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(Bacl(ground: Stimulation of cells by bacterial lipoproteins involves formation of a ternary TLR1-TLR2:lipoprotein complex.
Results: Cell stimulation is enhanced by either serum LBP or sCD14, which act by catalytically delivering lipopeptides directly

Conclusion: LBP and sCD14 have redundant roles in driving TLR1-TLR2-lipopeptide ternary complex formation.
Significance: Improved understanding of innate immune sensing of bacteria may lead to better therapeutics for treating

J

Bacterial lipoproteins are the most potent microbial agonists
for the Toll-like receptor 2 (TLR2) subfamily, and this pattern
recognition event induces cellular activation, leading to host
immune responses. Triacylated bacterial lipoproteins coordi-
nately bind TLR1 and TLR2, resulting in a stable ternary com-
plex that drives intracellular signaling. The sensitivity of TLR-
expressing cells to lipoproteins is greatly enhanced by two
lipid-binding serum proteins known as lipopolysaccharide-
binding protein (LBP) and soluble CD14 (sCD14); however,
the physical mechanism that underlies this increased sensi-
tivity is not known. To address this, we measured the ability
of LBP and sCD14 to drive ternary complex formation
between soluble extracellular domains of TLR1 and TLR2 and
a synthetic triacylated lipopeptide agonist. Importantly, addi-
tion of substoichiometric amounts of either LBP or sCD14 sig-
nificantly enhanced formation of a TLR1-TLR2 lipopeptide ter-
nary complex as measured by size exclusion chromatography.
However, neither LBP nor sCD14 was physically associated with
the final ternary complex. Similar results were obtained using
outer surface protein A (OspA), a naturally occurring triacylated
lipoprotein agonist from Borrelia burgdorferi. Activation stud-
iesrevealed that either LBP or sCD14 sensitized TLR-expressing
cells to nanogram levels of either the synthetic lipopeptide or
OspA lipoprotein agonist. Together, our results show that either
LBP or sCD14 can drive ternary complex formation and TLR
activation by acting as mobile carriers of triacylated lipopep-
tides or lipoproteins.
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As central elements of the innate immune system, Toll-like
receptors provide a first line of immune defense against infec-
tious agents. Through direct sensing of bacterial, fungal, or viral
components, TLRs> activate intracellular signaling events that
drive the cellular expression and release of immune mediators
(1, 2). These activation events not only induce inflammatory
processes but also initiate and orchestrate the long lasting pro-
tective responses of the adaptive immune system (3). Humans
possess 10 TLR family members, numbered 1 through 10, sub-
sets of which are expressed in leukocytes and the epithelial cells
of mucosal surfaces (4, 5). TLRs 1, 2, 4, and 6 are expressed on
the plasma membrane, sense microbial and fungal cell wall
components, and stimulate the production of classic proin-
flammatory molecules. TLRs are type 1 transmembrane recep-
tors comprising an extracellular leucine-rich repeat domain
and an intracellular Toll-interleukin-1 receptor homology
(TIR) signaling domain. TLRs signal via ligand-induced recep-
tor dimerization, which results in the juxtaposition of two TIR
domains that act as a scaffold for the recruitment of proximal
signaling adaptor molecules (2, 6).

The potent proinflammatory activity of Gram-negative bac-
terial lipopolysaccharide (LPS; endotoxin) can be largely
ascribed to activation of the cell surface TLR4 complex (7).
MD-2, a small secreted protein associated with TLR4, is largely
responsible for the direct binding of LPS, an event that results in
TLR4 homodimerization and proinflammatory gene expres-
sion (8, 9). LPS is a highly amphipathic molecule that naturally
exists in solution as large aggregates. LPS-binding protein
(LBP) and CD14 are two proteins whose coordinate actions

2 The abbreviations used are: TLR, Toll-like receptor; sTLR, soluble TLR; TIR,
Toll-interleukin-1 receptor homology; LBP, lipopolysaccharide-binding
protein; CD14, cluster of differentiation 14; sCD14, soluble cluster of differ-
entiation 14; Pam3CSK,, (5)-[2,3-bis(palmitoyloxy)-(2-R,S)-propyl]-N-palmi-
toyl-(R)-Cys-(S)-Ser-(S)-Lys,-OH-3HCl; OspA, outer surface protein A;
Ac,CSK,, (5)-[2,3-bis(acetyloxy)-(2-R,S)-propyll-(R)-cysteinyl-(S)-seryl-(S)-
lysyl-(S)-lysyl-(S)-lysyl-(S)-lysine X 3 CF;COOH; Fc, constant fragment of
immunoglobulin G; mCD14, membrane-bound CD14.
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result in the disaggregation and delivery of LPS monomers to
the TLR4-MD-2 complex. LBP is a 60-kDa glycoprotein and a
member of the fatty acid-binding protein superfamily that is
expressed in the liver and released into the bloodstream (10,
11). CD14 is a 55-kDa glycosylphosphatidylinositol membrane-
anchored glycoprotein on myeloid cells (12—15) and exists as a
soluble protein found in a variety of body fluids (16, 17).
Numerous biophysical studies have revealed that CD14 delivers
LPS monomers to MD-2 (7-9, 18 -23). Because CD14 binds
LPS aggregates poorly, the efficiency of TLR4-mediated cell
activation is greatly enhanced by LBP, which quickly disaggre-
gates LPS and then catalytically delivers LPS monomers to
CD14 (11, 12). In the presence of both LBP and CD14, the
sensitivity of TLR4-expressing cells to LPS is enhanced more
than 100-fold (11, 24, 25).

