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Abstract
Mycobacterium tuberculosis (Mtb) signals through Toll-like receptor 2 (TLR2) to regulate antigen
presenting cells (APCs). Mtb lipoproteins, including LpqH, LprA, LprG and PhoS1, are TLR2
agonists, but their co-receptor requirements are unknown. We studied Mtb lipoprotein-induced
responses in TLR2−/−, TLR1−/−, TLR6−/−, CD14−/− and CD36−/− macrophages. Responses to LprA,
LprG, LpqH and PhoS1 were completely dependent on TLR2. LprG, LpqH, and PhoS1 were
dependent on TLR1, but LprA did not require TLR1. None of the lipoproteins required TLR6,
although a redundant contribution by TLR6 cannot be excluded. CD14 contributed to detection of
LprA, LprG and LpqH, whereas CD36 contributed only to detection of LprA. Studies of lung APC
subsets revealed lower TLR2 expression by CD11bhigh/CD11clow lung macrophages than
CD11blow/CD11chigh alveolar macrophages, which correlated with hyporesponsiveness of lung
macrophages to LpqH. Thus, lung APC subsets differ in TLR expression, which may determine
differences in responses to Mtb.
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Introduction
Toll-like receptor 2 (TLR2) is important for control of mycobacterial infections, including
infections by Mycobacterium tuberculosis (Mtb) [1;2;3;4] and M. leprae [5]. Mycobacterial
agonists of TLR2 include lipoproteins and glycolipids. The genome of Mtb is predicted to
encode 48–100 lipoproteins of largely unknown function, nearly half of which share no
conserved domains with lipoproteins of species outside the genus Mycobacteria [6]. LprA
[7], LprG [8], LpqH (19-kDa lipoprotein) [9;10;11] and PhoS1 (38-kDa lipoprotein) [12] are
Mtb lipoproteins with TLR2 agonist activity that modulate antigen presenting cell (APC)
functions, which we define to include cytokine production and other innate immune responses
of APCs as well as antigen presentation, recapitulating many effects of APC infection with
Mtb. Despite the importance of understanding how TLR2 recognizes its ligands, many
questions remain about the mechanisms whereby Mtb lipoproteins are recognized. In this study
we used four well-characterized mycobacterial lipoproteins to dissect the contributions of
TLR2, its co-receptors and accessory receptors to recognition of lipoproteins.

TLR2 cooperates with other surface receptors, including “co-receptors” with which it forms
heterodimers and “accessory receptors” that may enhance ligand delivery or recognition. Co-
receptors of TLR2 are genetically related to TLR2 and include TLR1 and TLR6. TLR1
contributes to the recognition of triacylated lipopeptides [13] and lipoarabinomannan [14],
whereas TLR6 contributes to the detection of diacylated lipopeptides [15;16]. Although there
is now crystallographic data for the structure of a synthetic triacylated lipopetide
(Pam3CSK4) bound to TLR2 and TLR1 [17], a number of questions remain about how TLR2
and its co-receptors recognize the diverse set of physiological ligands with TLR2 agonist
activity. For example, the mechanisms by which non-acylated ligands, such as neisserial porins
[18] and capsular carbohydrates [19], are recognized by TLR2 and its co-receptors remain
unclear. For full-length, natural lipoproteins, it remains unknown how the peptide component
[20] or glycan component [21] may influence signaling by TLR2, TLR1 and TLR6. Our studies
used co-receptor knock-out cells to assess TLR2 co-receptor requirements for responses to four
different Mtb lipoproteins, revealing variable dependence on TLR1 and a lack of dependence
on TLR6.

