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Cutting Edge:

Inflammatory Signaling

by Borrelia burgdorferi Lipoproteins Is
Mediated by Toll-Like Receptor 2*

Matthew Hirschfeld,* Carsten J. Kirschnirig,
Ralf Schwandnet,Holger Wesché,John H. Weis,*

R. Mark Wooten,*

The agent of Lyme diseaseBorrelia burgdorferi, produces
membrane lipoproteins possessing potent inflammatory prop-
erties linked to disease pathology. The recent association of
toll-like receptors (TLR) 2 and 4 with LPS responses prompted
the examination of TLR involvement in lipoprotein signaling.
The ability of human cell lines to respond to lipoproteins was
correlated with the expression of TLR2. Transfection of TLR2
into cell lines conferred responsiveness to lipoproteins, li-
popeptides, and sonicated. burgdorferi, as measured by nu-
clear translocation of NF-«B and cytokine production. The
physiological importance of this interaction was demonstrated
by the 10-fold greater sensitivity of TLR2-transfected cells to
lipoproteins than LPS. Futhermore, TLR2-dependant signal-
ing by lipoproteins was facilitated by CD14. These data indi-
cate that TLR2 facilitates the inflammatory events associated
with Lyme arthritis. In addition, the widespread expression of
lipoproteins by other bacterial species suggests that this inter-
action may have broad implications in microbial inflammation
and pathogenesis. The Journal of Immunology, 1999, 163:
2382-2386.

L

spirocheteBorrelia burgdorferi (1). A subacute inflam-
matory arthritis develops in 60% of individuals not

treated at the time of the tick bite (2), and is associated with ininflammation.

vasion of the joint tissue by spirochetes (3,R)burgdorferipos-
sess surface-associated proteins with the tripalmi@sglyceryl-
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cysteine (PanCys) modification common to many bacterial
species (5), and numerous inflammatory activities have been as-
cribed to the PagCys modification (6—9). Unique tB. burgdor-

feri is the presence of 130 genes, accounting di0% of the
genome, that possess a sequence encoding the signal peptidase
cleavage site necessary for synthesis of the lipid modification (10).
Expression of lipoprotein genes is environmentally regulated (11), =
with the outer surface protein (Osp)A lipoprotein expressed pri-
marily in the tick mid-gut and late in infection of humans (11-13).
Serological evidence indicates that otlBerburgdorferilipoproteins

are preferentially expressed during infection of mammals (11, 13),
and it is likely that they possess similar stimulatory properties (6-9).

The inflammatory activities attributed B burgdorferilipopro-

teins include the ability to directly induce N&B nuclear translo-
cation, resulting in cytokine production, adhesion molecule ex-
pression, and generation of nitric oxide and superoxide (6-9). ¢
Lipoproteins or their derivatives have been shown to activate en- @
dothelial cells, neutrophils, macrophages, and B lymphocytes in &
vitro, and to induce localized inflammatory infiltrate into knee €
joints and dermal sites in vivo (6—9, 14—1®). burgdorferidoes &
not produce LPS (17), nor does its genome encode the enzymesS
required for LPS synthesis (10). Thus, lipoproteins provide the O
major inflammatory stimulus associated with chronic infection. &

g
2
3
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yme disease is caused by infection with the tick-borneThe existence of a specific receptor for the highly inflammatory Q