TLR2 mediates inflammatory responses to a wide variety of
lipidated microbial components, including bacterial lipopro-
teins, atypical lipopolysaccharides, and lipomannans (26 —28).
Among these microbial agonists, bacterial lipoproteins are by
far the most potent (26, 29-31). Outer surface protein A
(OspA) of the Lyme disease-causing bacterium Borrelia burg-
dorferi is a widely studied bacterial lipoprotein with potent
TLR2 stimulatory activity (32—34). The immunogenic activity
of OspA requires the N-terminal acyl chains of the lipoprotein
(35, 36). (S)-[2,3-bis(palmitoyloxy)-(2-R,S)-propyl]-N-palmi-
toyl-(R)-Cys-(S)-Ser-(S)-Lys,~-OH3HCI (Pam,CSK,) is a triacy-
lated N-terminal analog of OspA and is a widely used synthetic
lipopeptide agonist for TLR2 (37). TLR2-mediated cellular
responses are the result of microbial agonist-induced TLR2
heterodimerization with either TLR1, TLR6, or TLR10 (38—
40). The crystal structure of human TLR1 and TLR2 bound to
Pam;CSK, reveals that the lipopeptide coordinately binds to
both receptors to form a stable TLR1-TLR2-Pam,CSK, ternary
signaling complex (41). In this coordinate binding, two acyl
chains of Pam;CSK, accommodate a hydrophobic pocket of
TLR2, and the third acyl chain accommodates a narrow hydro-
phobic channel of TLR1 (41). These lipopeptide binding inter-
actions drive TLR1 and TLR2 dimerization, enabling the two
intracellular TIR domains to form a scaffold that subsequently
recruits adaptor molecules necessary for signaling (42).

Similar to LPS, LBP and CD14 have been shown to sensitize
cells to lipopeptides and lipoproteins (43, 44). Because LPS,
lipopeptides, and lipoproteins are all amphipathic, it has gener-
ally been assumed that, similar to their interaction with LPS,
LBP functions to disaggregate lipopeptide for delivery to CD14,
which subsequently delivers monomeric lipopeptide agonist to
the corresponding TLR. However, the mechanism that under-
lies LBP- and CD14-mediated lipoprotein sensitization has not
been formally explored. In this study, we examined the role of
LBP and CDI14 in the physical generation of the ternary
TLR1-TLR2-lipopeptide complex by performing biophysical
measurements with functional soluble forms of the TLR1 and
TLR2 extracellular domains. We found that either LBP or sol-
uble CD14 (sCD14) was able to independently enhance ternary
TLR1-TLR2-Pam;CSK, complex formation even at substoi-
chiometric concentrations and that neither protein is associ-
ated with the final ternary complex. We also found, in cell-
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based assays, that the sensitivity of cells to minute amounts of
agonist was enhanced by the addition of either LBP or sCD14.

EXPERIMENTAL PROCEDURES

Reagents—The synthetic bacterial lipopeptide (S)-[2,3-
bis(palmitoyloxy)-(2-R,S)-propyl]-N-palmitoyl-(R)-Cys-(S)-
Ser-(S)-Lys,-OH-3HCI (Pam;CSK,) was purchased from Enzo
Life Sciences (formerly Alexis Biochemicals, Plymouth Meet-
ing, PA). The non-acylated synthetic peptide (S)-[2,3-bis(acety-
loxy)-(2-R,S)-propyl]-(R)-cysteinyl-(S)-seryl-(S)-lysyl-(S)-lysyl-
(8)-lysyl-(S)-lysine X 3 CF;COOH (Ac,CSK,) was purchased
from EMC Microcollections (Tuebingen, Germany). The
recombinant OspA purified from B. burgdorferi bacterial
extract (Recombitek Lyme) was purchased from Merial Inc.
(Athens, GA).

HRP-conjugated anti-FLAG (clone M2) monoclonal anti-
body was purchased from Sigma-Aldrich, and the HRP-conju-
gated anti-hemagglutinin (HA) monoclonal antibody was pur-
chased from Miltenyi Biotec Inc. (Auburn, CA). Unconjugated
polyclonal anti-human LBP and anti-human CD14 goat IgG
antibodies were kind gifts from Dr. Peter Tobias (The Scripps
Research Institute, La Jolla, CA). Anti-OspA rabbit IgG poly-
clonal antibody was purchased from Rockland Immunochemi-
cals, Inc. (Gilbertsville, PA). The secondary antibodies HRP-
conjugated rabbit anti-goat IgG and HRP-conjugated goat
anti-rabbit IgG were purchased from Jackson Immuno-
Research Laboratories (West Grove, PA). The unconjugated
anti-human TLR1 mAb (clone GD2.F4, CD281) and anti-
human TLR2 mAb (clone T2.5, CD282) were obtained from
eBioscience (San Diego, CA).

Human LBP from Xoma Corp. (Berkeley, CA) was gener-
ously provided by Dr. Theresa L. Gioannini and Dr. Jerrold P.
Weiss (University of Iowa, Iowa City, IA). Low endotoxin albu-
min from bovine serum was purchased from Sigma-Aldrich,
and human serum albumin (25%) was obtained from Octop-
harma (Hoboken, NJ). Human soluble CD14 used in HEK 293F
cell-based assays was purchased from Peprotech Inc. (Rocky
Hill, NJ).

Construction and Expression of Soluble TLR-Fc Fusion Pro-
teins—Soluble extracellular domains of FLAG-tagged TLR2,
HA-tagged TLR1, and HA-tagged TLR1,;,5; were produced
using the hybrid leucine-rich repeat technique described by Jin
et al. (41). The soluble TLR-Fc fusion expression vectors were
constructed by overlap extension PCR using primers and meth-
ods described previously (40). Briefly, coding regions for the
extracellular domains of TLR1 or TLR2 (amino acids 22—476
and 17-508, respectively) were fused to the highly conserved
leucine-rich repeat C-terminal capping module of a hagfish
variable lymphocyte receptor (VLRB.61) by overlap extension
PCR and subsequently cloned as BgllI/Nhel fragments into a
modified pDisplay vector (kindly provided by Dr. David M.
Kranz, Department of Biochemistry, University of Illinois at
Urbana-Champaign). This vector contains the Fc domain of
human IgG1 downstream of the Nhel site and the sequence for
either the FLAG or HA tag upstream of the BgllI site. A throm-
bin cleavage site (LVPRGS) was added at the 3’-end of the
TLRvIr hybrid to allow cleavage of the soluble TLR from the Fc
fusion protein. Recombinant DNA plasmids were verified by
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DNA sequencing (University of Illinois at Urbana-Champaign
Core Sequencing Facility).