In addition to contributions of the co-receptors that form heterodimers with TLR2, recognition
of TLR2 agonists is influenced by several accessory receptors, including CD14 [22], CD36
[23], lipopolysaccharide binding protein [24], CD11b-CD18 integrin [25] and ganglioside
GD1a [26]. All of these accessory receptors are hypothesized to deliver agonist to TLR2, and
some are also thought to contribute to cytoplasmic signaling. CD14, a GPI-linked protein,
directly binds Pam3CSK4 and delivers it to TLR2 [27], increasing the sensitivity of TLR2
responses by approximately 100-fold [28]. CD36 enhances the sensitivity of macrophages to
lipoteichoic acid and MALP-2, but not Pam3CSK4 [23]. Although biochemical evidence of
direct binding of CD36 to lipoteichoic acid or MALP-2 is lacking, there are reports that it
signals with its C-terminal cytoplasmic tail and that CD36-dependent phagocytosis is important
for its ability to augment TLR2 responses [29;30]. One caveat for some of these studies is their
reliance on small synthetic lipopeptide agonists, which may differ from full-length lipoproteins
in solubility, mode of interaction with TLR2 and reliance on specific accessory receptors.
While there is data that triacylated OspA of Borrelia burgdorferi is sensed in a TLR2 and TLR1
dependent manner [31], there has been little assessment and comparison of accessory receptor
usage among different physiological TLR2 ligands, e.g. lipoproteins, so potential heterogeneity
in physiological accessory receptor usage remains unexplored. Our studies assessed accessory
receptor requirements for responses to four different Mtb lipoproteins, revealing both overlaps
and differences in accessory receptors used to recognize these lipoproteins.
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Mtb is an intracellular pathogen that infects APCs, and the ability of different APC types to
respond to Mtb infection may be governed by their relative expression of TLR2 and its co-
receptors and accessory receptors. The primary site of infection by Mtb is the lung. Lung APC
populations include lung macrophages and lung dendritic cells (DCs) in the lung parenchyma,
as well as alveolar macrophages [32]. Mtb is harbored within alveolar macrophages early in
infection and within lung macrophages and lung DCs later in infection [33;34;35]. Potential
differences between these APC subsets in responsiveness to Mtb or its lipoproteins are largely
unexplored and could have significant implications for host responses to Mtb infection. For
example, the relative expression of TLR2 has not been assessed on lung APC subsets. We
demonstrate that purified APC subsets from murine lungs differ in expression of TLR2, and
the subset with lowest TLR2 expression, lung macrophages, is hyporesponsive to Mtb
lipoprotein.

Materials and Methods
Cloning and expression of Histidine-tagged LprG (Rv1411c) and LprA (Rv1270c)

LprA was cloned previously [7]. LprG was amplified from Mtb H37Rv genomic DNA by PCR
using the following primers: 5′GCATATCCATATGCGGACCCCCAGACGCCACTG 3′
GTACAAGCTTGCTCACCGGGGGCTTCG. The 5′ primers included an NdeI site and the 3′
primer included a HindIII site. The PCR product was digested with NdeI and HindIII (NEB,
Ipswitch, MA) and ligated into the shuttle vector pVV16 (provided by J. Belisle, Colorado
State University, Fort Collins, CO) behind the mycobacterial hsp60 promoter and in-frame
with a C-terminal 6x His tag. All constructs were verified by sequencing and analyzed using
Clone Manager (SciEd software, Cary, NC). Chemically competent E. coli (Invitrogen,
Carlsbad, CA) was transformed according to the manufacturer’s protocol. M. smegmatis was
transformed by electroporation with a Gene Pulser (Bio-Rad, Hercules, CA) set at 2.5 kV, 25
μF, and 800 Ohms. LprA and LprG were expressed in M. smegmatis MC2 1-2C (R. Wilkinson,
Imperial College, London, U.K.) cultivated in Middlebrook 7H9 broth (Difco, Lawrence, KS)
supplemented with 1% casamino acids (Fisher, Pittsburgh, PA, BP1424), 0.2% glycerol (Fisher
G33-1), 0.2% glucose, and 0.05% Tween 80. Kanamycin was used at 30 μg/ml for selection
of both E. coli and M. smegmatis. Bacteria were isolated by centrifugation at 6000 × g for 20
min at 4°C.

Mtb strain H37Ra (ATCC 25177) was cultured with shaking at 37°C to late log phase growth
(2.5 weeks) in Mtb 7H9 broth (4.7 g/l 7H9 (Difco 271310), 5 ml/l glycerol, 0.5 ml/l Tween-80
(Sigma, St. Louis, MO, P4780) supplemented with 10% albumin/dextrose/catalase (BD,
Franklin Lakes, NJ 212352). Bacilli were harvested by centrifugation at 5,000 × g for 20 min
at 4°C.

