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Abstract

A purified complex of metabolically labeled endotoxin ([3H] lipooligosaccharide, LOS) and
insect-cell derived recombinant human myeloid differentiation factor 2, (MD-2), [3H] LOS:-MD-2,
has been used to demonstrate pM affinity binding interactions with soluble Toll-like receptor 4
ectodomain (TLR4ecd). Measurement of the binding parameters of membrane-bound TLR4 has
been hampered by the paucity of TLR4 on cell surfaces and inadequate sensitivity of available
reagents. We took advantage of the stability of endotoxin-MD-2 and tyrosine(s) present on the
surface of MD-2 to radioiodinate LOS-MD-2. Radioiodinated LOS-MD-2 generated a reagent with
an estimated 1:1 molar ratio of [12%1] to sMD-2 with 20-fold higher specific radioactivity and
TLR4-activating properties comparable to metabolically labeled LOS-MD-2. LOS-MD-2[125]] and
[3H]LOS-MD-2 have similar affinities for soluble FFAGTLR4ecd and for membrane-bound TLR4
in transiently transfected HEK293T/TLR4 cells. In a similar dose-dependent manner, SMD-2 and
LOS-MD-2 inhibit LOS-MD-2[251] binding to TLR4 indicating the pM affinity binding of
LOS-MD-2[1251] is agonist-independent. LOS-MD-2[12%1] allowed measurement of low levels of
cell-surface human or murine TLR4 expressed by stable cell lines (2,000-3,000 sites/cell) and
quantitatively measures low levels of “MD-2-free” TLR4 (est. 250 molecules/cell) in cells co-
expressing TLR4 and MD-2. Occupation of 50-100 TLR4/cell by LOS-MD-2 is sufficient to
trigger measurable TLR4-dependent cell activation. LOS-MD-2[1251] provides a powerful reagent
to measure quantitatively functional cell-surface TLR4 in human and murine cells, including cells
where surface TLR4 are potentially functionally significant but too low to detect by other
methods.
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Introduction

Toll-Like receptors (TLRs) are essential innate immune sensors that couple molecular
recognition of specifically conserved and structurally unique microbial molecules to rapid
mobilization of innate immune effector systems and induction of adaptive immunity.1-2
Substantial progress has been made in deciphering the mechanism(s) of activation and
subsequent signal transduction upon TLR engagement by an agonist. However, data are
limited with regard to ligand recognition properties of TLRs, including the structural
requirements of ligand recognition and the binding parameters of specific ligand: TLR
interactions. As a consequence, measurement of receptor activation by various compounds,
rather than direct binding, has often been utilized to infer TLR receptor recognition.

TLR4 confers exquisite sensitivity to many different species of invading Gram negative
bacteria (GNB) by virtue of its role in recognition and response to endotoxins (E), unique
and abundant surface glycolipids of GNB. Endotoxins are the most potent natural regulators
of TLR4 stimulating host inflammatory responses at fmol/ml concentrations of endotoxin,
corresponding to as few as 100 invading GNB/mI. The ability of TLR4 to respond to pM
concentrations of E does not reflect direct E:TLR4 interactions but depends on the ordered
action of three extracellular and cell surface host proteins: lipopolysaccharide-binding
protein (LBP), soluble (s) and GPI-linked membrane (m)-associated forms of CD14 and
secreted or TLR4-associated MD-2.3-8 LBP, CD14, and MD-2 dramatically alter the
physical presentation of E resulting in amplification of host responsiveness to E. One GNB
containing ca. 108 E molecules can be converted to 106 TLR4-activating monomeric
E-protein complexes.”2:19 Individual E monomers, extracted from GNB or purified E
aggregates, form monomeric E-protein complexes that, at pM concentrations engage TLR4
either indirectly (E-CD14 with MD-2-TLR4) or directly (E-MD-2 with TLR4) and cause
receptor and cell activation. TLR4 activation by E requires simultaneous binding of E and
TLR4 by MD-2. E-MD-2 is unique in its ability to directly engage and activate host cells
expressing TLR4 without MD-2.4.7:9