Freestyle HEK 293F cells (Invitrogen) were adapted to grow
in Freestyle serum-free expression medium (Invitrogen).
Adherent cells were cultured at 37 °C in a humidified environ-
ment containing 5% CO,. Stable HEK 293F cell lines expressing
soluble TLR2, TLR1, and TLR1,5,5; were generated by trans-
fection followed by G418 selection and limiting dilution as
described previously (40). Stable cell lines were grown in Free-
style serum-free expression medium containing 0.25 mg/ml
G418 and cultured in suspension at 37 °C with continuous
shaking at 125 rpm in a humidified environment containing 8%
CO,.

Purification of Soluble TLRs—Soluble TLR-Fc fusion pro-
teins were purified from stable HEK 293F cell supernatant by
affinity chromatography using protein G-Sepharose for fast
flow (GE Healthcare) on an AKTA prime purification system
(GE Healthcare) as described previously (40). The Fc tag was
removed after the first round of purification by adding restric-
tion grade thrombin protease (Novagen, Madison, WI) at a
concentration of 1 unit of thrombin/0.25 mg of TLR extracel-
lular domain-Fc protein. After 18 h of incubation at room tem-
perature, the TLR extracellular domain was separated from the
Fc fragments by another round of affinity chromatography in
the AKTA prime system using a 1-ml prepacked protein A col-
umn (Pierce) and PBS, pH 7.4 running buffer. The TLRs were
concentrated from the flow-through using an Amicon Ultra-4
centrifugal device (Millipore) and centrifuged at 2500 X g for
15-25 min at 4 °C to a volume of 0.5 ml. The concentrated
protein was then loaded on a Superdex 200 10/300GL gel filtra-
tion column (GE Healthcare) in PBS, pH 7.4 running buffer at a
flow rate of 0.5 ml/min. The eluted fractions containing mono-
meric TLR extracellular domains were pooled and concen-
trated using size exclusion centrifugation (Amicon). The final
protein concentration after three rounds of purification was
measured using the Pierce BCA protein assay kit. The protein
yields for recombinant soluble TLR1, TLR1,5;5;, and TLR2
were 0.5, 0.3, and 0.25 mg/liter of medium, respectively. Protein
purity was determined by mass spectrometry (Mass Spectrom-
etry Laboratory, School of Chemical Sciences, University of Illi-
nois at Urbana-Champaign) using MALDI as the ionization
technique and sinapinic acid as a calibration matrix.

Soluble TLR ELISAs—DBriefly, 0.5 ng/ml concentrations of
commercially available anti-TLR 1 (clone GD2F4) and anti-
TLR2 (clone T2.5) monoclonal antibodies were coated onto
96-well microtiter plates at 4 °C overnight. Nonspecific binding
was blocked by 5% bovine serum albumin (BSA) in PBS. Diluted
samples of purified soluble TLR (sTLR) proteins (1.0 pg/ml)
were added to the wells and incubated at room temperature for
2 h. Binding of soluble TLR1 and TLR2 to their respective anti-
bodies was detected using HRP-conjugated anti-HA antibody
and HRP-conjugated anti-FLAG antibody, respectively, fol-
lowed by the addition of o-phenylenediamine substrate. The
colorimetric detection was quantified by measuring absorb-
ance at 490 nm.

Soluble TLR Competition Assays—SW620 cells (a human
colonic epithelial cell line; ATCC CCL-227) were seeded in
24-well plates overnight at a density of 1 X 10° cells/ml in RPMI
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1640 medium supplemented with 10% (v/v) FBS and 2 mm
L-glutamine. Cells were co-transfected with full-length genes
for membrane-bound TLR2 and TLR1 together with a firefly
luciferase gene driven by the IL-8 promoter and a Renilla lucif-
erase gene driven by a basal promoter (pRL-null) as a transfec-
tion control (Promega, Madison, WI). Transfections were per-
formed using a cationic lipid agent, FUGENE 6 (Roche Applied
Science), at a 4:1 lipid:DNA ratio. Forty-eight hours post-trans-
fection, the medium was replaced with Invitrogen Opti-MEM
(Invitrogen), and the cells were stimulated for 6 h by the addi-
tion of the triacylated agonist Pam;CSK, (10 ng/ml) with or
without sSTLR2 or sTLR1 (1 ug/ml). Following the manufactur-
er’s protocol for the Dual-Luciferase assay (Promega), cell
lysates were collected 6 h poststimulation and analyzed for fire-
fly and Renilla luciferase activity using a BioTek Synergy HT
plate reader (BioTek, Winooski, VT). The transfection effi-
ciency across different wells was normalized by dividing the
firefly luciferase activity by the Renilla luciferase control.

Generation of Bioactive Soluble CDI14—Human soluble
CD14 protein was cloned, expressed, and purified as described
previously (45) with the following exceptions. Briefly, human
CD14 (amino acids 1-337) was amplified from genomic DNA
and cloned into a modified pDisplay vector (a kind gift from Dr.
David Kranz, University of Illinois Urbana-Champaign) pre-
ceding a thrombin cleavage site (LVPRGS) and the Fc domain
of human IgG1. The final construct was sequenced (University
of Illinois Urbana-Champaign Sequencing Center) following
site-directed mutagenesis (C306S) via primer extension to
avoid unnatural disulfide bonding resulting from the truncated
coding region of our construct. Following transfection and sta-
ble selection of human HEK 293F cells (Invitrogen), human
soluble CD14 was purified from cell supernatant in three chro-
matographic steps, including protein G affinity chromatogra-
phy, thrombin cleavage, protein A affinity chromatography,
and size exclusion chromatography. Finally, fractions contain-
ing CD14 were pooled and concentrated to 10 mg/ml using an
Amicon Ultra-4 unit (Millipore) as measured by Pierce BCA
assay. Human soluble CD14 (amino acids 1-337; C306S) was
stored at 4 °C for up to 6 months and is bioactive as measured by
LPS binding activity and the ability to facilitate LPS-induced
IL-8 production from human epithelial SW620 cells (45).

