptides, and LPS,
which have been documented as TLR2 and TLR4 agonists for
other bacteria [4, 5, 13], we systematically delineated involve-
ment of TLR2 and TLR4 in cell activation induced by R. akari.

To the best of our knowledge, this paper shows for the first
time that TLR2 and TLR4 act as sensors of live and HK
R. akari and mediate activation of IRAK1, p38, NF-�B, and ex-
pression of TNF-� and IL-8. Several lines of evidence indicate
involvement of TLR2 and TLR4 in cell activation induced by
R. akari. First, transfection-based complementation of TLR2/4-
negative HEK293T cells with TLR2 or TLR4, along with core-
ceptors CD14 and MD-2, enabled cell responsiveness to HK

R. akari, as judged by degradation of I�B-�, induction of
NF-�B reporter activity, and activation of IL-8 gene expression
and secretion. Likewise, HEK293 cells stably expressing TLR2
or TLR4/MD-2 also exhibited NF-�B reporter activation and
IL-8 gene expression and secretion in response to HK R. akari,
whereas TLR2/4-negative cells failed to respond.

Second, introduction of the mutations in TLR2 (R753Q)
and TLR4 (D299G), which have been associated previously
with impaired TLR responsiveness and increased incidence of
certain infections [24–28, 31, 33, 37], resulted in a significant
loss of the capacities of the respective TLRs to mediate NF-�B
reporter activation in response to HK R. akari. The R753Q mu-
tation is localized to the signaling TIR domain of TLR2 and
has been linked to a number of infectious diseases, including
atopic dermatitis [57], severe ulcerative colitis [58], and tuber-
culosis [31]. Mutagenesis of the TIR region containing the
R753 residue was reported to impair TLR1-TLR2 association
and abolish recruitment of MyD88 [59]. In this regard, it is of
interest that in contrast to WT TLR2, the R753Q TLR2 mutant
fails to recruit MyD88 upon stimulation with irradiated Myco-
bacterium tuberculosis (unpublished observation). Thus, the in-
hibitory effect of the R753Q mutation on TLR2-mediated
NF-�B activation in response to HK R. akari may occur as a
result of interference with TLR2 heterodimerization with
TLR1 and/or inhibition of MyD88 recruitment to TLR2. Stud-
ies are in progress to address this question. On the other
hand, the D299G and T399I SNPs are located in the ectodo-
main of TLR4, and between the two, it is the D299G SNP that
has the greatest signaling deficiency [24, 47] and has been
reported to be associated with a number of infectious and in-
flammatory diseases. Indeed, the D299G TLR4 SNP has been
linked to increased incidence of Gram-negative bacteremia
and sepsis [24, 25], malaria [28], RSV bronchiolitis in full-
term, healthy infants [26, 60], and increased occurrence of
infections with Gardnerella vaginalis and Gram-negative rods
[61]. In the Tunisian population, subjects expressing the
D299G TLR4 SNP had a greater risk of developing active pul-
monary tuberculosis [62], and it is also more prevalent in pa-
tients with Crohn’s disease [29]. Our data also demonstrate a

Figure 5. The effect of blocking anti-TLR2 and anti-TLR4 Ab on secretion of TNF-� by human monocytes stimulated with LPS, Pam3Cys, or
R. akari. Human monocytes were pretreated for 30 min on ice with isotype control Ab or Ab against TLR2 (TL2.1), TLR4 (HTA125), or both (10
�g/ml each). (A) Cells were incubated for 24 h with medium, 100 ng/ml LPS, 1 �g/ml Pam3Cys, or HK R. akari (prepared based on bacteria
equivalent used for heat inactivation/HEK cell ratio 50:1). (B) Monocytes were incubated for 24 h with medium, 10 ng/ml LPS, and 100 ng/ml
Pam3Cys or infected with live R. akari at MOI 10 and 50. Cell-free supernatants were collected and used for measurements of secreted TNF-� lev-
els by ELISA. *P � 0.05. (C) RNA was prepared from R. akari-infected monocytes (triplicate samples for each treatment), reverse-transcribed, and
subjected to PCR analysis with primers specific for 16S R. akari RNA or �-actin mRNA. Shown are results of a representative experiment.
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profound signaling deficiency of the D299G TLR4 variant in
mediating NF-�B activation in response to HK R. akari and
LPS, whereas the T399I species elicited the response similar to
that induced by WT TLR4.

