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1. Summary
The role of lipopolysaccharide (LPS) in the pathogenesis of Gram-negative septic shock is well
established. The corresponding proinflammatory and immunostimulatory molecule(s) on the Gram-
positive bacteria is less well understood, and their identification and characterization would be a key
prerequisite in designing specific sequestrants of the Gram-positive endotoxin(s). We report in this
paper the comparison of NF-κB-, cytokine- and chemokine-inducing activities of the TLR2 ligands,
lipoteichoic acid (LTA), peptidoglycan (PGN), and lipopeptides, to LPS, a prototype TLR4 agonist,
in murine macrophage cell-lines as well as in human blood. In murine cells, di- and triacyl
liopopeptides are equipotent in their NF-κB inducing activity relative to LPS, but elicit much lower
proinflammatory cytokines. However, both LPS and the lipopeptides potently induce the secretion
of a pattern of chemokines that is suggestive of the engagement of a TLR4-independent TRIF
pathway. In human blood, although the lipopeptides induce p38 MAP kinase phosphorylation and
CD11b upregulation in granulocytes at ng/ml concentrations, they do not elicit proinflammatory
cytokine production even at very high doses; LTA, however, activates neutrophils and induces
cytokine secretion, although its potency is considerably less than that of LPS, presumably due to its
binding to plasma proteins. We conclude that, in human blood, the pattern of immunostimulation
and proinflammatory mediator production elicited by LTA parallels that of LPS.
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2. Introduction
Sepsis, or “blood poisoning” in lay terminology, and its sequel septic shock, a consequence of
systemic inflammation leading to multiple organ failure [1], are common and serious clinical
problems with no specific therapeutic options available as yet. While fewer than 100 cases
were reported prior to 1920 [2], sepsis is now the thirteenth leading cause of overall mortality
[3], and the number one cause of deaths in the non-cardiac intensive care unit [4] accounting
for some 200,000 fatalities in the US annually [5]. While the incidence continues to rise in the
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US [6] and worldwide [7] due to increased invasive procedures, immunosuppression and
cytotoxic chemotherapy, mortality has essentially remained unchanged at about 45% [8]
despite tremendous strides in antimicrobial chemotherapy, due to the lack of specific therapy
aimed at the pathophysiology of sepsis.

The primary trigger in the Gram-negative septic shock syndrome is endotoxin, a constituent
of the outer membrane of enterobacterial Gram-negative bacteria. Endotoxins consist of a
polysaccharide portion and a lipid called lipid A, and are therefore also called
lipopolysaccharides (LPS). The polysaccharide portion consists of an O-antigen-specific
polymer of repeating oligosaccharide units, the composition of which is highly varied among
Gram-negative bacteria. A relatively well-conserved core hetero-oligosaccharide covalently
bridges the O-antigen-specific chain with lipid A [9]. Total synthesis of the structurally highly
conserved lipid A has been shown to be the active moiety of LPS [10,11].

Septic shock is by no means an exclusive sequel of systemic Gram-negative infections [12,
13]. Owing to the increasing prevalence of nosocomial infections due to invasive procedures,
immunosuppression and cancer chemotherapy, the incidence of septic shock due to Gram-
positive organisms is on the rise [14–16], and is of particular concern in neutropenic
individuals, a frequent attendant of ablative chemotherapy and radiotherapy [17,18]. Because
the shock state in systemic Gram-positive sepsis is clinically indistinguishable from that caused
by Gram-negative bacteria [13,19], it has been generally regarded that the initiation and
progression of the systemic inflammatory response are pathophysiologically similar regardless
of the causative organism. However, recent studies reporting differential gene expression and
proinflammatory cytokine production [20–24] have cast doubt on the assumption that the
patterns of innate immune activation by Gram-negative and -positive bacteria are equivalent.
The prominent role of LPS in the pathogenesis of Gram-negative shock renders lipid A a logical
therapeutic target in developing anti-endotoxin strategies, and we have made considerable
progress in the structure-based design and development of LPS sequestrants [25–28]. The
identification and characterization of proinflammatory and immunostimulatory molecule (s)
in the Gram-positive bacterium would be a prerequisite if a similar strategy is to be employed
successfully in designing specific sequestrants of the Gram-positive endotoxin(s).