lipoproteins has been hypothesized, and would provide a mecha- 3
nism by which the localized bacteria could directly activate
N
~
Bacterial lipoproteins and LPS share many characteristics, in-
cluding a biologically active lipid modification, the cell types that
are responsive, and the types of responses that are induced (18).
These observations argue that a similar molecule may be involved
in signaling, and is supported by the finding that the LPS corecep-
tor CD14 also facilitates lipoprotein signaling in several cell types
(19-21). Toll-like receptor (TLR)2 and TLR4 are two candidate
proteins that have recently been implicated in LPS signaling (22—
27). TLR4 has been identified by positional cloning as the gene
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(22, 23, 27). In this study, the possibility that members of the A
toll-receptor-like family are involved in signaling by bacterial li- TLRS
poproteins was investigated.
TLR4
Materials and Methods TRs
Cell lines and reagents
U373 cells were obtained from the American Type Culture Collection TLR2
(ATCC; Manassas, VA). 293 cells were a subclone from Tularik (South TLRI
San Francisco, CA). The TLR, endothelial cell-leukocyte adhesion mole- 1 T v T T !
cule (ELAM-1) luciferase, and Rous sarcoma virus (RBvjalactosidase 0 200 400 600 800 1000
DNA constructs are described by Kirschning et al. (22). Polymyxin B, LPS Copies TLR transcript per 1000 HPRT
from Salmonella typhimurium, and human serum were obtained from
Sigma (St. Louis, MO). Paglys-Ser-Lys-OH was obtained from Boehr-
inger Mannheim (Indianapolis, IN). Sonicat& burgdorferiand OspA B
purified fromB. burgdorferiwere isolated as described (14). Recombinant 600 Medi
OspA, OspB, and unlipidated OspA were provided by John Dunn g,_:s'a
(Brookhaven National Laboratories, Upton, NY) (28). The recombinant . S0
and native OspA and sonicat@&l burgdorfericontained<0.3 endotoxin E 400
units (EU) per 500 ng, as determined biynulusamebocyte assay (Asso- ?2
ciates of Cape Cod, Woods Hole, MA). The 60bca cell line was obtained z 300
from ATCC, and mopc 21 Ab was from Sigma. 21 200
Quantification of TLR cDNA 100
mRNA and cDNA were prepared (29) from U373 cells cultured in DMEM 0 —
with serum replacement Nutridoma-HU (Boehringer Mannheim). Tran- pFLAG TLR1 TLR2 TLR3 TLR4

script levels were quantified using the Light Cycler (Idaho Technology, . . .
Idaho Falls, ID) and normalized to hypoxanthine phosphoribosyl trans-F'GURE 1. Lipoprotein responsiveness correlates to TLR2 expres-
ferase (HPRT). This technique continuously monitors the accumulation ofion in U373 cellsA, RT-PCR detection of TLR expression. mRNA

fluorescently labeled product to calculate starting transcript numbers and @xpression for TLR1-TLR5 was quantified in U373 cells and normal-

described in detail by Morrison et al. (29). The oligonucleotide primersized toexpression of HPRTB, Transfection of TLR2 corrects lipoprotein-

dny wouy papeojumod

used to quantify HPRT were CTGGCGTCGTGATTAGTG and CCAA unresponsiveness in U373 cells. U373 cells were transiently transfected =

CACTTCGTGGGGTC; TLR1, CTATACACCAAGTTGTCAGC and with expression vector alone (pFLAG) or expression vector with specific g
GTCTCCAACTCAGTAAGGTG; TLR2, TCACCTACATTAGCAACAG  T| R construct. Cells were treated with: media withg/ml polymyxin B, :

and GATCTGAAGCATCAATCTC; TLR3, GATCTGTCTCATAATG | pg 4t 100 ng/ml with 2% human serum, recombinant OspA at 500 ng/ml ‘=:

?&Ig% ggiA%A%ﬁgAggngA%ﬁ%T/\ng C(I;C A-_II-_I:I%LL aGn((:jTT'IAIS;g with 5 ug/ml polymyxin B. Supernatants were collected after 24 h and §

, y . c

CTAGCTCCTAATCCTGATG and CCATGTGAAGTCTTTGCTGC. were assayed for IL-6 production by ELISA. 3

Transfections g

Q

3

U373 cells were transfected using pFx-2 (Invitrogen, Carlsbad, CA) with 4the TLR proteins were transfected individually into this cell line,
ung of either pFLAG alone or pFLAG containing a TLR construct. Cells gnq the ability to respond to lipoproteins was measured by IL-6 €

were grown for 24 h in DMEM with Nutridoma-HU, followed by stimu- ducti T fecti f TLR2 f d . t
lation for an additional 24 h with agonist. 293 cells were cotransfectedProauction. lransfection o conierred responsiveness 10