Size Exclusion Chromatography Assays—The TLR1-TLR2-
lipopeptide ternary complex was formed by preincubating 0.25
uMm TLR2, 0.25 um TLR1, and 2.5 um Pam,CSK, (with or with-
out 0.05 um LBP and/or 0.25 um sCD14) in PBS, pH 7.4 buffer
to a final volume of 0.5 ml. The mixture was incubated ina 37 °C
water bath for 2 h and injected into a Superdex 200 10/300GL
gel filtration column (GE Healthcare) at a flow rate of 0.5
ml/min in PBS, pH 7.4 running buffer. Twenty minutes after
injection of the sample, 0.5-ml fractions were collected cover-
ing 1 column bed volume (about 24 ml; 48 min). The chromato-
gram was recorded using a manual UV recorder. The data were
then replotted using the xyExtract v5.1 graph digitizer software
(Wilton and Cleide Pereira da Silva, Campina Grande, Paraiba,
Brazil).

Eluted fractions were separated by 7.5% SDS-PAGE and
transferred to an Immobilon-P membrane (Millipore). The
membranes were blocked with 5% nonfat dry milk in TBS buffer

JOURNAL OF BIOLOGICAL CHEMISTRY 9731



Role of LBP and CD14 in Lipopeptide Delivery to TLRs 1 and 2

containing 0.05% Tween 20. Western blotting was performed
to detect TLR1 and TLR2 using HRP-conjugated anti-HA and
anti-FLAG antibodies (both diluted at 1:1000 in 5% nonfat dry
milk), respectively. LBP and/or CD14 was detected using either
a polyclonal goat anti-LBP or goat anti-CD14 (diluted 1:500 in
5% nonfat dry milk) followed by a HRP-conjugated rabbit anti-
goat IgG polyclonal antibody (diluted 1:5000 in 5% nonfat dry
milk). Chemiluminescence was detected using the Pierce ECL
Western blotting substrate. Membranes were then exposed to a
HyBlot CL autoradiography film (Denville Scientific Inc.,
Metuchen, NJ) and developed.

Cell Activation Assays—HEK 293F cells were seeded in a
48-well tissue culture plate overnight at a density of 1.6 X 10°
cells/ml (50,000 cells/well) in Freestyle serum-free expression
medium (Invitrogen). Cells were co-transfected with 50 ng each
of TLR1 and TLR2 together with 75 ng of a firefly luciferase
reporter gene driven by an NF-«B promoter and 25 ng of a
Renilla luciferase (pRL-null) transfection control (Promega).
Transfections were performed using a cationic lipid agent,
293fectin (Invitrogen), at a 3:1 lipid:DNA ratio. Forty-eight
hours post-transfection, LBP, sCD14 (Peprotech), or a combi-
nation of both was added to the wells to a final concentration of
0.1 pg/ml. Cells were then stimulated with 1 ng/ml agonist for
6 h. Alternatively, LBP and/or sCD14 were preincubated with
the agonists for 1 h at 37 °C prior to addition to cells. Following
the manufacturer’s protocol for the Dual-Luciferase assay (Pro-
mega), cell lysates were collected and analyzed for NF-kB-lucif-
erase and Renilla activity using a BioTek Synergy HT plate
reader (BioTek). The transfection efficiency across different
wells was normalized by dividing the IL-8 luciferase activity by
the Renilla activity.

RESULTS

Purified Soluble TLRs Are Monomeric and Biologically
Functional—To define the role of LBP and sCD14 in driving
the formation of a TLR1-TLR2-lipoprotein ternary complex,
recombinant soluble extracellular domains of TLR1 and TLR2
were isolated and purified from HEK 293F cells by affinity chro-
matography (see “Experimental Procedures”). As expected,
both proteins were isolated and verified as monomeric proteins
by gel filtration chromatography (Fig. 1, A and B). The sizes of
the protein monomers were estimated using gel filtration
standard markers that are composed of globular proteins.
Based on these standard proteins, TLR1 and TLR2 were esti-
mated to have a relative molecular mass of about 65 and 83 kDa,
respectively. This is slightly different from the molecular mass
calculated by mass spectrometry (70.65 kDa for TLR1 and 71.85
kDa for TLR2) because TLRs are extended proteins and not
globular in nature. TLR1 and TLR2 were recognized by their
respective monoclonal antibodies and did not exhibit any
cross-reaction, indicating that each protein is properly folded
(Fig. 1C).

To assess the biological activity of the purified proteins, we
performed TLR reconstitution experiments in human epithe-
lial cells (SW620) and measured the relative expression of a
luciferase reporter gene driven by the human IL-8 promoter.
As expected, luciferase expression was induced in cells trans-
fected with TLR1 and TLR2 upon stimulation with 10 ng/ml
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FIGURE 1. Recombinant sTLR proteins are monomeric, properly folded,
and biologically functional. A, 100 g of each purified sTLR protein as indi-
cated was loaded for 7.5% SDS-PAGE and stained with Coomassie blue dye. B,
each purified sTLR protein as indicated was analyzed by size exclusion chro-
matography using a Superdex 200 column. C, soluble TLRs were incubated in
microtiter plate wells coated with either the anti-TLRT mAb (clone GD2F4) or
the anti-TLR2 mAb (T2.5) as indicated. Binding of soluble TLR1, TLR1p5;5,, OF
TLR2 was detected using HRP-conjugated anti-HA and anti-FLAG mAbs.
D, SW620 cells were co-transfected with full-length TLR1, TLR2, an IL-8 promoter-
driven luciferase reporter gene, and a Renilla luciferase transfection control.
48 h post-transfection, the cells were stimulated with 10 ng/ml Pam;CSK,
with or without 1 ug/ml soluble TLR1 or TLR2 as indicated. Firefly luciferase
activities were normalized to that of the Renilla luciferase control. These val-
ues were normalized to that of empty CMV vector whose value was taken as 1.
Error bars represent the S.D. of three independent events. mAu, milliabsor-
bance units.