Lysis and Purification of His6-tagged proteins
Purification of LprA and LprG was accomplished as reported previously [7]. Cells were
resuspended in lysis buffer (10 ml/liter of bacterial culture) consisting of 50 mM NaH2PO4,
300 mM NaCl, 20 mM imidazole, pH 8.0, 2.5% protease inhibitor cocktail (Sigma P8849), 75
U/ml benzonase (Novagen, Madison, WI, 70664-3), and 2.5 mg lysozyme (Sigma, L-3790)
and incubated for 15 min at 37°C. Bacteria were disrupted mechanically by 4 passages through
a French press (2000 psi). Insoluble material was removed from the lysate by
ultracentrifugation at 100,000 × g for 1 h at 4°C, and supernatant was incubated directly with
Ni-NTA beads (Qiagen, Valencia, CA, 1018244) for 2–4 h at 4°C. Ni-NTA beads were
transferred to polypropylene columns, washed with 75 volumes of wash buffer (50 mM
NaH2PO4, 1 M NaCl, 20 mM imidazole, 10% glycerol, pH 8.0), and bound protein was
dissociated with elution buffer (50 mM NaH2PO4, 300 mM NaCl, 450 mM imidazole, pH 8.0).
To prepare for anion exchange chromatography, sample was desalted into 20 mM Tris, pH 8.0
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using PD-10 columns (GE Healthcare, Uppsala, Sweden 17-085-01). Samples were subjected
to anion exchange chromatography using quaternary ammonium columns (GE Healthcare,
17-5053-01), and eluted with the addition of NaCl in the following steps: 50, 100, 200, 400,
1000 mM. Presence and purity of desired protein was verified by SDS-PAGE and visualized
as single bands by both silver stain and anti-His Western blot; yields were estimated by BCA
protein assay (Pierce, Rockford, IL, 23225). Material eluted by 100 mM NaCl was used for all
experiments.

Lysis of Mtb H37Ra and purification of LpqH
Bacilli from 4 liters of Mtb H37Ra culture were collected by centrifugation as above,
resuspended in 40 ml of water supplemented with protease inhibitor cocktail (Sigma P8849),
75 U/ml benzonase (Novagen 70664-3), and 2.5 mg of lysozyme, incubated for 15 min at 37°
C, and mechanically disrupted via 4 passages through a French Press (2000 psi). To extract
hydrophobic molecules, lysate was combined with 6% Triton X-114 (Sigma, X-114) in Tris
buffered saline (TBS; 50 mM Tris, 150 mM NaCl, pH 7.5) to achieve a concentration of 4%
Triton X-114. After overnight incubation at 4°C, insoluble material was removed by
centrifugation at 100,000 × g for 1 h at 4°C, and supernatant was stored at 4°C overnight.
Insoluble material was resuspended in 4% Triton X-114 in TBS at 4°C and incubated overnight
at 4°C. Insoluble material was again removed by centrifugation at 100,000 × g for 1 h at 4°C.
Soluble material from the two sequential extractions was used for further purification. To
remove hydrophilic contaminants, soluble material from Triton X-114 extractions was back-
extracted three times by addition of a two-fold excess of ice-cold TBS, incubation on ice for
15 min, incubation at 37°C for 15 min to allow separation of detergent and aqueous phases,
centrifugation (3,000 × g for 15 min at 37°C) and removal of the upper aqueous phase by
aspiration. To remove TBS, the detergent phase was similarly back-extracted once with ice-
cold water. To remove detergent, protein was precipitated by the addition of 5 volumes of
acetone at −20°C and stored overnight at −20°C. The acetone precipitate was collected by
centrifugation, washed 3 times with −20°C acetone, and air-dried to yield approximately 100
mg dry weight of a white powder per liter of culture. To exclude glycolipids, the acetone
precipitate was solubilized in PBS-saturated phenol and subjected to six sequential extractions
by the addition of PBS (1:1 v/v) at room temperature for 4–15 h (rotating in Teflon-coated
tubes with sealing caps, Fisher scientific 05-562-16B, 05-563-1c), centrifugation at 15,000 ×
g for 30 min at room temperature, and removal of the upper aqueous phase. The final phenol
phase was dialyzed against distilled water using a 3.5 kD molecular weight cut-off membrane
(Corning, Lowell, MA, 132720). The precipitate was removed from dialysis tubing, washed
extensively with distilled water at room temperature, and lyophilized. The yield from one liter
of culture was approximately 25 mg of precipitate. Eight mg of lyophilized phenol precipitate
was subjected to SDS-PAGE through a preparative 20 × 20 cm, 1.5 mm thick 13%
polyacrylamide Tris-Cl gel using Protean IIxi electrophoresis apparatus (BioRad, Hercules,
CA). The sample was eluted in fractions using a Whole-Gel Eluter (BioRad) into imidazole-
HEPES buffer (43 mM imidazole, 35 mM HEPES, pH 7.4). To identify fractions containing
LpqH, a portion of each fraction was analyzed by SDS-PAGE with silver staining or Western
blotting using polyclonal anti-BCG Ab (DAKO, B0124, 1:30,000) or the LpqH-specific
monoclonal antibody IT-19 (1:3000) [36]. Fractions containing LpqH and no other bands by
silver gel were pooled and concentrated using 10,000 molecular weight cut-off tubes
(Millipore, Billerica, MA, UFC801096). Yields were determined by BCA protein assay.