using a calcium phosphate kit (Life Technologies, Gaithersburg, MD) at ZOSPA in U373 cells (Fig. B), whereas transfection of vector
ratio of 3:1:2 ug for the pFLAG plasmid alone or pFLAG containing a alone, TLR1, TLR3, or TLR4 did not. TLR4 did significantly in-
T'-RICOPStF;Ct the E't-rﬁg'tlo'%ﬂ:ﬂgﬁzeer?grog;;%f;?glécgﬁi?gngn %i?llcrease IL-6 production of U373 cells when stimulated with LPS
\[j/gr?eagrg\?vln a;z? ggnﬁ and stimulated with the indicated agonistyfor anS(Flg' 1‘.3)’_a result t.hat agregs Wl.th previous reports suggesting that
additional 6 h. TLR4 is involved in LPS signaling (24-27).

To test this effect in a second TLR2-negative cell line (22),
expression constructs encoding the four TLR proteins were tran-
IL-6 (U373) and IL-8 (293) production was measured by ELISA using siently transfected into the human embryonic kidney line 293. The
matched-pair Abs (Endogen, Woburn, MA). 293 cells were then lysedT|.R expression plasmids were cotransfected with axBFde-
using reporter lysis buffer (Promega, Madison, W1), andud®f lysate o qant yciferase reporter plasmid that contained the E-selectin
was assayed for luciferase adgalactosidase activity using a Dynatec . . -

MLX luminometer after incubation in luciferase assay reagent (PromegafELAM'l) promoter. To normalize for transfection efficiency, an
or Galacto-Light with light emission accelerator (Tropix, Bedford, MA), RSV-B-galactocidase control plasmid was also cotransfected. Only
respectively. transfection of the TLR2 expression construct conferred respon-
siveness to OspA in 293 cells (Fig. 2,andB) and was reflected
Results in both luciferase and endogenous IL-8 production. As reported
The human glioma cell line U373 responds vigorously to LPS, butpreviously, TLR2 also conferred responsiveness to LPS (22, 23).
not to OspA, as assayed by IL-6 production (FiB)1In addition, = Because TLR2 conferred responsiveness to both lipoproteins and
U373 cells produce detectable levels of transcript for TLR1,LPS, polymyxin B was added to all lipoprotein samples to elim-
TLR3, TLR4, and TLR5 (Fig. A). No transcript was detected for inate stimulation due to possible LPS contamination during exper-
TLR2 in U373 cells (Fig. A). Interestingly, the human monocytic imental manipulation. Transfection of TLR4 resulted in constitu-
line THP-1 was OspA-responsive and possessed very high levetsve activation, as reported by others in this cell type (22), and was
of TLR2 transcript (data not shown), while the nonresponsivenot up-regulated by either LPS or OspA. None of the other con-
U373 cells produced none. These findings suggest a correlatiostructs, pFLAG vector alone, TLR1, or TLR3, conferred respon-
between expression of TLR2 and the ability of cell lines to respondsiveness to either agonist (Fig. 2,andB).

to the B. burgdorferilipoprotein OspA. The experiments in Figs. 1, 2A, and 2Bed recombinant lipi-

To test whether the lipoprotein unresponsive phenotype couldlated OspA, which was previously shown to possess the same
be corrected in U373 cells, expression constructs encoding four aftimulatory properties as OspA purified frdBa burgdorferi(30).
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Media FIGURE 3. Comparison of the sensitivity of TLR2-dependent re- %
Media/PB sponses to OspA and LP&, NF«B nuclear translocation in response to =
LPS increasing doses of OspA or LPS. 293 cells transiently cotransfected with g
LPS/PB the TLR2 expression plasmid and ELAM-1 luciferase construct were in- =
OspA cubated with increasing concentrations of LPS, OspA plusysnl poly- =
OspB . . -
Bb OspA myxin B, or LPS plus. ug/ml po_Iymyxm B for 6 h. Sample_s were assayed =
Sonicated Bb for NF-«B translocation by luciferaséB, IL-8 production in response to g
PamjCys increasing doses of OspA or LPS. Supernatants from the samples shown in<
UOspA A were assayed for IL-8 production by ELISA. =l
0 20 40 60 80 100 3
Luciferase Units =
. . . . . . <}
FIGURE 2. Transfection of TLR2 confers responsiveness to lipopro- duce inflammatory signaling through TLR2, and suggest that the 5