Pam;CSK,. However, upon addition of either soluble TLR1 or
soluble TLR2, SW620 cells showed diminished responses to
Pam;CSK,, suggesting that each soluble receptor has bioactiv-
ity presumably either by actively competing for the agonist or
by forming a signaling-deficient complex with the transmem-
brane TLR partner (Fig. 1D).

LBP and sCD14 Enhance TLRI-TLR2-Pam;CSK, Formation
but Are Not Part of the Stable Ternary Complex—To measure
receptor complex formation, we performed size exclusion
chromatography using a Superdex 200 column (GE Healthcare)
to distinguish monomeric TLRs from larger TLR complexes.
First, we preincubated equimolar amounts of soluble TLR1 and
TLR2 in the absence of agonist for 2 h at 37 °C but did not
observe the formation of larger TLR complexes by size exclu-
sion chromatography (Fig. 24). When soluble TLR1 and TLR2
were incubated for 2 h at 37 °C with a 10-fold molar excess of
Pam;CSK,, a novel peak eluted at an earlier time compared
with the monomeric proteins that corresponds to the expected
size of a ternary TLR1-TLR2-Pam,;CSK, complex. Western blot

VOLUME 288+NUMBER 14-APRIL 5, 2013



Role of LBP and CD14 in Lipopeptide Delivery to TLRs 1 and 2

670 44

(A) TLR1 + TLR2
T

A280 (mAu)

2000 30.00
[T

(B) TLR1 + TLR2 + Pam3CSK4
N 60.00
. [T
=
< 4000
g | w000
b tema{y /
@ | ©°| complex
< 1000 \

2000 sotoo
[T

(C) TLR1 + TLR2 + Pam3CSK4

+LBP +sCD14 p o TTRREITITI
B, -
z |
ternary
é 7 complex /
~| s
S P
<

1.85
void‘ 159 ‘ 17 |

monomer

40.00

(D) LBP + sCD14 + Pam3CSKa4

o0 I
40.00
pis
30.00
o0
s
15.00
s

A280 (mAU)

500
0.00

00 3000 4000
T

MW (kDa)
Fraction no.

13 57 9 1113

MW ‘|‘|‘\‘\|\‘\‘\
7s—SeeeRa TLRI
7s I SeEeess==S  TLR2

LU L

| Ll
PT  ccosmmama- LRI
PSS TR

13 57 9 1113

R nnnnnn

monomer

R L
— It~ &P
LBP
sCD14

5ot

00 000 4000
I

5000

Eluate (min)

FIGURE 2. LBP and soluble CD14 enhance soluble TLR1-TLR2-:Pam;CSK, ternary complex formation but are not part of the final ternary complex. In
A-D, various combinations of 0.25 um TLR1, 0.05 um TLR2, 2.5 um Pam;CSK,, 0.05 um LBP, and/or 0.25 um sCD14 were incubated for 2 h at 37 °Cin a 500-pul
volume of PBS buffer, pH 7.4 as indicated. Protein complexes were separated by size exclusion chromatography. The expected molecular weight of the TLR
monomers and dimers was estimated by column calibration using known molecular weight standards. Proteins in eluted fractions were separated by 7.5%
SDS-PAGE and transferred by Western blotting, and TLR1, TLR2, LBP, and sCD14 were detected using suitable antibodies and HRP conjugates (see “Experi-
mental Procedures”). The results shown are representative of at least three independent experiments. mAu, milliabsorbance units.

analysis revealed that both TLR1 and TLR2 were present in the
fractions that constitute the small peak with a calculated rela-
tive molecular mass of ~183 kDa (Fig. 2B). The modest peak
size indicates that only a small amount of stable ternary com-
plex is formed from the incubation of purified soluble TLR
monomers with lipopeptide agonist.

Because LBP and CD14 are known to sensitize TLR1- and
TLR2-mediated inflammatory responses to lipopeptides and
lipoproteins, we assessed their ability to drive ternary complex
formation. To this end, purified LBP and sCD14 along with
TLR1, TLR2, and Pam;CSK, were incubated for 2 h at 37 °C
followed by size exclusion chromatography. This incubation
resulted in a more robust peak corresponding to the ternary
complex compared with that observed in the absence of LBP
and sCD14 (Fig. 2C). Western blot analysis revealed that LBP
and sCD14 continued to elute in fractions expected of mono-
mers, suggesting that they are not part of the final ternary com-
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plex (Fig. 2C). Additionally, a 2-h incubation of LBP and sCD14
with Pam,CSK, alone did not induce any higher order protein
complexes (Fig. 2D). Ternary complexes were not formed when
protein mixtures were loaded directly onto the gel filtration
column, suggesting that incubation at 37 °C is required to form
stable complexes in solution (data not shown). Taken together,
these results demonstrate that LBP and sCD14 can enhance
TLR1-TLR2-Pam,;CSK, ternary complex formation without
becoming part of the stable complex.