Purified PhoS1 was provided by John T. Belisle under NIAID contract HHSN266200400091c
“TB Vaccine Testing and Research Materials”; it was purified from Mtb culture supernatant
by ammonium sulfate precipitation, lectin chromatography, and hydrophobic interaction
chromatography.
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Mammalian cell culture
Unless otherwise specified, incubations with eukaryotic cells were performed at 37°C in 5%
CO2 atmosphere. Standard medium was DMEM (Hyclone, Logan, UT, ASK30773)
supplemented with 10% heat-inactivated FCS, 50 μM 2-ME, 2 mM L-glutamine, 1 mM sodium
pyruvate, 10 mM HEPES, pH 7.4, and penicillin/streptomycin (Hyclone). Female C57BL/6J
mice (8–16 weeks old) were obtained from the Jackson Laboratory, housed under specific
pathogen-free conditions and used to produce macrophages. TLR1−/−, TLR2−/− and
TLR6−/− mice were generously provided by Shizuo Akira (Research Institute for Microbial
Disease, Osaka University, Osaka, Japan) and were back-crossed to C57BL/6J mice a
minimum of eight times. CD14−/− mice (B6.129S-Cd14tm1Frm/J) were obtained from the
Jackson Laboratory, maintained under specific pathogen-free conditions and used to produce
macrophages. CD14−/− mice were compared to C57BL/6J mice and F2 hybrids of C57BL/6J
and 129sv. CD36−/− mice were obtained and backcrossed onto C57BL/6 background a
minimum of eight times as described [37]. Bone marrow cells were cultured for 7–12 d in
standard medium supplemented with 25% LADMAC cell-conditioned medium [38]. HEK293
cells stably expressing TLR2-YFP (HEK293.TLR2) were produced previously [39;40].
HEK293 cells (ATCC CRL-1573) were stably transfected with the empty vector to produce a
control HEK293.pcDNA3 cell line. Transfected HEK293 cell lines were maintained in HEK
medium (DMEM supplemented with 10% heat-inactivated FCS (HyClone), ciprofloxacin (10
μg/ml) and geneticin (500 μg/ml)).

Cytokine ELISAs
HEK293.TLR2 or HEK293.pcDNA3 cells were incubated in 96-well plates (20,000 cells/well)
for 8 h in 90 μl of HEK medium and then for an additional 16 h with or without TLR2 agonist.
Supernatant IL-8 concentration was quantified by ELISA (R&D, Minneapolis, MN, DY208).
Bone marrow-derived macrophages were incubated overnight at 100,000 cells/well in standard
medium and then with or without lipoprotein for 12 h. Supernatants were collected and stored
at −80°C. TNF-alpha in the supernatant was quantified by ELISA (BD Biosciences #558874,
R&D DY410). The following synthetic TLR agonists were also used: Ultrapure E. coli LPS
(Invivogen, San Diego, CA, tlrl-pelps), FSL-1 (Invivogen, tlrl-fsl) and Pam3CSK4 (Invivogen,
tlrl-pms).

Lung APC preparation and flow cytometry
Mice were anesthetized with 1.25% 2,2,2 tribromoethanol (Sigma, T4840-2) solution dissolved
in 40% 2-methyl-2-butanol (tert-amyl alcohol; Sigma, A-1685). The pulmonary circulation
was perfused with ~10 ml PBS with 2 mM EDTA. Lungs were removed, minced, and incubated
in standard medium supplemented with 2.5 mg/ml collagenase D (Roche, Indianapolis, IN)
and 75 U/ml benzonase for 45 min at 37°C. Tissue was then passed through a 70-μm filter and
rinsed extensively with standard medium. Cells were resuspended in ACK lysis buffer for 5
min at room temperature. Dead cells and tissue debris were removed with Dead Cell Removal
kit (Miltenyi Biotec, Auburn, CA, 130-090-101). Crude lung APCs were prepared using a 1:1
mixture of magnetic beads selective for CD11b (Miltenyi biotec, 130-049-601) and CD11c
(Miltenyi Biotec, 130-052-001) (100 μl of each slurry per 107 viable cells). For flow cytometry,
crude lung APCs were stained using the following antibodies: APC-AF750-conjugated anti-
CD11b (eBioscience, San Diego, CA, M1/70, #27-0112, used at 0.4 μg/1×106 cells), PB-
conjugated anti-CD11c (eBioscience, N418, #57-0114, used at 0.4 μg/1×106 cells) or APC-
conjugated anti-CD11c (eBioscience, N418, #17-0114-82, used at 0.4 μg/1×106 cells), PECy7-
conjugated anti-TLR2 (eBioscience, T2.5, #25-9024, used at 0.4 μg/1×106 cells), FITC-
conjugated anti-CD14 (eBioscience, Sa 2-8, #11-141-82, used at 1.0 μg/1×106 cells), PE-
conjugated anti-CD36 (eBioscience, No.72-1, #12-0261, used at 0.4 μg/1×106 cells) and biotin-
conjugated anti-GR1 (eBioscience, RB6-8C5, #13-5931, used at 1.0 μg/1×106 cells). Flow
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analysis and sorting were performed on a BD FACSAria cytometer. Specific mean
fluorescence intensity (MFI) was calculated as MFI with specific Ab minus MFI with isotype
control Ab. Samples to be sorted were stained only with antibodies specific for CD11b, CD11c,
and GR-1. Data was analyzed using Winlist 5.0 software (Verity, Topsham, ME). Events
representing single cells were gated by forward and side scatter. Of these, only GR1-negative
events were included in the analysis and sort. GR1-negative events were sorted by FACS to
isolate lung APC subsets based on surface expression of CD11b and CD11c as previously
described [32;41]. Lung APC populations included alveolar macrophages (AM, CD11blow/
CD11chigh), lung macrophages (LM, CD11bhigh/CD11clow), and lung DCs (CD11bhigh/
CD11chigh). To assess relative responsiveness to a TLR2 agonist, FACS-purified lung
macrophages and alveolar macrophages were incubated in 96-well plates (30,000 cells/well)
in standard medium for 3 h and then in serum-free medium (Macrophage SFM, Invitrogen,
12065074) with or without LpqH for 16 h. Supernatants were collected, stored at −80°C and
assessed for TNF-alpha by ELISA.