The exoskeleton of the Gram-positive organism, similar to that of Gram-negative bacteria, is
comprised of underlying peptidoglycan (PGN), a super-sized polymer of β-1→4-linked N-
acetylglucosamine-N-acetylmuramic acid glycan strands that are cross-linked by short peptides
[29–31]. Unlike Gram-negative bacteria which bear lipopolysaccharide on the outer leaflet of
the outer membrane, the external surface of the peptidoglycan layer is decorated with
lipoteichoic acids (LTA) [32,33]. LTA are anchored in the peptidoglycan substratum via a
diacylglycerol moiety and bear a surface-exposed, polyanionic, 1–3-linked
polyglycerophosphate appendage [34,35] which varies in its subunit composition in LTAs from
various Gram-positive bacteria; in S. aureus, the repeating subunit contains D-alanine and α-
D-N-acetylglucosamine [36]. Lipoproteins are found in the bacterial cytoplasmic membrane
and are also common constituents of the cell wall of both Gram-negative and Gram-positive
bacteria [37–39]. The free amine of the N-terminus of lipoproteins are acylated with a S- (2,3-
diacyloxypropyl)cysteinyl residue which constitutes the immunostimulatory moiety [40,41]
as shown by studies on synthetic peptides containing the diacylthioglycerol unit [42–44]. In
contradistinction to enterobacterial LPS which is recognized by Toll-like receptor-4 (TLR4),
PGN [45,46], LTA [47,48], lipopeptides, [49,50] as well as some non-enterobacterial LPS
[51,52] signal via TLR2.

The discovery of the role of Toll -like receptors in the specific molecular recognition of Gram-
negative versus -positive cell-wall components [53–55] have contributed enormously to our
understanding of the recognition of pathogen-associated molecular patterns (‘PAMPs’) by
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TLRs, and of the signaling pathways underlying the effector responses of the innate immune
system. Inasmuch as the development of TLR knockout mouse strains [56,57] has
revolutionized the analyses of the fine-specificities of individual PAMPs and of their
recognition by target TLRs, many questions remain unaddressed. The paradigm of exquisite
specificity of ligand recognition by conventional receptors does not lend itself very well to
these pattern-recognition receptors; the plasticity of TLRs with respect to their recognition of
diverse ligands, coupled with different signaling mechanisms employed by individual TLRs,
as well as significant inter-species differences in terms of cellular responses to a given ligand
are potential confounding variables, and the observation of a specific response should be cross-
validated, whenever possible, in an appropriate ex vivo human model.

We report in this paper the comparison of NF-κB-, cytokine- and chemokine-inducing activities
of the TLR2 ligands, LTA, PGN, and lipopeptides, to LPS (TLR4 agonist), in murine
macrophage cell-lines as well as in human blood. In murine cells, di- and triacyl liopopeptides
are equipotent in their NF-κB inducing activity relative to LPS, but elicit much lower
proinflammatory cytokines. However, both LPS and the lipopeptides potently induce the
secretion of a pattern of chemokines that is suggestive of the engagement of the MyD88-
independent TRIF-Mal-TIRAP pathway. In human blood, although the lipopeptides induce
p38 MAP kinase phosphorylation and CD11b upregulation in granulocytes at ng/ml
concentrations, they do not elicit proinflammatory cytokine production even at very high doses.
LTA, on the other hand, activates neutrophils and induces cytokine secretion, although with
considerably less potency than LPS, presumably due to its binding to plasma proteins.
However, the pattern of immunostimulation and proinflammatory mediator production elicited
by LTA in human blood is qualitatively similar that of LPS.

3. Materials and Methods
3.1. Reagents

LTA from S. aureus from Sigma (St. Louis, MO) was found to be significantly contaminated
with LPS (see Results and Fig. 1). All subsequent experiments were performed with LTA from
S. aureus, extracted by the n-butanol procedure [58] and purified by delipidation and enzymatic
deproteination (procured from InvivoGen, San Diego, CA). PGN from S. aureus, the synthetic
diacylated lipopeptides FSL-1 and PAM2CSK4, and the triacylated PAM3CSK4 were also
from InvivoGen (San Diego, CA). Smooth LPS and diphosphoryl lipid A from E. coli 0111:B4
was from List Biologicals (Campbell, CA). Human inflammation and chemokine, and murine
inflammation multiplexed CBA kits, anti-CD11b antibody conjugated to phycoerythrin (PE),
and anti-phospho-(T180/Y182)-p38 MAPK:PE conjugate, and corresponding isotype control
antibody:PE conjugates were from Becton-Dickinson (San Jose, CA).

3.2. Cell lines
LPS-responsive murine J774.A1 and LPS-nonresponsive 23ScCR (C57BL/10ScNCr
background) cell lines were from ATCC and were maintained in RPMI 1640 supplemented
with 10% fetal bovine serum (FBS). HEK-Blue™-4 cells (HEK293 cells stably transfected
with TLR4, MD2, CD14, as well as secreted alkaline phosphatase (sAP) under the control of
a promoter inducible by NF-κB and AP-1) and HEK-Blue™-2 cells (HEK293 cells stably
transfected with TLR2, MD2, CD14, and sAP) were from InvivoGen and were maintained in
HEK-Blue™ Selection medium containing zeocin and normocin. 23ScCR cells stably
transfected with pnifty2 (InvivoGen), an NF-κB reporter gene under the control of ELAM1
promoter, and driving the expression of sAP were generated as follows: 23 ScCR (107 cells)
were nucleofected with 1 μg of purified pnifty2 plasmid using an Amaxa Nucleofector
(Gaithersburg, MD). After a two-week long culture in medium containing 10 μg/ml zeocin, a
single colony persisted and expanded, which was subsequently subcloned and maintained in
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HEK-Blue™ Selection medium. This stably transfected cell line (trans-ScCR) responded
robustly and consistently over the course of several passages to murine TNF-α in producing
sAP which was quantitated as described above.