Lipopeptide Induces TLRI and TLR2 Heterodimers but Not
Homodimers—To demonstrate that lipopeptides induce het-
erodimers, but not homodimers, of TLR1 and TLR2, we incu-
bated LBP, sCD14, and Pam;CSK, together with either TLR1
alone or TLR2 alone. Size exclusion chromatography revealed
that neither TLR1 nor TLR2 form homodimers even in the
presence of LBP, sCD14, and excess agonist (Fig. 3, A and B).
The two peaks observed in Fig. 3B correspond to the size dis-
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crepancy between the soluble TLR2 monomer (relative molec-
ular mass of ~87.3 kDa) and the sCD14 monomer (relative
molecular mass of ~48.3 kDa). Western blot analysis revealed
that although TLR1 and TLR2 did not form stable homodimers
sCD14 behaved differently in the two conditions (Fig. 3, A and
B, right panel). In the presence of TLR1 alone (Fig. 3A, right
panel), sCD14 eluted in earlier fractions, whereas in the pres-
ence of TLR2, sCD14 eluted in later fractions as a monomeric
protein (Fig. 3B, right panel). This suggests that sCD14 and
TLR1 interact in a Pam;CSK,-dependent fashion. Because
sCD14 behaves as a monomeric protein in the presence of all
five components, Fig. 3C suggests that the binding of TLR2 to
the sCD14+TLR1-Pam;CSK, complex displaces sCD14, leading
to formation of the final ternary TLR1-TLR2:Pam,CSK, ternary
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complex. To our knowledge, this is the first experiment to sug-
gest a defined order of events for ternary complex formation.
P315L is a naturally occurring TLR1 polymorphism that has
been shown previously to greatly attenuate cellular responses to
synthetic lipopeptides as well as a variety of other microbial
TLR1 agonists (46). Subsequent protein crystallography work
has shown that Pro-315 is physically located at the entrance of
the hydrophobic channel of TLR1 and forms part of TLR1-
TLR2 dimer interface in the ternary complex (41). We gener-
ated the soluble form of the TLR1,5,; variant that, similar to
wild-type TLR1, purified as a monomeric protein with a relative
molecular mass of 77.5 kDa as calculated by size exclusion chro-
matography and a molecular mass of 70.84 kDa as measured by
mass spectrometry (Fig. 1, A and B). We have demonstrated
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previously that the P315L mutation destroys the epitope of
GD2F4, a monoclonal antibody against TLR1 that inhibits lipo-
peptide-induced cell activation (46). As expected, GD2F4 did
not bind soluble TLR1;5;5; in our ELISA (Fig. 1C). To directly
assess the effect of the P315L mutation on complex formation,
we incubated TLR1,;,5; with TLR2, Pam;CSK,, LBP, and
sCD14 for 2 h at 37 °C and analyzed the reaction products by
size exclusion chromatography. In contrast to wild-type TLR1,
TLR1ps;5; did not form a stable ternary complex with TLR2
and Pam;CSK, (Fig. 3D). The fact that TLR1 Pro-315 is critical
for ternary complex formation explains the highly attenuated
responses of this naturally occurring TLR1 variant to triacy-
lated lipopeptides.

TLR1 and TLR2 Form a Ternary Complex with the OspA
Lipoprotein of B. burgdorferi—We next tested our system using
a naturally occurring lipoprotein, OspA from B. burgdorferi.
OspA is a 30-kDa membrane-associated lipoprotein with a typ-
ical tripalmitoyl-S-glycerylcysteine (Pam;Cys) moiety cova-
lently attached to the N terminus of the protein (32, 47).
Although OspA has been shown to activate cells through TLR1
and TLR2, to date there has been no direct physical evidence
demonstrating that OspA induces formation of a stable ternary
complex. On the gel filtration column, OspA did not elute as a
single peak at 30 kDa, perhaps reflecting the amphipathic
nature of the molecule that may drive aggregation and/or non-
specific binding to the column matrix (Fig. 4B). However, when
TLR1 and TLR2 were incubated with a 5-fold molar excess of
OspA prior to column loading, a small peak was observed in the
region consistent with formation of a ternary TLR1-TLR2:
OspA complex (Fig. 4C). When LBP, sCD14, OspA, TLR1, and
TLR2 were incubated together, we observed a more robust peak
corresponding to the ternary complex, suggesting that addition
of LBP and sCD14 enhances TLR1'TLR2-OspA ternary com-
plex formation (Fig. 4E). In the absence of OspA, TLR1 and
TLR2 eluted as monomers (Fig. 44) as did LBP and sCD14 (Fig.
4D). Taken together, our data demonstrate that, similar to
Pam;CSK,, the naturally occurring OspA lipoprotein from B.
burgdorferi induces ternary complex formation, which is
enhanced by the addition of LBP and sCD14.

Either LBP or sCD14 Can Independently Enhance TLRI-
TLR2-Pam;CSK, Ternary Complex Formation—In the TLR4
system, it is known that LPS is sequentially delivered in mono-
meric form first by LBP to CD14 and then by CD14 to either
soluble MD-2 or the MD-2-TLR4 complex. To validate whether
both LBP and sCD14 are required to enhance TLR recognition
of lipopeptide, we assessed the ability of either protein to inde-
pendently enhance TLR1-TLR2-Pam;CSK, ternary complex
formation. Surprisingly, we observed that addition of either
LBP or sCD14 to the 2-h incubation independently enhanced
TLR1-TLR2-Pam,;CSK, ternary complex formation (Fig. 5, B
and C). Consistent with our earlier Western blot data, neither
LBP nor sCD14 was part of the final stable complex (Fig. 5, B
and C). BSA, a well established lipid carrier protein, did not
enhance ternary complex formation (compare Fig. 54 with Fig.
2B). To our knowledge, this is the first report showing that LBP
can independently and directly deliver a triacylated lipopeptide
to TLR1 and TLR2.
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FIGURE 4. LBP and soluble CD14 enhance complex formation between
TLR1, TLR2, and the OspA lipoprotein of B. burgdorferi. In A-E, various
combinations of 0.25 um TLR1, 0.25 um TLR2, 1.25 um OspA, 0.05 um LBP,
and/or 0.25 um sCD14 were incubated for 2 h at 37 °C in a 500-ul volume of
PBS buffer, pH 7.4 as indicated. Proteins and protein complexes were sepa-
rated and analyzed as described in the legend of Fig. 2. The results shown are
representative of at least three independent experiments. mAu, milliabsor-
bance units.