Statistical analysis
Two-tailed Student’s T-test was used for comparisons of responses of two cell types (e.g.
HEK293.TLR2 vs. HEK293.pcDNA3, wild-type vs. CD14−/− macrophages, or lung
macrophages vs. alveolar macrophages). Two-way analysis of variance (ANOVA) with
Bonferroni post-test was used comparisons of multiple cell types with different TLR
deficiencies.

Results
These studies were designed to enhance our understanding of TLR recognition of Mtb
lipoproteins, including the potential contributions of co-receptors or accessory receptors. To
assess potential variation in recognition mechanisms and determine general principles, we
studied multiple Mtb lipoproteins, including LprA, LprG, and LpqH; a fourth Mtb lipoprotein,
PhoS1, was included in some studies. To compare their TLR2 agonist function, Mtb
lipoproteins and a TLR2 model agonist (Pam3CSK4) were incubated with HEK293.TLR2 cells
(transfected with human TLR2) or HEK293.pcDNA3 cells (transfected with control vector),
and induction of IL-8 was assessed by ELISA. Mtb lipoproteins induced expression of IL-8
by HEK293.TLR2 cells but not HEK293.pcDNA3 cells (Fig. 1). A concentration of
approximately 3–10 nM was sufficient to induce responses by LprA, LprG, LpqH and
Pam3CSK4 (Fig. 1). These data confirmed that LprA, LprG and LpqH are all agonists of human
TLR2, consistent with other data from studies with murine TLR2−/− macrophages (below) that
indicate that these lipoproteins, as well as PhoS1, are agonists of TLR2.

Since TLR2 is thought to signal as a heterodimer with either TLR1 or TLR6, we investigated
contributions of these co-receptors to recognition of Mtb lipoproteins. TLR dependence of
TNF-alpha induction by Mtb lipoproteins was studied with bone marrow-derived macrophages
from wild-type, TLR2−/−, TLR1−/− or TLR6−/− mice (Fig. 2). TNF-alpha induction was
completely dependent on TLR2 expression for LprA, LprG, LpqH, and PhoS1. With the
exception of LprA, TNF-alpha induction by these lipoproteins was dependent on TLR1
expression (responses were significantly reduced with TLR1−/− macrophages, although to a
lesser degree than with TLR2−/− macrophages). Lipoprotein-induced responses were not
reduced in TLR6−/− cells, although a redundant contribution of TLR6 cannot be excluded. As
predicted, TNF-alpha induction by the synthetic diacylated lipopeptide FSL-1 was dependent
on expression of TLR2 and TLR6 but not TLR1, and the response to Pam3CSK4 lipopeptide
was dependent on expression of TLR2 and TLR1 but not TLR6 (data not shown). Induction
of TNF-alpha by LprA was not reduced by single knockout of either TLR1 or TLR6; possible
explanations include redundant contributions of TLR1 and TLR6 for LprA. These data suggest
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that Mtb lipoproteins are generally more dependent on TLR1 than TLR6, although TLR2 co-
receptor dependence varies to some degree with different lipoproteins.