3.3. NF-κB induction
The induction of NF-κB was quantified using HEK-Blue-2™ cells. In experiments designed
to verify that the Gram-positive stimuli were not contaminated with trace amounts of LPS,
HEK-Blue™-4 cells were used. Stable expression of secreted alkaline phosphatase (sAP) under
control of NF-κB/AP-1 promoters is inducible by LPS, and extracellular sAP in the supernatant
is proportional to NF-κB induction. HEK- Blue-2™ or -4™ cells were incubated at a density
of ~105 cells/ml in a volume of 80 μl/well, in 384-well, flat-bottomed, cell culture-treated
microtiter plates until confluency was achieved, and subsequently graded concentrations of
stimuli. sAP was assayed spectrophotometrically using an alkaline phosphatase-specific
chromogen (present in HEK-detection medium as supplied by the vendor) at 620 nm.

3.4. Measurement of nitric oxide release in murine macrophages
Nitric oxide (NO) was measured as total nitrite in murine macrophage J774.A1 cells using the
Griess reagent system [59,60] as described previously [26,61]. J774.A1 cells were grown in
RPMI-1640 cell-culture medium containing L-glutamine and sodium bicarbonate and
supplemented with 10% fetal bovine serum, 1% L-glutamine-penicillin-streptomycin solution,
and 200 μg/ml L-arginine at 37°C in a 5% CO2 atmosphere, and plated at ~105 cells/ml in a
volume of 80 μl/well, in 384-well, flat-bottomed, cell culture-treated microtiter plates until
confluency and subsequently exposed to serial dilutions of the Gram-positive stimuli.
Concurrent to LPS stimulation, serially diluted concentrations of test compounds were added
to the cell medium and left to incubate overnight for 16h. Positive- (LPS stimulation only) and
negative-controls (J774.A1 medium only) were included in each experiment. Nitrite
concentrations were measured adding 50 μl of supernatant to equal volumes of Griess reagents
(50 μl/well; 0.1% NED solution in ddH2O and 1% sulfanilamide, 5% phosphoric acid solution
in ddH2O) and incubating for 15 minutes at room temperature in the dark. Absorbance at 535
nm was measured using a Molecular Devices Spectramax M2 multifunction plate reader.

3.5. Multiplexed cytokine assays
100 μl aliquots of fresh whole blood, anticoagulated with heparin, obtained by venipuncture
from healthy human volunteers with informed consent and as per guidelines approved by the
Human Subjects Experimentation Committee were exposed to equal volumes of graded
concentrations stimuli diluted in saline for 4h in a 96-well microtiter plate as described
previously [26,61]. The effect of the compounds on modulating cytokine production was
examined using a FACSArray multiplexed flow-cytometric bead array (CBA) system (Becton-
Dickinson-Pharmingen, San Jose, CA). The system uses a sandwich ELISA-on-a-bead
principle [62,63], and is comprised of 6 populations of microbeads that are spectrally unique
in terms of their intrinsic fluorescence emission intensities (detected in the FL3 channel of a
standard flow cytometer). Each bead population is coated with a distinct capture antibody to
detect six different cytokines concurrently from biological samples. The human inflammation
CBA kit includes the following analytes: TNF-α, IL-1β, IL-6, IL-8, IL-10, and IL-12p70; the
human chemokine kit allows the quantitative measurement of Interleukin-8 (CXCL8/IL-8),
Regulated upon Activation, Normal T-cell Expressed, and Secreted (CCL5/RANTES),
Monokine-induced by Interferon-γ (CXCL9/MIG), Monocyte Chemoattractant Protein-1
(CCL2/MCP-1), and Interferon-γ-induced Protein-10 (CXCL10/IP-10). The beads were
incubated with 30 μl of sample, and the cytokines of interest were first captured on the bead.
After washing the beads, a mixture of optimally paired second antibodies conjugated to
phycoerythrin was added which forms a fluorescent ternary complex with the immobilized
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cytokine, the intensity (measured in the FL2 channel) of which is proportional to the cytokine
concentration on the bead. The assay was performed according to protocols provided by the
vendor. Standard curves were generated using recombinant cytokines provided in the kit. The
data were analyzed in the CBA software suite that is integral to the FACSArray system. The
CBA multiplexed assay was also used to quantify cytokine production in J774.A1 cells using
the mouse inflammation CBA kit which includes the following analytes: TNF-α, IL-6, IL-10,
macrophage chemotactic protein-1 (MCP-1), IFN-γ, and IL-12p70. Chemokine (MIP-1α,
MIG, RANTES) production in 23ScCR cells were examined using mouse Flex kits (BD
Biosciences) and analyzed using FCAP software.