The mechanisms of inhibitory effect of the D299G mutation
remain incompletely understood. Decreased TLR4 expression
in carriers of the D299G SNP was suggested initially to account
for blunted responses of airway cells to inhaled LPS [24].
However, Rallabhandi et al. [47] found comparable protein
levels of WT and mutant TLR4 in 293/CD14/MD-2 cells trans-
fected with the corresponding TLR4 species, yet cells express-
ing the D299G TLR4 showed suppressed LPS-induced NF-�B
activation. The computer-assisted modeling of the TLR4
ectodomain showed the D299G as located in leucine-rich re-
peat 10, which forms a putative ligand-binding or coreceptor
site, suggesting that this SNP interferes with ligand binding or

TLR4 interactions with coreceptors CD14 and/or MD-2 [47].
Elucidation of the exact molecular mechanism by which the
D299G affects TLR4 signaling awaits further studies about crys-
tal structures of WT versus D299G TLR4 ectodomains, alone
and in complex with TLR4 agonists, and analyses of dimeriza-
tion patterns of TLR4 variants and their interaction with CD14
and MD-2. It is of importance that carriers of the D299G TLR4
variant showed increased incidence and severity of Mediterra-
nean spotted fever caused by R. conorii [37], suggesting TLR4
as an important sensor of rickettsiae. Of note, Ozen et al. [63]
reported an elevated frequency of the R753Q TLR2 SNP in
patients manifesting increased severity of familial Mediterra-
nean spotted fever. TLR2 was found as the major receptor
eliciting activation of platelets in patients with African tick bite
fever caused by R. africae, whereas the R. africae-mediated, pro-
coagulant effects and sCD40 expression in endothelial cells
were TLR4-dependent [52], suggesting combined and cooper-
ative involvement of different PRRs in rickettsia recognition.
No data are currently available regarding a possible association
between the frequency of occurrence of TLR2/TLR4 SNPs
and infectious diseases caused by R. akari. Such studies would
help to reveal functional roles of PRRs in determining suscep-
tibility to rickettsiosis.

HEK293 cells do not represent natural targets for R. akari,
and in contrast to monocytes and macrophages expressing
many TLR-inducible cytokines [64], HEK293 cells express a
limited repertoire (IL-8, RANTES, and IFN-�) [40–43]. There-
fore, we sought to extend our results about the use of TLR2
and TLR4 by HK R. akari to human monocytes, using blocking
Ab against TLR2 or TLR4. The 3rd line of evidence shows that
blocking of TLR2 or TLR4 markedly decreased secretion of
TNF-� by human monocytes stimulated with HK R. akari, and
addition of both Ab led to an even greater inhibitory effect on
cytokine secretion. To the best of our knowledge, this paper is
the first demonstration that HK R. akari engages TLR2 and
TLR4 for eliciting cytokine production in human monocytes.
Previous studies have demonstrated unambiguously that en-
gagement of TLR2 and TLR4 and their respective agonists,
e.g., mycoplasma-activating lipoprotein 2 and LPS, results in
additive or synergistic effects on TLR-inducible responses, in-
cluding MAPK and NF-�B activation, cytokine gene expression,
and cytokine release [65]. Our results extend these data to
putative, structural components of R. akari, strongly suggesting
that TLR2- and TLR4-reacting ligands within the HK R. akari
preparations engage the respective TLR, leading to an additive
or synergistic effect. Characterization of TLR2 and TLR4 ago-
nists expressed by R. akari is the subject of our ongoing stud-
ies. These rickettsial components, by analogy to other bacterial
ligands, may include R. akari-derived lipoproteins as ligands
for TLR2, and rickettsial LPS and heat shock proteins may
represent TLR4 ligands.

TLR2 and TLR4 are known activators of chemokines and
proinflammatory cytokines [1, 4, 53], and this paper shows
TLR2/4-mediated induction of IL-8 and TNF-� expression
upon recognition of R. akari. Thus, detection of R. akari by
TLR2 and TLR4 expressed on endothelial cells, macrophages,
and DCs would be predicted to mediate recruitment and acti-
vation of neutrophils and monocytes to infection loci, contrib-

Figure 6. The effect of infection of HEK293T, 293/TLR2, and 293/
TLR4/MD-2 cells with live R. akari on activation of IRAK1 and p38.
HEK293T cells and 293/TLR2 and 293/TLR4/MD-2 stable transfec-
tants were incubated for 2 h with medium or infected with R. akari at
MOI � 50. (A) Cell lysates were prepared and subjected to immuno-
blot analyses with Ab against p-IRAK1 and p-p38 to analyze activation
of these kinases based on their phosphorylation, and anti-tubulin Ab
was used to control for protein loading. (B) Bacterial loads were esti-
mated based on PCR analysis of 16S R. akari RNA in samples of in-
fected cells. No RT indicates PCR reaction on the RNA sample iso-
lated from R. akari-infected HEK293T cells in the absence of RT.
Shown are data of a representative experiment.
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uting to resolution of rickettsial infection. TLR2 and TLR4
have been reported to induce expression of antimicrobial pep-
tides in response to various microbial pathogens, including
Chlamydia pneumoniae, Staphylococcus aureus, and M. tuberculosis
[66–68], which could also be involved in host immune de-
fense against rickettsial infections. Indeed, cecropin A and
ceratotoxin A were reported to cause a lethal effect on Rickett-
sia monacensis and Rickettsia peacockii [69]. Further experiments
are required to address the question of the role for TLR-de-
pendent induction of antimicrobial peptides by innate im-
mune cells in mediating host defense against R. akari.