teins in 293 cellsA, NF«B nuclear translocation in Toll-like receptor- jnteraction is dependent on the common lipid modification. This <
expressing cells. 293 cells Were_transiently t_ransfect‘e‘d with expressiogpeciﬁcity was confirmed with unlipidated OspA, a recombinant g
vector alone (pFLAG) or expression vector with specific TLR construct, protein that possesses the same amino acid sequence as Iipidaté&

plus the ELAM-1 luciferase reporter construct. Cells were stimulated forOs A but lacks the amino-terminal cvsteine required for the
6 h with the indicated agonist. NkB nuclear translocation is indicated by PA, y q o

luciferase units. Media with Sug/ml polymyxin B, LPS at 100 ng/ml, P'ar@Cys modification (31). The unlipidated OspA Qid not activate =
recombinant OspA at 500 ng/ml plusg&g/ml polymyxin B. B, Induction either NF«B translocation (Fig. €) or IL-8 production (data not
of IL-8 secretion in Toll-like receptor-transfected cells. Supernatants fromShown) in TLR2-expressing 293 cells. These results indicate that
the samples shown iA were assayed for IL-8 production by ELISE, the lipid modification is required for cellular activation via TLR2,
Specificity of TLR2-induced responsiveness to lipoproteins. 293 cells wereand that several lipoproteins and a synthetic lipopeptide possesst
transiently cotransfected with the TLR2 expression plasmid and thethis activity.
ELAM-1-luciferase construct. Cells were stimulated for 6 h and R~ Further evidence that lipoproteins are a biologically important
nucl_ear translocation is indicated_ by Iucifergse units. Media is media a_loneﬁgand for TLR2 was sought by comparing the dose required for
gﬂoeod%'jrilhfiggl/ﬂ giglorgf?:))l(;/?n?/x:f; 'S‘T:](e)orgrgnlglnli‘r]';i;‘;i{;laéﬁ NF-kB translocation and IL-8 production by LPS and OspA. Hu-

. man neutrophils have been found to respond to 10-fold lower mo-

contained 5ug/ml polymyxin B and are as follows: OspA, recombinant .
OspA at 500 ng/ml; Bb OspA, OspA purified from strain NAOBbfburg- lar concentrations of LPS than OspA when adequate amounts of

dorferi at 100 ng/ml; OspB, recombinant OspB at 500 ng/ml; Sonicated-PS binding protein and CD14 are present (9). In contrast, TLR2-
Bb, 1 ug/ml sonicated strain N40 d&. burgdorferi; Pam3Cys, Paj@ys- transfected 293 cells responded to at least 10-fold lower concen-
Ser-Lys-OH at 200 ng/ml; and UOspA, unlipidated recombinant OspA at trations of OspA than LPS (Fig. 3,andB). The greater sensitivity
500 ng/ml. of TLR2-expressing cells to OspA than LPS strongly argues that
TLR2 is important in mediating inflammatory signaling by li-
poproteins in humans.
This was confirmed in Fig.@, where OspA purified frorB. burg- The finding that TLR2-negative U373 cells are responsive to
dorferi was found to activate NkB in 293 cells transfected with LPS but not lipoproteins suggests that endogenously expressed
TLR2. Sonicated. burgdorferi, an abundant source of lipopro- TLR2 mediates inflammatory signaling by bacterial lipoproteins.
teins, was also a strong stimulant in TLR2-expressing cells. AThe extremely high expression of TLR2 obtained in transiently
second recombinant lipoprotein, OspB, which possesses the sanmnsfected 293 cells may promote responsiveness to LPS that is
lipid modification on a distinct polypeptide, also strongly activated not observed under physiological conditions. When the amount of
TLR2-expressing cells. The fact that the synthetic lipopeptideTLR2 construct transfected into 293 cells was reduced, respon-
PamCys-Ser-Lyg-OH also possesses this activity further sup- siveness to both LPS and OspA were conferred by transfection
ports the requirement for the lipid modification. These findingswith as little as 0.03.g of TLR2-expressing plasmid (Fig. 4). Very
indicate that several distinct Pa@ys-containing molecules in- low concentrations of plasmid conferred maximal responsiveness