3.6. Phosflow™ flow cytometric assay for p38MAPK
1 ml aliquots of fresh whole blood, anticoagulated with heparin were incubated with 25 μl an
equal volume of graded concentrations of stimuli diluted in saline for 15 minutes at 37°C.
Erythrocytes were lysed and leukocytes were fixed in one step by mixing 200 μl of the samples
in 4 ml pre-warmed Whole Blood Lyse/Fix Buffer (Becton-Dickinson Biosciences, San Jose,
CA). After washing the cells at 500 g for 8 minutes in CBA buffer, the cells were permeabilized
in ice-cold methanol for 30 min, washed twice in CBA buffer and transferred to a Millipore
MultiScreen BV 1.2μ filter plate and stained with either phycoerythrin (PE)-conjugated mouse
anti-p38MAPK (pT180/pY182; BD Biosciences) mAb, or a matched PE-labeled mouse
IgG1 κ isotype control mAb for 60 minutes. The cells were washed twice in the plate by
aspiration as per protocols supplied by the vendor. Cytometry was performed using a BD
FACSArray instrument in the single-color mode for PE acquisition on 20,000 gated events.
Post-acquisition analyses were performed using FlowJo v 7.0 software (Treestar, Ashland,
OR).

3.7. CD11b flow cytometric assay
1 ml aliquots of fresh anticoagulated whole blood were incubated with 25 μL of graded dilutions
of the various Gram-positive stimuli for 1 hour at 37°C. This resulted in final concentrations
of 1 μg/mL of stimulus at the highest concentration. Negative (saline) controls were included
in each experiment. Samples were placed on ice for 15 minutes before 20 μL of anti-CD11b/
Mac-1 antibody (Becton-Dickinson) were added to each sample tube and allowed to incubate
on ice for 30 minutes. This 0°C incubation step prevented internalization of antibody, and
assured staining of only extracellularly expressed CD11b. Erythrocytes were lysed and
leukocytes were fixed in one step by mixing 200 μL of the samples in 4 mL pre-warmed Whole
Blood Lyse/Fix Buffer (Becton-Dickinson Biosciences, San Jose, CA). After washing the cells
twice at 200 g for 5 minutes in CBA buffer, the cells were transferred to a 96-well plate. Flow
cytometry was performed using a BD FACSArray instrument in the single-color mode for PE
acquisition on 20,000 gated events. Post-acquisition analyses were performed using FlowJo v
7.0 software.

4. Results
4.1. Confirmation of specificity of TLR2 activity

Contamination with trace quantities of LPS in bacterial products is a common problem [64]
and, in order to rule out false-positives and spurious results, we first verified that the Gram-
positive stimuli were endotoxin-free by examining the NF-κB induction potency in the HEK-
Blue-4 cell assay. As shown in Fig. 1A, LTA purchased from Sigma showed significant TLR4
agonistic activity, presumably due to LPS contamination, and was therefore excluded from all
further experiments. Purified n-butanol isolated LTA (from InvivoGen), PGN, PAM2CSK4,
FSL-1, and PAM3CSK4 were all devoid of detectable LPS at concentrations of up to 10 μg/ml
(Fig. 1A). We further verified that the TLR2-agonistic activities of the Gram-positive stimuli
were not inhibited in the HEK-Blue-2 assay by polymyxin B, a specific LPS sequestrant [65,
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66], even at a concentration of 2.5 mM (data not shown). PAM2CSK4 and FSL-1 are synthetic
diacylated lipopeptides which have been reported to be agonists of heterodimers of TLR2/
TLR6 [67,68] whereas PAM3CSK4, a synthetic triacylated lipopeptide, was thought to be a
TLR2/TLR1 [69,70] agonist, although structural studies show that recognition of both di- and
tri-acyl species require TLR2 [71]. Consistent with the recent findings of Buwitt-Beckmann
et al., [72] in virtually all of the experiments described below, all three lipopeptides behaved
virtually indistinguishably and, for the sake of simplicity, only results obtained with
PAM2CSK4 will be shown except in cases where significant differences between the diacyl
and triacyl species were observed. In the NF-κB induction assay using TLR2-expressing cells
(HEK-Blue-2 cell assay, Fig. 1B), PAM2CSK4 (as well as FSL-1 and PAM3CSK4, not shown)
were very potent, exhibiting discernible stimulatory activities at 100 pg/ml, whereas LTA and
PGN were significantly less active. As expected LPS, the prototype TLR4 agonist, did not
show any NF-κB-inducing activity (Fig. 1B).