R. akari replicates intracellularly in macrophages and endo-
thelial cells, suggesting that infection with live bacterium may
engage endosomal TLRs as well as intracellular sensors of bac-
terial PAMPs such as NLRs, as rickettia have been reported as
capable of escaping from phagosome and penetrating in the
cytoplasm [70]. The identity of other TLRs and NLRs involved
in recognition of live R. akari is presently unknown, but it is
plausible that endosomal TLR9 [20] could recognize hypom-
ethylated CpG motifs present in rickettsial DNA, whereas en-
dosomal TLR7/8 and cytoplasmic NLRP3 may sense R. akari
RNA, similar to their reported involvement in the recognition
of E. coli RNA [71, 72]. Detection of R. akari by inflamma-
some-activating NLRs, such as NLRP3, would then result in
secretion of IL-1� and IL-18, which play a central role in acti-
vation of various innate and adaptive cellular networks. Nota-
bly, NLRP3 and other inflammasome-activating NLRs can trig-
ger pyroptosis, limiting R. akari replication inside macrophages
and endothelial cells. Further studies in mice deficient for
TLRs and NLRs, implicated in host defense against rickettsial
infections, are required to identify definitively innate sensors
of live R. akari.

Interestingly, live B. burgdorferi was reported to induce a
larger range of cytokine genes compared with lysed bacteria,
including IFN-� and IFN-stimulated genes Mx1, IFIT1, IFIT2,
IFIT3, IFI16, and RSD2, genes encoding matrix metallopepti-
dases MMP1, MMP10, MMP19, and genes involved in protein
ubiquitination or ubiquitin-like functions, ISG15, HERC5,
UBE2L6, and USP18 [73]. Furthermore, live but not lysed B.
burgdorferi elicited activation of caspase-1 and IL-1� maturation
and secretion [73], suggesting the involvement of NLRs, such
as NLRP3. These data indicate that in addition to lipoproteins
acting through TLR2 that cannot activate type I IFN expres-
sion [74], live B. burgdorferi express additional ligands or in-
duce “danger” signals that can activate type I IFN and other
genes via engagement of other TLRs and NLRs [73]. We dem-
onstrate herein that infection with live R. akari induces activa-
tion of IRAK1 and p38 MAPKs, as judged by their phosphory-
lation, not only in HEK293 cells expressing TLR2 or TLR4 but
also in the TLR2/4-negative, parental HEK293T cell line, al-
though overexpression of TLR2 or TLR4 potentiated IRAK1
and p38 activation. To confirm results obtained in HEK293
overexpression studies in more physiological settings with mac-
rophage-like cells, we used infection of human monocytes with
live R. akari in the presence of isotype control and anti-TLR2
or anti-TLR4 Ab and compared levels of secreted TNF-� in
these cell cultures. Interestingly, we observed a significantly
reduced capacity of blocking Ab against TLR2 and TLR4 to

inhibit TNF-� secretion elicited by monocyte infection with
live R. akari compared with their significant inhibitory effects
on this response triggered by HK R. akari. Furthermore, infec-
tion of WT and TLR2- or TLR4-deficient mouse-immortalized
macrophage cell lines with live R. akari at MOI 10 and 50 led
to very small differences in levels of secreted TNF-�, and only
12% and 25% inhibition was observed (data not shown), and
deficiencies in TLR2 or TLR4 ablated macrophage activation
by the respective agonists Pam3Cys (TLR2) or LPS (TLR4).
Thus, similar to reported results with live versus lysed B. burg-
dorferi, our data suggest the use of other TLRs and possibly
NLRs by live R. akari and imply cooperation of signaling path-
ways elicited by other putative TLRs/NLRs with those induced
by TLR2 or TLR4 in fine-tuning the innate host response
against R. akari.

In summary, this paper demonstrates for the first time that
TLR2 and TLR4 are innate immune sensors closely involved in
recognition of HK and live R. akari. This conclusion is sup-
ported by several complementing lines of evidence. These in-
clude enabling cell responsiveness to HK R. akari upon
complementation of TLR2/4-negative HEK293T cells with
TLR2 or TLR4, compromised ability of mutants TLR2 and
TLR4 to mediate NF-�B activation in response to HK R. akari,
and inhibition of HK R. akari-elicited TNF-� secretion in hu-
man monocytes treated with blocking TLR2 or TLR4 Ab. In
contrast to HK R. akari using only TLR2 and TLR4, infection
with live R. akari activated IRAK1 and p38 MAPK in TLR2/4-
negative HEK293T cells and showed lower TLR2/4 depen-
dence in human monocytes and mouse macrophages, indicat-
ing the use of TLR2, TLR4, and other TLRs and/or NLRs for
recognition. Experiments are ongoing to identify putative
TLR2 and TLR4 agonists expressed by R. akari and to delin-
eate innate immune sensors involved in the recognition of live
bacterium.
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