In addition to the co-receptors that form heterodimers with TLR2, lipoprotein recognition may
be influenced by accessory receptors that assist in recognition or delivery of ligands. CD14
and CD36 have been reported to contribute to recognition of other ligands by TLR2 [22;23].
To assess CD14 contribution to TLR2-mediated recognition of Mtb lipoproteins, we tested
lipoprotein induction of TNF-alpha expression by bone marrow-derived macrophages from
CD14−/− and wild-type mice (Fig. 3). CD14−/− macrophages exhibited impaired cytokine
responses relative to wild-type macrophages, although the magnitude of the deficit in
CD14−/− cells varied with different TLR2 agonists. Among the Mtb lipoproteins, responses to
LprA showed the greatest dependence on CD14; responses to LprG and LpqH showed
intermediate dependence on CD14, and the response to PhoS1 showed no discernable
dependence on CD14. LPS, a TLR4 agonist, showed a predicted dependence on CD14, while
FSL-1 did not. Similar CD14 dependence was seen when bone marrow-derived macrophages
from CD14−/− mice were compared with B6 × 129sv F2 hybrid mice (results not shown). To
investigate the importance of CD36 to recognition of Mtb lipoproteins by TLR2, we compared
Mtb lipoprotein induction of TNF-alpha by wild-type and CD36−/− mice (Fig. 4). While LprA
responses were dependent on CD36, responses to PhoS1, LprG and LpqH were independent
of CD36 expression. In agreement with previous literature [23], response to LPS was not
dependent on CD36 expression. These results indicate that responses to different Mtb
lipoproteins vary in their dependence on accessory receptors, with dependence on CD14 more
common than dependence on CD36 in the set of studied lipoproteins.

Since Mtb infection primarily occurs in the lung, differential expression of TLR2 or its co-
receptors on lung APC subsets may influence the contributions of these cells to host defense
in Mtb infection. Therefore, we assessed receptor expression in several APC populations
prepared directly from lung tissue. Crude lung APCs were prepared from lung homogenates
with a mixture of CD11b and CD11c affinity magnetic beads, and specific lung APC
subpopulations were then purified by FACS to exclude Gr-1+ events (neutrophils) and prepare
lung APC subsets, including CD11blow/CD11chigh alveolar macrophages, CD11bhigh/
CD11clow lung macrophages and CD11bhigh/CD11chigh lung DCs. These APC subset
definitions are supported by other published studies [32]; furthermore, bronchoalveolar lavage
cells are predominantly CD11blow/CD11chigh, supporting the definition of alveolar
macrophages by this marker phenotype, and CD11bhigh/CD11chigh lung DCs have high
expression of MHC-II and C-type lectin receptors DC-SIGN and Dec-205 [42], consistent with
this cell type assignment. By this approach and selective gating (Fig. 5), crude lung APCs were
approximately 23% alveolar macrophages, 13% lung macrophages and 7% lung DCs, with
other cells consisting of CD11blow/CD11clow cells or cells with intermediate phenotypes lying
between the gates for the defined APC subsets. Interestingly, surface expression of TLR2,
CD14 and CD36 varied among the APC subsets (Fig. 6). For TLR2, CD14 and CD36,
respectively, alveolar macrophages had specific MFI of 422, 287 and 1175, lung DCs had
specific MFI of 673, 917 and 744, and lung macrophages had specific MFI of 113, 247 and
1007. Thus, expression of TLR2, CD14 and CD36 varies on lung APC subsets, and lung
macrophages have particularly low TLR2 surface expression.

We investigated whether low TLR2 expression by lung macrophages correlated with a lack of
responsiveness to the well-characterized mycobacterial TLR2 ligand, LpqH (the 19-kD
lipoprotein). Lung APC populations were purified by FACS with populations defined by
expression of CD11b and CD11c (see Methods). Since cell yields were too low to obtain
adequate numbers of all three lung APC types by three-way sorting, our analysis was focused
on comparison of alveolar macrophages and lung macrophages. Macrophages were incubated
with LpqH for 16 h, and TNF-alpha production was then assessed by ELISA. While alveolar
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macrophages produced TNF-alpha in response to LpqH, lung macrophages were minimally
responsive (Fig. 6D). Thus, the low level of TLR2 expression on lung macrophages was
associated with a decreased ability of these cells to respond to LpqH by induction of TNF-
alpha. These data suggest that differences in TLR2 expression have functional consequences
for lung APCs.