4.2. Comparison of TLR2-agonistic activity in murine macrophage cell-lines
Next, we compared the activities of the Gram-positive stimuli in murine macrophage cell-lines.
In LPS-responsive J774.A1 cells, only LPS evoked the production of significant levels of NO
(measured as nitrite, Fig. 2A), although exposure to PAM2CSK4 (as well as FSL-1 and
PAM3CSK4, not shown), appeared to slightly enhance NO production while PGN and LTA
were devoid of stimulatory activity (Fig 2A). However, stimulation of J774.A1 cells at
concentrations of 1 μg/ml with either LPS or PAM2CSK4, but not LTA nor PGN, resulted in
phosphorylation of p38 MAPK) as analyzed by flow-cytometry using p38MAPK-specific
(pT180/pY182) antibodies (Fig. 2B. Since IFN-γ is known to upregulate inducible nitric oxide
synthase [73], we reexamined the NO-inducing properties in J774.A1 cells primed with 100
U/ml of IFN-γ for 8h prior to stimulation. IFN-γ priming resulted in robust responses to both
LPS as well as PAM2CSK4, with similar IC50 values (concentrations inducing half-maximal
responses) of 100 pg/ml and 212 pg/ml, respectively (Fig. 2C). LTA and PGN were much
weaker, inducing comparable NO output at about 1 μg/ml. In initial proinflammatory cytokine
release assays, only LPS appeared to induce TNF-α and IL-6 responses in standard log-linear
plots. On closer examination in log-log plots, however, it became apparent that this was merely
due to the rather large differences in the relative amounts of cytokines induced by LPS and the
Gram-positive stimuli. Although the absolute levels of PAM2CSK4-induced TNF-α (Fig. 2D)
and IL-6 (Fig. 2E) are much lower than that evoked by LPS, we found the lipopeptides to be
very potent, causing significant cytokine induction at 5 ng/ml, the lowest concentration tested.
Similar results were obtained with FSL-1 and PAM3CSK4 (data not shown). LTA, on the other
hand, was found to be considerably less potent than either LPS or PAM2CSK4, showing
significant activity only in the μg/ml concentration range (Figs. 2D and 2E).

We wished to examine if similar patterns of responsiveness to the various Gram-positive
stimuli would hold true in the LPS non-responsive 23ScCR cell-line [74], which is homozygous
for a null-mutation of TLR4 [75]. In all of these experiments, LPS was used a control stimulus.
In 23ScCR cells stably expressing an NF-κB-sAP reporter gene (Trans-ScCR cells), only the
lipopeptides induced sAP expression (Fig. 3). Similarly, exposure to only lipopeptides, but not
to any of the other TLR agonists resulted in elevated p38 MAPK phosphorylation (Fig. 3B).
As expected, PAM2CSK4 (as well as FSL-1 and PAM3CSK4, not shown) induced substantial
levels of NO in IFN-γ-primed ScCR cells; somewhat to our surprise, we found that LPS also
behaved as an agonist in ScCR cells that are null for TLR4 (Fig. 3C). We verified that LPS
was not contaminated with trace quantities of a TLR2 agonist by showing that LPS, but not
the lipopeptides, could be inhibited by polymyxin B (data not shown). Neither LPS nor any of
the Gram-positive stimuli induced any measurable proinflammatory cytokines such as TNF-
α, IL-6, IL-8 or IL-12. However, both LPS and the lipopeptides induced the production of
MIP-1α and RANTES/CCL5 in a bimodal manner characterized by a dose-dependent increase
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in the initial phase, followed by inhibition at higher stimulus concentrations (Figs. 3D and 3E).
Neither PGN nor LTA were active in any of the ScCR assays.

4.3. Comparison of TLR2-agonistic activity in human blood
We elected to compare the activities of Gram-positive stimuli with those of LPS in whole
human blood rather than isolated mononuclear cells or differentiated macrophages. We
examined p38 MAPK phosphorylation, CD11b expression, and cytokine and chemokine
release. LPS and the lipopeptides were roughly equipotent in inducing p38 MAPK
phosphorylation with IC50 values of about 10 ng/ml (Fig. 4B). Most of the activated cell
population mapped directly to the granulocyte fraction (Figs. 4A). The potency of LTA was
about an order of magnitude lower, while PGN was inactive (Fig. 4B). A similar dose-response
profile was observed for the upregulation of cell-surface expression of CD11b [76] on
granulocytes. Interestingly, we found that changes in CD11b expression were exactly mirrored
by increases in size of the granulocytes as evidenced by increased side-scatter intensities (Fig.
4D), analogous to previous reports of changes in cell shape of granulocytes [77]. While the
lipopeptides as well as LTA were active in inducing an activated phenotype in neutrophils,
only LTA, but not the lipopeptides, were effective in inducing the cytokines, TNF-α, IL-1β,
IL-6, and IL-10 (Fig. 5A–D), as well as the chemokines MCP-1/CCL-2, CCL5/RANTES, IL-8
(Fig. 6A–C), although the relative levels of these mediators are considerably lower than that
induced by LPS. None of the Gram-positive stimuli induced any detectable CXCL10/IP-10,
however (Fig. 6D).