To determine whether enhanced ternary complex formation
is mediated by substoichiometric amounts of either LBP or
sCD14, varying concentrations of these proteins were inde-
pendently incubated with a constant amount of TLR1, TLR2,
and Pam;CSK, for 2 h at 37 °C followed by size exclusion chro-
matography analysis. Substoichiometric amounts of either LBP
or sCD14 enhanced TLR1-TLR2:Pam;CSK, ternary complex
formation even at 5 nM, a concentration that is 50 times lower
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than that of each TLR and 500 times lower than that of the
Pam,CSK, agonist in the reaction (Fig. 6, A and B). This dem-
onstrates that neither LBP nor sCD14 is consumed in the reac-
tion and suggests that either protein can catalytically deliver
lipopeptide agonist to the TLRs. Compared with CD14, ternary
complex formation was far less dependent on the concentra-
tion of LBP, suggesting that LBP is a more robust catalyst than
sCD14 (Fig. 6, A and B).

Cellular Responses to Microbial Lipoproteins Are Enhanced
by Either LBP or sCD14—To assess the biological significance
of our biophysical measurements, we measured the effects of
LBP and sCD14 on cellular responses to synthetic lipopeptide
and natural microbial lipoprotein agonists. To this end, HEK
293F cells were transfected with full-length TLR1 and TLR2
together with a luciferase reporter gene driven by NF-kB and
then stimulated with either Pam;CSK, or OspA. To ensure that
the cell activation assay completely lacked endogenous sources
of either LBP or CD14, the HEK 293F cells were grown in
serum-free medium and maintained in this medium through-
out the assay. In the absence of LBP or sCD14, a 1 ng/ml con-
centration of either Pam;CSK, or OspA elicited a 20-fold
induction of NF-«B-driven luciferase activity that was depen-
dent on prior transfection of the HEK 293F cells with TLR1 and
TLR2 (Fig. 7). Nanogram levels of LBP, but not sCD14 or
human serum albumin, enhanced the sensitivity of TLR1- and
TLR2-expressing HEK 293F cells to either Pam;CSK, or OspA
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when compared with cells stimulated with agonists in the
absence of any lipid carrier. We modified the same experiment
by preincubating either LBP or sCD14 with agonist for 1 h at
37 °C prior to addition to the HEK 293F cells. This preincuba-
tion had little effect on LBP-mediated cell stimulation but
enabled sCD14 to significantly enhance the stimulation of cel-
lular NF-«B by either Pam;CSK, or OspA (Fig. 7). Taken
together, these results demonstrate that either LBP or sCD14
can enhance cellular responses to lipopeptide or lipoprotein.
This finding is entirely consistent with our biophysical studies
showing that TLR1-TLR2-lipopeptide ternary complex forma-
tion was enhanced by either protein. The fact that sCD14, but
not LBP, requires preincubation with the agonist to increase
cellular responses is consistent with our biophysical data, sug-
gesting that sCD14 is a poor catalyst compared with LBP in the
delivery of agonist to TLR1 and TLR2 (Fig. 6). The addition of
both LBP and sCD14 further enhanced cellular responses to
Pam;CSK, and OspA over that of either sCD14 or LBP alone,
suggesting that LBP and sCD14 may act in a cooperative man-
ner to efficiently deliver the agonists to the TLRs (Fig. 7).

DISCUSSION

LBP and CD14 have been shown previously to directly bind
diacylated and triacylated lipopeptides (43), suggesting a role in
delivery of these potent agonists to the TLR2 system. Despite
the abundance of evidence demonstrating direct binding of
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FIGURE 6. Substoichiometric concentrations of either LBP or soluble CD14 are sufficient to enhance TLR1-TLR2-:Pam;CSK, ternary complex formation.
0.25 um TLR1,0.25 um TLR2, and 2.5 um Pam;CSK,, were incubated with various concentrations (250, 50, 10, 5, and 0 nw) of either LBP (left panel) or sCD14 (right
panel) for 2 hin a 500-ul volume at 37 °Ciin PBS buffer, pH 7.4. Proteins and protein complexes were separated and analyzed as described in the legend of Fig.
2. The results shown are representative of at least three independent experiments. mAu, milliabsorbance units.

lipopeptides to LBP and CD14, only a few studies have carefully
examined the functional roles of these two proteins in the acti-
vation of TLR2. sCD14 has been shown to mediate the transfer
of lipopeptides to TLR2 on the cell surface of HEK 293 cells,
CHO cells, and primary monocytes in vitro (48 —50). Pulldown
assays performed with HEK cells overexpressing TLR1 and
TLR2 have shown that sCD14 does not stably bind to the

APRIL 5,2013+VOLUME 288-NUMBER 14

TLR1-TLR2-Pam;CSK, complex (50). Additionally, immobi-
lized TLR2 incubated with preformed lipopeptide:sCD14 com-
plexes has been shown to bind lipopeptide but not sCD14 (48).
The results of our size exclusion chromatography experiments
using entirely soluble components are consistent with the
above findings in that LBP and sCD14 drive formation of
TLR1-TLR2-Pam;CSK, ternary complexes but are not them-
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selves part of the final complex. Interestingly, in the absence of
TLR2, we observed that both CD14 and TLR1 eluted in earlier
fractions (Fig. 3A4). Although not proven, this observation sup-
ports a model where, upon binding lipopeptide, CD14 stably
interacts with TLR1 but is then displaced by TLR2 during for-
mation of the final ternary complex.