Discussion
In this work, we assessed the contributions of co-receptors and accessory receptors to the
recognition of several Mtb lipoproteins by TLR2. Mtb lipoproteins were generally more
dependent on TLR1 than TLR6 as a TLR2 co-receptor, and more dependent on CD14 than
CD36 as an accessory receptor. Furthermore, expression of TLR2 and its co-receptors differed
between lung APC subsets, and the very low expression of TLR2 by lung macrophages was
associated with low responsiveness of these cells to LpqH. These data suggest that variation
in expression of TLR2 may influence the ability of different APC types to respond to infection
with Mtb.

While TLR1 and TLR6 are both characterized as co-receptors of TLR2, the degree to which
each contributes and the mechanisms by which each contributes remain unclear for
physiological TLR2 ligands, e.g. Mtb lipoproteins. TLR1 and TLR6 are thought to participate
directly in both ligand recognition and adaptor recruitment. Investigations with synthetic
lipopeptides suggested that TLR2/TLR1 heterodimers sense triacylated lipopeptides [13]
whereas TLR2/TLR6 heterodimers sense diacylated lipopeptides [15]. However, the ability of
TLR2 to detect nonacylated ligands [18] and capsular carbohydrates [19] indicates that other
structural determinants affect TLR2 co-receptor usage. We compared the responses of
TLR2−/−, TLR1−/− or TLR6−/− macrophages to several lipoproteins (Fig. 2). These studies
revealed three major characteristics of responses to Mtb lipoproteins. First, TLR2 was
absolutely required for response to all of the Mtb lipoproteins, consistent with previous studies
with LpqH [13;43]. Second, lipoproteins differ significantly in their efficacy for cytokine
induction in both the HEK293.TLR2 cell line and murine bone marrow-derived macrophages.
Third, TLR6 is not important for response to these lipoproteins. Finally, TLR1 contributes
significantly to recognition of most of the studied Mtb lipoproteins, although low responses to
high concentrations of the lipoproteins may still be achieved in the absence of TLR1; similar
results were observed for Pam3CSK4 lipopeptide in our studies and others [13;44].
Interestingly, LprA showed markedly less dependence on TLR1 than the other lipoproteins. It
is possible that some TLR2 agonists have cross-reactivity for TLR1 and another TLR2 co-
receptor, e.g. TLR6, TLR10 (which is closely related to TLR1 and TLR6) or a non-TLR
receptor. Since Mtb lipoproteins show variability in their co-receptor usage, they may be useful
tools for further studies of the structural determinants of TLR2 co-receptor dependence.

The mechanisms by which CD14 contributes as an accessory receptor to promote TLR2
signaling are incompletely understood; prevalent hypotheses include a role in trafficking and/
or increasing bioavailability of TLR ligands. Like the TLRs, CD14 is a leucine rich repeat
protein that is GPI-linked to the cell surface and cannot signal directly. CD14 can also be
released from the cell surface and is present in soluble forms in mammalian serum. The
presence of either membrane-associated CD14 or recombinant soluble CD14 enhances
Pam3CSK4 binding to TLR2 [27] and resultant signaling [28]. Our data show that not all
lipoproteins require CD14 (Fig. 3). Among the Mtb lipoproteins, responses to LprA showed
the greatest dependence on CD14; responses to LprG and LpqH showed intermediate
dependence on CD14, and the response to PhoS1 showed no discernable dependence on CD14.
PhoS1 is particularly striking in its ability to signal in CD14−/− macrophages. Further studies
of these lipoproteins may yield insight into the basis of CD14 dependent recognition of bacterial
lipoproteins by TLR2.
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The role for CD36 in TLR2 signaling is less clear. As a prototypic class B scavenger receptor,
CD36 performs homeostatic functions, including recognition and phagocytosis of apoptotic
cells, senescent cells, cellular debris, and oxidized LDL [45]. It is involved in the detection
and phagocytosis of pathogens, including Staphylococcus aureus and, to a lesser extent, E.
coli [29]. More specifically, CD36 is thought to associate with the TLR2 receptor complex and
contribute selectively to the detection of some diacylglycerol motifs by TLR2 [23;46]. Of the
Mtb lipoproteins examined in this work, only LprA induced a response that was dependent on
CD36 expression. Therefore, LprA may be useful in future studies examining structural
components responsible for CD36 accessory function.

It is interesting that LprA and LprG differ in their receptor usage despite being closely related
(~34% identical amino acid sequence). LprA was partially dependent on both CD14 and CD36,
whereas LprG showed partial dependence on CD14 but not CD36. LprA, unlike the other three
Mtb lipoproteins in this study showed no dependence on TLR1. The structural characteristics
of LprA that determine its unusual receptor usage are as yet undefined.