5. Discussion
Although more than twenty years have elapsed since formal proof was obtained showing that
the structurally conserved lipid A moiety constitutes the major endotoxic principle of Gram-
negative enterobacterial lipopolysaccharides [10,11], aspects of structure-activity relationships
underlying immunostimulatory versus proinflammatory activities in lipid A analogues are just
beginning to be understood [78]. As with the availability of chemically defined lipid A
analogues, the recent syntheses of LTA [79,80] and lipopeptide part-structures [81,82] have
been pivotal in delineating the biological responses to these TLR2 ligands. Although the
development of specific TLR knockout mouse strains [83,84] has made an enormous impact
on the field of innate immunity, significant differences between murine and non-rodent species
exist not only in receptor specificity to TLR ligands, but also in the cellular responses to them.
As has been observed with TLR4 ligands such as taxol [85,86], leptospiral lipid A [87], lipid
IVa, an enterobacterial lipid A part-structure [88], and E5531, a synthetic lipid A analogue
[89], recent evidence suggests that significant inter-species differences exist for TLR2 also, as
exemplified by variations in specificities for lipopeptide recognition in chimeric TLR
constructs [90]. Furthermore, the coupling of these pattern recognition receptors to downstream
adaptor molecules also appear to be distinct as shown by disparities in clinical outcomes in
humans with IRAK-4 deficiency versus the susceptibility to pathogens in knockout mice
[91].

Our objective was to identify the major immunostimulatory and proinflammatory component
(s) of the Gram-positive bacterial envelope in the human system so that an attempt may be
made to design and evaluate specific antagonists or sequestrants for the ‘Gram-positive
endotoxin’ as we have with LPS [25–27,92]. We were also interested in comparing human and
murine responses to TLR2 agonists so that appropriate in vivo or ex vivo assays could be
developed to aid in screening compounds. We therefore compared the NF-κB-, cytokine- and
chemokine-inducing activities of the TLR2 ligands, LTA, PGN, and lipopeptides, in murine
macrophage cell-lines as well as in human blood ex vivo.
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In LPS-responsive murine J774.A1 macrophages, we observed that O, O′ di-acyl and O, O
′,N-tri-acyl lipopeptides as well as LPS were agonistic as adjudged by activation of p38 MAPK,
the dose-dependent induction of NO in IFN-γ-primed cells, and the production of TNF-α and
IL-6 (Fig. 2). LTA, but not PGN induced cytokine production in J774 cells, but at much higher
concentrations. We ruled out contamination of LTA with trace amounts of LPS by verifying
that the agonistic activity of LTA could not be inhibited even using high concentrations of
PMB, a specific LPS sequestrant [65,66] (data not shown). In order to compare these stimuli
in the context of an absent functional TLR4, we examined the responses in murine 23ScCR
cells [93]. A clear parallel between LPS and the lipopeptides was observed with respect to NF-
κB induction and p38 MAPK phosphorylation (Fig. 3A and B). Unexpectedly, IFN-γ-primed
23ScCR cells responded robustly to LPS and lipopeptides in producing NO (Fig. 3C), but did
not produce any detectable TNF-α, IL-1β, or IL-6 (data not shown). We have earlier observed
the secretion of MCP-1 in 23ScCR cells and C3H/HeJ-derived macrophages in response to
LPS; furthermore, we have detected a well-defined surge of circulatory MCP-1 in the absence
of any detectable TNF-α, IL-1β, or IL-6, in C3H/HeJ mice challenged with LPS (unpublished),
which we had been unable to explain adequately. Surmising that a non-TLR4/MyD88-
independent pathway may be operational, we examined the effect of the TLR2 ligands on
MIP-1α and RANTES/CCL5, the production of both of which are thought to involve the TRIF/
Mal/TIRAP pathway [94–98]. LPS as well as lipopeptides induced a bimodal response of the
chemokines in 23ScCR cells, while PGN and LTA were found to be inactive (Fig. 3D and E).
The hitherto prevalent view that the recognition of enterobacterial LPS is mediated solely via
TLR4 has been challenged recently by experiments demonstrating that trimyristoylated
lipopeptides as well as highly purified enterobacterial LPS are sensed by both murine TLR2
and TLR4 [99], highlighting the promiscuous specificity of these pattern-recognition receptors.
Although our results do not formally implicate TLR2 as the receptor mediating the recognition
of both LPS and lipopeptides in murine 23ScCR cells, a non-TLR4 apparatus signaling
presumably via the TRIF pathway appears plausible. In support of this conjecture, we have
observed that HEK-Blue-2™ cells expressing human TLR2, as well as Trans-ScCR cells
respond vigorously to highly purified diphosphoryl lipid A from E. coli as well as Re
chemotype LPS from S. minnesota (unpublished). In the case of HEK-Blue-2™ cells we
observed not only trans-activation of NF-κB, but also the secretion of IL-8, but not of TNF-
α, IL-1β, or IL-6; with Trans-ScCR cells, the activation of NF-κB is paralleled by a dose-
dependent production of MIP-1α (Fig. 3D), MCP-1, and RANTES/CCL5 chemokines, but not
of any of the above-mentioned proinflammatory cytokines (data not shown). It appears
possible, therefore, that defined chemotypes of LPS and lipid A may indeed signal through
TLR2, albeit via a non-MyD88-dependent pathway. This hypothesis could best be tested in
TLR4/MyD88 double-knockout mice.