To date, we are unaware of any studies that have formally
assessed whether LBP and sCD14 function in a coordinated or
sequential fashion similar to that established for the TLR4 sys-
tem. Cell-based in vitro studies suggest that lipopeptides are
sequentially delivered from LBP to CD14 and then to TLR1-
TLR2 (43, 51). Here we provide physical evidence that either
LBP or sCD14 can independently catalyze the formation of a
TLR1-TLR2-:Pam;CSK, ternary complex. Thus, unlike their
non-redundant and sequential role in the delivery of LPS to the
TLR4 complex, our data suggest that LBP and sCD14 are func-
tionally redundant in the direct presentation of lipopeptides to
TLR1 and TLR2. To our knowledge, this is the first report dem-
onstrating that LBP can deliver agonists directly to the TLRs in
a CD14-independent manner.

In addition to existing as a soluble protein found in body
fluids (52), CD14 also exists as a glycosylphosphatidylinositol-
anchored membrane receptor (membrane-bound CD14 or
mCD14) predominantly expressed on the surface of myeloid
cells (13). Flow cytometry experiments have demonstrated that
LBP transfers lipopeptides to mCD14 on peripheral blood
monocytes (43). Importantly, in two independent studies, anti-
CD14 antibodies have been shown to block the responses of
mCD14-expressing myeloid cells to lipopeptide, suggesting
thatin membrane form CD14 is absolutely required for delivery
of lipopeptides to TLR2 (43, 44). Although this may seem to
contradict the data presented here that show a redundant func-
tion for LBP and sCD14, the mechanism of agonist delivery to
TLRs may be different for membrane-anchored versus soluble
forms of CD14. Indeed, confocal microscopy and fluorescence
resonance energy transfer studies have shown that upon lipo-
peptide binding mCD14 stably physically associates with TLR1
and TLR2 (49). This situation is quite different from that
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observed for sCD14, which does not form part of the ternary
complex.

Pam,CSK, is a 1.5-kDa amphipathic molecule that forms
aggregates or micelles in solution and exhibits nonspecific
hydrophobic interactions. On the other hand, the TLRs recog-
nize monomeric forms of this triacylated lipidated agonist (41).
Thus, the aggregated state of Pam,;CSK, in PBS buffer may
explain why the formation of ternary complex in solution is
inefficient and could be enhanced by the disaggregating activi-
ties of LBP or sCD14. It is well established that human LBP and
CD14 directly bind to a variety of TLR2 agonists, which largely
comprise acylated microbial components. The agonists include
bacterial lipoproteins (44, 53, 54), Gram-positive bacterial lipo-
teichoic acids (51, 55), mycobacterial lipomannans and lipoara-
binomannans (56), pneumococcal peptidoglycans (57), and
Treponema-derived glycolipids (58). Thus, LBP and CD14 may
function to disaggregate and deliver a variety of acylated micro-
bial agonists to the TLR2 system.

LBP-deficient mice are hyporesponsive to LPS as well as to
Gram-negative bacteria as evidenced by lower levels of serum
inflammatory cytokines and lower survival rates following
infection with Salmonella or Escherichia coli (59—-61). In con-
trast, the responses of LBP-deficient mice are indistinguishable
from that of wild-type mice following infection with the Gram-
positive organisms Staphylococcus aureus (62) and Streptococ-
cus pneumoniae (63). Additionally, LBP deficiency has no effect
on murine responses to intranasal infection with mycobacterial
pathogens (64). Similar to LBP knockouts, CD14-deficient mice
are resistant to septicemic shock mediated by either LPS injec-
tion or by Gram-negative bacterial infection (65). However, fol-
lowing exposure to either live or killed Staphylococcus aureus,
CD14-deficient and control wild-type mice exhibit similar
symptoms of shock and proinflammatory cytokine production
(66). Additionally, following intravenous infection with Myco-
bacterium avium, CD14-deficient mice and wild-type control
mice have indistinguishable levels of serum tumor necrosis fac-
tor (TNF)-a production, macrophage inducible nitric-oxide
synthase expression, and bacterial loads (67). The phenotypes
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of both LBP and CD14 knock-out mice support the idea that
LBP and CD14 have a non-redundant function in the delivery of
Gram-negative bacterial LPS to the TLR4 complex but a redun-
dant function in the delivery of Gram-positive bacterial or
mycobacterial components to the TLR1-TLR2 system.

Taken altogether, we have demonstrated that recognition of
lipoproteins by TLR1 and TLR2 involves multiple players that
assist in the delivery of agonists to the final receptor complex.
Understanding this fluid and dynamic process of TLR sensing
of agonists mediated by LBP and CD14 has a profound impact
on therapeutic strategies designed to treat chronic inflamma-
tory conditions, sepsis, and infection. The use of neutralizing
antibodies or inhibitory molecules against human CD14 has
been suggested as a possible therapeutic approach against sep-
sis (68, 69). Although this approach may be effective for treating
Gram-negative bacterial sepsis, it may not be as effective in the
treatment of sepsis caused by other bacteria due to the redun-
dancy of function between LBP and CD14 for the direct delivery
of lipoproteins or other bacterial agonists to the TLR1-TLR2
system.

LBP is an acute phase protein, and clinical studies have
shown that serum concentrations increase about 10 —-50-fold in
human patients with either Gram-negative or Gram-positive
bacteremia (70). Although it has been shown that high concen-
trations of LBP in acute phase serum may confer protection to
the host by inhibiting the LPS response in human monocytes
(71), the opposite has been observed for lipoproteins. Human
monocytes stimulated with either triacylated or diacylated lipo-
peptides exhibit an increase in TNF expression that is propor-
tional to the amount of added LBP (43). This may lead to an
overwhelming systemic inflammatory response and conse-
quently a profound deleterious effect on the host. Thus, under-
standing the role of LBP in the TLR2 system may be essential for
treating bacterially induced septicemia.
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