€¢ Bqo1P0
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80 trols the induction of the antifungal peptide drosomycin in re-
a’ . sponse to fungal infection (32), while two of the mammalian ho-
£ ot Htedta mologues, TLR2 and TLR4, have been associated with LPS
§ “© WospA responses. Our results demonstrate that TLR2 is required for bac-
820 terial lipoprotein signaling in two different TLR2-negative cell
ERY lines, U373 and 293, and that signaling requires the lipid modifi-
=10 cation. Although both LPS and lipoproteins can induce signaling

0 00003 0.003  0.03 0.3 3 through TLR2, transfected 293 cells responded to at least 10-fold

TLR2 Construct (ug) lower concentrations of lipoprotein than LPS, supporting the phys-
FIGURE 4. Dose dependence of TLR2 conferred responsiveness tdological relevance of the lipoprotein interaction. Additionally, the
OspA. 293 cells were transiently cotransfected with the indicated amoun€€fect in TLR4 that has been associated with the inability to C3H/
of TLR2 expression plasmid plus the ELAM-1 luciferase construct. Lu- HeJ mice to respond to LPS while responding normall tourg-
ciferase activity was measured in cells collected 6 h following stimulation.dorferi lipoproteins suggests that additional regulatory pathways
Media, media with Sug/ml polymyxin B; LPS, 100 ng/ml LPS; OspA, are present in mammalian cells.
recombinant OspA at 500 ng/ml plusp@/ml polymyxin B. Other properties have been described for the J&y®m modifi-
cation of bacterial lipoproteins, including that of immunological
in 293 cells, and luciferase units remained high at the highest conadjuvant (31). Animal studies of the OspA-based Lyme vaccine
centrations of plasmid, arguing that the difference in dose respond#ave demonstrated that its immungenicity is dependent on this
seen between LPS and OspA did not reflect differential saturatiofipid modification (31). The identification of TLR2 as a critical
of cofactors by either agonist. This finding further suggests that théomponent of PagCys signaling may provide a mechanism by
dependence of LPS responsiveness on TLR2 expression in tranghich lipoproteins stimulate humoral immune responses without
fected 293 cells and its independence of TLR2 in U373 cells mayadditional adjuvant.
reflect the influence of other essential components of the signaling Lyme arthritis, the most common manifestation of late Lyme
pathway present in these different cell types. disease, is associated with the presenc®.dburgdorferiin the
OspA activation of human endothelial cells, neutrophils, mono-joint (3, 4). The abundantly expressed lipoproteins are intricately
cytes, and mouse monocytes has been shown to be facilitated tgvolved in the pathology of Lyme disease. These lipoproteins
the LPS coreceptor CD14 (20, 21). Although 293 cells do notPossess potent stimulatory properties for inflammatory cells that
express CD14 on their surface (22), human serum present in thare associated with affected joints: namely neutrophils, mononu-
culture medium provides soluble CD14. OspA activation of 293clear cells, and endothelial cells (6-9, 15, 16). Thus, understanding :
cells transfected with the TLR2 expression plasmid was dimin-the molecular basis of the signaling events caused by lipoproteins:
ished in the presence of the CD14-blocking mAb, 60bca, wherwill lead to a greater understanding of the inflammatory events
compared with an isotype control (Fig. 5). The diminished activity associated with Lyme arthritis in general. In addition, lipoproteins
in the presence of blocking Ab is consistent with the 10- to 20-foldare broadly expressed by numerous pathogen species, many ofy
inhibition previously reported in endothelial cells, monoctyes, andwhich have been associated with inflammatory pathology (33-35). Q
neutrophils (20, 21). These findings indicate that TLR2-mediatedrhus, an understanding of lipoprotein-induced signaling events &

G*lounwiw i N\MM//:duu WioJ} papeojumod

lipoprotein signaling can be enhanced by soluble CD14 in a manwill have widespread implications in the understanding of the di- e
ner consistent with that exhibited by cell types naturally responsivererse pathologies caused by these microbial species. g
to bacterial lipoproteins. 5
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