Lung APCs that are infected during the course of aerosol infection with mycobacteria include
alveolar macrophages, lung macrophages and lung dendritic cells. We investigated the
expression of TLR2 and two potential accessory receptors (CD14 and CD36) by these lung
APC subsets. Lung macrophages expressed less TLR2 than the other lung APC subsets (Fig.
6A–C). Consistent with their low level of TLR2 expression, lung macrophages were
hyporesponsive to LpqH. Since lung macrophages may be infected by mycobacteria, the low
level of TLR2 expression on these cells may limit TLR2-dependent responses to mycobacteria
that these cells harbor. Thus, low levels of receptor expression on certain APC types may
become a limiting factor for responses to pathogens. Due to the likely contribution of multiple
receptors in host cell interactions with a pathogen, reduced expression of a single receptor may
not ablate host cell responses to the pathogen, but limitation in expression of innate immune
receptors by subsets of APCs may alter the quality or magnitude of responses, potentially
affecting pathogenesis of infection.
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Figure 1. Mycobacterial lipoproteins are TLR2 agonists
HEK293.TLR2 cells (filled symbols) or control HEK293.pcDNA3 cells (empty symbols) were
exposed to mycobacterial lipoproteins for 15 h, and the concentration of IL-8 in culture
supernatant was assayed by ELISA. Data represent mean +/− SD for triplicate samples, except
where error is too small to be visualized. For concentrations above 10 nM, LprG, LpqH, LprA
and Pam3CSK4 produced responses in HEK293.TLR2 cells that were significantly different
from responses in HEK293.pcDNA3 cells (p < 0.01 for all such comparisons).
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Figure 2. TLR1 is more important than TLR6 for response to mycobacterial lipoproteins
Bone marrow-derived macrophages from wild-type, TLR1−/−, TLR2−/−, or TLR6−/− mice were
stimulated for 12 h with mycobacterial lipoproteins in standard medium. Culture supernatants
were assayed for TNF-alpha by ELISA. Data are representative of three independent
experiments (two for PhoS1) that used independent preparations of lipoproteins and different
preparations of bone marrow derived macrophages. Data are shown as the mean +/− SD of
triplicate assays (*, p < 0.05; **, p < 0.01; and ***, p < 0.001 for comparison of wild-type vs.
TLR1−/− or TLR2−/− cells).
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Figure 3. CD14 contributes to the detection of LpqH, LprA and LprG, but not PhoS1 or FSL-1
Bone marrow-derived macrophages derived from wild-type or CD14−/− mice were stimulated
with a range of concentrations of agonist in standard medium (LPS) or SFM (all other agonists).
TNF-alpha in culture supernatant was measured by ELISA. Data are representative of three
independent experiments (two for PhoS1). Data represent mean +/− SD for triplicate samples
(*, p < 0.05; **, p < 0.01 for comparison of CD14−/− vs. wild-type cells).
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Figure 4. CD36 contributes to the detection LprA, but not LpqH, LprG, or PhoS1
Bone marrow-derived macrophages derived from wild-type or CD36 knock-out mice were
stimulated with a range of concentrations of agonist for 12 h in standard medium (LPS) or
SFM (all other ligands). Culture supernatant was assayed for TNF-alpha by ELISA. Data are
representative of three independent experiments (two for PhoS1). Data represent mean +/− SD
for triplicate samples (*, p < 0.05 for comparison of CD36−/− vs. wild-type cells).
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Figure 5. Isolation and characterization of lung APCs by flow cytometry
Crude lung APCs were gated by scatter properties (A) and GR1-negativity (shaded peak is
isotype, dotted line is stain) (B). APC subsets were characterized by expression of CD11b and
CD11c (C and D). Alveolar macrophages (AM) are defined as CD11blow/CD11chigh. Lung
macrophages (LM) are defined as CD11bhigh/CD11clow and consisted of 2 morphologies. Lung
DCs are defined as CD11bhigh/CD11chigh. GR1high events were excluded from analysis. PMN,
morphology of GR1-positive events.
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Figure 6. Differing levels of TLR2 on lung APC subsets
Surface staining for TLR2 (A), CD14 (B) and CD36 (C) is shown with dotted lines, and isotype
control staining is shown in gray. Specific MFI values (see text) were calculated as MFI with
specific Ab minus MFI with isotype control Ab. In panel D, cells were stimulated with LpqH
for 16 h, and TNF-alpha in culture supernatant was measured by ELISA. Results are
representative of 3 independent experiments. Data points represent the mean +/− SD of results
from at least triplicate cell cultures. Due to limited cell numbers, fewer LpqH concentrations
were assessed with lung macrophages. At the LpqH concentration points that were common
to both cell types (10 and 100 nM), the responses were significantly different (**, p < 0.01;
***, p < 0.001).
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