In human blood stimulated ex vivo with the various TLR agonists, LPS, PAM2CSK4, as well
as LTA stimulate p38 MAPK phosphorylation (Fig. 4 A and B). The activity of the tri-acyl
PAM3CSK4 lipopeptide was lower than the di-acyl lipopeptide by two orders of magnitude
(data not shown) as has been reported in the literature [100]. The majority of stimulated cells
map to the granulocyte population, consistent with earlier reports [101–104]. Concomitant with
p38 MAPK phosphorylation, we also observed a dose-dependent upregulation of surface
CD11b (Fig. 4C) and CD18 (data not shown), which was accompanied by altered neutrophil
morphology, manifested as an increased side-scatter in flow-cytometry experiments (Fig. 4D).
Altered neutrophil shape, assessed by light microscopy, upon stimulation with the lipopeptide
MALP-2 has been reported [105, 106]; these morphological changes were also shown to be
associated with augmented phagocytic activity as well as enhanced oxidative burst in response
to fMLP using Rhodamine 123 [107, 108]. We have also obtained data confirming the priming
effect to a subsequent stimulus (opsonized zymosan) using the Amplex Red [109] assay (data
not shown).
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Despite the similarity of the lipopeptides and LTA to LPS with respect to neutrophil activation,
only LTA was found to stimulate the production of the proinflammatory cytokines, TNF-α,
IL-1β, or IL-6, and the anti-inflammatory cytokine IL-10 in whole human blood (Fig. 5). The
potency of LTA in cytokine induction was much lower than that of LPS, however. This was
anticipated in light of the fact that LTA binds to, and is attenuated by serum components such
as lipoproteins [110] and LPS-binding protein [111], resulting in much weaker activity in whole
blood compared to isolated mononuclear cells [112]. Pretreatment of human blood with the
lipopeptides followed by stimulation with LTA did not result in any amplification of cytokine
responses, ruling out additive or synergistic effects of the two TLR2 ligands (data not shown).
In contrast to LTA, neither PGN nor the lipopeptides showed appreciable cytokine-inducing
activity (Fig. 5). Similarly, LTA, but not PGN or the lipopeptides induced the release of the
chemokines MCP-1, CCL5/RANTES, IL-8, and CXCL10 (Fig. 6). These results are somewhat
at variance to those obtained by Wilde et al., [113] who showed that the MALP-2 lipopeptide
was equipotent on a gravimetric basis with LPS in inducing IL-8 secretion; however, those
studies were performed with isolated neutrophils while we have used whole human blood. It
is to be noted that, analogous to LTA, the cytokine-inducing activities of the lipopeptides
PAM3CSK4 and FSL-1 are known to be significantly obtunded in the presence of serum
[114]. Further experiments on the effect of serum and of GM-CSF, the latter being known to
upregulate TLR2 [115], on isolated neutrophils are being planned.

Taken together, these data point to distinct differences in the responses of murine and human
cells to known Gram-positive-derived TLR2 agonists. Of the TLR2 ligands examined, only
PGN appears to be quiescent in both murine and human cells. While the role of the NOD
proteins underscore the importance of intracellular recognition of PGN [116], the role of PGN
as an inflammogen in the interstitial or extracellular compartments is yet to be resolved
adequately [117,118], but attention may be called to recent reports of the association of aseptic
peritonitis with PGN contamination in peritoneal dialysis fluid [119].

Although LPS and the lipopeptides are highly comparable in their immunostimulatory and
proinflammatory profiles in murine cells, the similarities become less clear in human blood.
Both LTA and the lipopeptides stimulate human neutrophils, but only LTA appears to induce
cytokine and chemokine release. The demonstration of LPS-like activities in synthetic LTA
notwithstanding [120–122], there continues to be considerable disagreement as to the “Gram-
positive endotoxin”. Trace contamination of LTA with lipopeptides has been thought to
contribute to the observed ‘endotoxin-like’ activity even in highly purified LTA preparations
[123–126]. However, the clear-cut dichotomy between the murine and human responses that
we have observed, and the complete absence of response to LTA in the TLR4-deficient ScCR
cells would be inconsistent with this view. Our data lend support to the somewhat contentious
[127–130] notion that LTA, but not the lipopeptides, is the major proinflammatory cytokine-
inducing TLR2 agonist in human blood ex vivo. However, this is still an incomplete view given
that endothelial responses to PAMPs tend to be distinctive [131], and the signaling pathways
downstream of TLRs diverge significantly between myeloid and non-myeloid cells [132]. A
comparison of responses in endothelial, mesothelial, and epithelial-derived cells may shed light
on some of these issues.
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FSL-1  
S-[2,3-bis (palmitoyloxy)- (2RS)propyl]-Cys-Gly-Asp-Pro-Lys-His-Pro-Lys-
Ser-Phe