The identification and characterization of monomeric E:-MD-2 complexes as potent TLR4
agonists or antagonists, depending on E and/or MD-2 structure, have clearly demonstrated
that it is the properties of the E-MD-2 complex, not E alone, that specifies TLR4 activation
or receptor occupancy without activation.#%-11 In stark contrast to the instability of SMD-2
monomers!2-16, the stability and solubility of monomeric E-MD-2 have permitted the
purification of stable, monomeric and active E-MD-2 complexes.®-11 The use of purified
and radiolabeled [3H]LOS-MD-2 in combination with the predicted TLR4 ectodomain
(TLR4ecd) has allowed detection and quantitative analysis of specific, high affinity (pM)
E-MD-2 and TLR4ecd interactions.”-17 In addition, the stability of E-MD-2 and
TLR4ecd-E-MD-2 complexes has allowed the use of NMR to examine and compare
structural properties of [13C]-labeled fatty acyl chains of E in both an agonistic wt and an
antagonistic mutant MD-2 complex alone and bound to TLR4ecd.18

While solution studies using TLR4ecd have been informative regarding E-MD-2
interactions, the ability to extend binding studies to full-length TLR4 present on various cell
types has remained elusive due apparently to the low levels of cell-surface TLR4 on many
E-responsive cells and the limits of detection of available reagents including [*H]E-MD-2.
The stability of E-MD-2 complexes? and the presence of tyrosines on the surface of
MD-219.20 syggested that iodination of purified LOS-MD-2 could provide a reagent of
enhanced specific radioactivity with sufficient sensitivity for binding studies to TLR4-
containing cells. Both biochemical and X-ray crystal structural data suggest tyrosine
residues that are exposed and not involved in sites of interactions with E or TLR4 necessary
for E-MD-2 function.19-21 Data presented here indicate that iodination of purified
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LOS-MD-2 under gentle conditions generates LOS-MD-2[12°1], a sensitive, high affinity
ligand for TLRA4 that has the same functional characteristics as LOS-MD-2 but with a
specific activity (~500, 000 cpm/pmol) approx. 20-fold greater than metabolically labeled
[3H]LOS-MD-2. LOS-MD-2[12]] provides a high affinity TLR4 ligand capable of
quantifying as few as 100 “free” cell surface TLR4/cell in both human and murine cells,
including in cells expressing both TLR4 and MD-2 where levels of free TLR4 have been too
low for detection. The sensitivity of the binding assays described here reveal how few
TLR4/cell need to be engaged for measurable cell activation, underscoring the remarkable
potency of this innate immune sensor.

Experimental procedures

Materials

Metabolically labeled endotoxin ([14/3C] lipooligosaccharide (LOS), 15 cpm/pmol or
[3H]LOS, 25, 000 cpm/pmol) was isolated from Nesseria meningitidis serogroup B (NMB)
grown in Morse medium supplemented with either 2 mM 1-[12C], 2-[13C]-acetate (Moravek
Chemicals, Brea, CA) and 1 uCi/ml of 1,2-[14C] acetate or 2 mM sodium acetate containing
5 mCi/ml [3H]acetate (Moravek Chemicals, Brea, CA), as previously described.2223 Human
serum albumin (HSA) was an endotoxin-free, 25% stock solution from Baxter Health Care
(Glendale, CA). Chromatography matrices (Sephadex G10, Sephacryl HR S100 and 200 and
Ni2* FF-Sepharose) were purchased from GE Healthcare, Piscataway, NJ). Bovine serum
albumin, anti-FLAG M2 agarose, and other chemical reagents were from Sigma. lodogen
was purchased from Pierce (Rockford, IL) and used according to the manufacturer’s
instructions. The stable HEK?293 cell line expressing human TLR4 was a generous gift from
Dr. Jesse Chow, (Eisai Research Institute, Andover, MA) and the stable HEK293 cell line
expressing murine TLR4 was purchased from Invivogen (San Diego, CA). Conditioned
medium containing secreted FLAG-tagged TLR4 ectodomain-vir-Fc protein used in capture
assays was obtained from Freestyle HEK293F cells stably transfected with TLR4 (amino
acids 27-527) in a CMV vector containing additional hagfish amino acid sequence at the C-
terminal end followed by the Fc domain. The stable transfected cells were a generous gift of
Dr. Richard Tapping, University of Illinois, Urbana, IL. Control conditioned medium (i.e.,
not containing FFAGTLR4ecd) obtained from HEK293 cells was used as a negative control.
The pCMV-FLAG-TLR4 vectors encoding either TLR4 wt or mutant D299G.T3991 were a
generous gift of Dr. Stefanie Vogel, Univ. of Maryland, Baltimore, MD. The IL-8 ELISA kit
(BD OptEIA) was purchased from BD Biosciences (San Diego, CA) and used according to
manufacturer’s instructions. Binding data were analyzed using GraphPad Prism 5 Software
(La Jolla, CA).