IC50  
concentration inducing half-maximal response

IFN-γ  
interferon-γ

IL-1β  
interlekin-1β

IL-6  
interleukin-6

IL-8  
interleukin-8

LPS  
lipopolysaccharide

LTA  
lipoteichoic acid

MAPK  
mitogen-activated protein kinase

NO  
nitric oxide

PAM2CSK4  
S-[2,3-bis (palmitoyloxy)- (2RS)-propyl]-R-cysteinyl-S-seryl-S-lysyl-S-lysyl-S-
lysyl-S-lysine

PAM3CSK4  
N-palmitoyl-S-[2,3-bis (palmitoyloxy)- (2RS)-propyl]-R-cysteinyl-S-seryl-S-
lysyl-S-lysyl-S-lysyl-S-lysine

PAMP  
pathogen-associated molecular pattern

PE  
phycoerythrin

PGN  
peptidoglycan

TLR  
Toll-like receptor

TNF-α  
tumor necrosis factor-α
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Fig. 1.
(A) NF-κB induction was measured in HEK-4-Blue™ cells treated overnight with 1:2 serially
diluted doses of TLR ligands of interest. Secreted alkaline phosphatase was measured
colorimetrically. (B) NF-κB induction in HEK-2-Blue™ cells treated overnight with 1:2
serially diluted doses of the various ligands was similarly ascertained via a colorimetric assay.
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Fig. 2.
(A) Nitric oxide production (measured as nitrite) in naïve murine macrophage J774A.1 cells
treated overnight with various ligands of interest was measured using the Griess assay. The
cells exhibit a robust dose-dependent response to LPS. No significant response is observed
with the other ligands. (B) Phosphorylation of p38 MAPK in J774A.1 cells. Cells were treated
with 1 μg/mL of various ligands and incubated for 15 minutes. Cells were then fixed,
permeabilized, and stained with anti-phospho-p38 MAPK antibody-PE conjugate. Cells were
washed and analyzed via flow cytometry. (C) NO production in IFN-γ-primed J774A.1 cells.
Cells were primed with 1000 U/ml of IFN-γ on day 1, and subsequently treated with the various
ligands overnight on Day 2. (D) TNF-α and (E) IL-6 cytokine release by J774A.1 cells upon
4-hour challenge by TLR ligands determined by subsequent cytometric bead array assay.
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Fig. 3.
(A) NF-κB induction in 23 ScCR cells stably transfected with the pNifty plasmid expressing
the NF-κB-sAP reporter gene. (B) Phosphorylation of p38 MAPK in murine macrophage 23
ScCR cells, analyzed by flow cytometry. (C) NO production was tested in 23 ScCR cells primed
with IFN-γ (1000 Units/ml). (D) MIP-1α release in 23 ScCR cells upon treatment with the
ligands for 4 hours, measured by CBA. (E) RANTES/CCL5 chemokine release in human blood
was measured following 8 hour challenge with the ligands of interest diluted serially 1:2. The
serum was analyzed for amount of chemokine released via cytometric bead array. Robust,
biphasic responses are observed in the LPS- and Pam2CSK4-treated samples. Representative
results from three independent experiments performed on blood samples from different donors
are shown in D and E.
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Fig. 4.
(A) Depiction of negative control (left; medium alone) and positive control (right; LPS-treated)
flow cytometric forward/side scatter and p38 MAPK abundance histogram plots of human
blood samples. A marked increase in p38 MAPK signal was observed in the granulocyte
population. (B) p38 MAPK phosphorylation in whole human blood treated with 1:10 serial
dilutions of the ligands. Blood samples were exposed to stimuli for 15 minutes, and cells were
fixed, permeabilized, stained with anti-p38 MAPK antibody-PE conjugate, and analyzed by
flow cytometry. (C) Up-regulation of the surface marker CD11b in granulocytes upon
treatment with the various ligands of interest. Whole human blood was treated with the ligands
under investigation, serially diluted 1:10, for 1 hour. Cells were then stained with anti-CD11b/
Mac-1 antibody for 30 minutes on ice, fixed, washed, and analyzed via flow cytometry. (D)
Dose-dependent increase in median side-scatter intensity of the granulocyte population in
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human blood treated with the ligands of interest was carried out on the samples from (C). A
robust increase in the median-side scatter intensity, corresponding to increase in cellular
granularity, in those samples which were stimulated with LPS and Pam2CSK4 was observed.
Representative results from three independent experiments performed on blood samples from
different donors are shown in B, C and D.
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Fig. 5.
Cytokine release in human blood was verified and quantified via use of the cytometric bead
array assay. Human blood was treated with the ligands of interest, serially diluted 1:2, for 8
hours. Serum was tested for released amounts of TNF-α (A), IL-1β (B), IL-6 (C), and IL-10
(D). Representative results from three independent experiments performed on blood samples
from different donors are shown.
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Fig. 6.
Chemokine release in human blood was verified and quantified via use of the cytometric bead
array assay in blood treated with the ligands of interest, serially diluted 1:2, for 8 hours. Serum
was tested for released amounts of CCL-2/MCP-1 (A), CCL5/RANTES (B), IL-8 (C), and
CXCL10/IP-10 (D). Representative results from three independent experiments performed on
blood samples from different donors are shown.
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