Preparation of recombinant human MD-2

Recombinant human Hisg-MD-2 was generated as previously described® except that cDNA
encoding human MD-2 was optimized for transcription in High Five cells (Tricoplusia ni)
by DNA 2.0 (Menlo Park, CA) generating a designer gene for human MD-2. The cDNA
encoding human MD-2 was inserted using Sacll and Xhol restriction sites into the
baculovirus transfection vector, pPBAC3 (Novagen, Billerica, MA) that contains a six-residue
polyhistidine (Hisg) tag at the N-terminal end and a 5’ flanking signal sequence (gp64) to
promote secretion of the expressed protein from the insect cells. Baculovirus stocks
containing the gene for Hisg-MD-2 were generated by transfection of BacVec3000 and
plasmid into Sf9 cells using the BacVec3000 kit from Novagen according to the
manufacturer’s instruction. The generated baculovirus was then amplified in Sf9 cells and
used to infect High Five™ (Invitrogen, Grand Island, NY) insect cells in serum-free medium
for protein production. Large scale (20 L) preparations of conditioned insect medium
containing secreted Hisg-MD-2 were produced by BlueSky Biotech, Worcester, MA.
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Preparation of LOS-MD-2 complexes—We have recently described the preparation of
endotoxin-albumin complexes (M, ~ 70, 000) and conditions in which endotoxin-albumin
complexes react with conditioned insect medium containing sSMD-2 to generate
endotoxin-MD-2.18.24 [14/13C]LOS-albumin complexes (15 cpm/pmol) were generated from
[1413C]LOS aggregates dispersed in 100 mM Tris-HCI/5 mM EDTA, pH 8.0, sonicated for
15 min, supplemented with 1.0% HSA, and then incubated overnight at 37°C.
[1413C]LOS-albumin complexes were isolated by size-exclusion chromatography
(Sephacryl S200, 2.6 x 100 cm) on a column equilibrated in 100 mM Tris/5 mM EDTA, pH
8.0. The complexes were kept at 4°C and used within 2-3 days to generate LOS-sMD-2.

In a typical purification, isolated LOS-albumin complexes (1 mg LOS, 200 nmol) were
incubated with conditioned insect medium containing secreted human Hisg-sMD-2 (2 L 90
nmol, ~1 ug/ml sMD-2) for 3 hr at 37°C with gentle shaking. The reaction mixture was
dialyzed (Spectrapor 1, MWCO 3500) against 20 mM phosphate, 0.5 M NaCl, 5 mM
imidazole, pH 7.6, “binding buffer”. The dialyzed material was loaded onto Ni FF
Sepharose (5 cm x 25 cm) using GEHealthcare Explorer FPLC at 4°C at a flow-rate of 3 ml/
min. After washing the column with 20 mM imidazole in binding buffer, the adsorbed
material was eluted by an imidazole gradient in “binding buffer” (pH 7.6). The peak of
[1413C]LOS-MD-2 eluted toward the end of the 0.5 M imidazole gradient. The radioactive
fractions were combined and concentrated using a Centriplus-70 (Millipore) to a final
volume ~2 ml and then injected onto a Sephacryl S100 column (1.6 x 100 cm) equilibrated
in 20 mM phosphate, 150 mM NaCl, pH 7.1. The peak fractions containing radioactivity
were combined and concentrated using a Millipore Centricon MWCO 10K to a final volume
0.5-1 ml. Coomassie blue stain of SDS-PAGE PhastGel, 10-15% gradient gel
(GEHealthcare), confirmed purity of the sample.1® LOS-MD-2 F126A complexes were
prepared and purified using the identical procedure.18

Complexes of [3H]LOS-MD-2 (25, 000 cpm/pmol) used in analytical binding and cell
activation were generated as previously described.”:9:22

Radioiodination of LOS-MD-2

lodination was done at room temperature in borosilicate tubes that were coated with 10 ug
IODOGEN that had been delivered in chloroform followed by removal of the solvent under
a stream of nitrogen. To an iodogen-containing tube, 70 ul 20 mM phosphate, 150 mM
NaCl, pH 7.1 (buffer A) was added, followed by 9.2 ug MD-2 in the form of LOS-MD-2 (20
ul containing 100 ng LOS and 460 ng MD-2 per ul). 0.5 mCi of Nal2°| (1000 Ci/mmol
[1251], Perkin Elmer) of iodine stock solution (10 ul in buffer A) was added to the tube and
the sample was mixed occasionally for 7-9 min. Sodium metabisulfite (10 mg/ml buffer A,
10 ul) was added to stop the reaction and the sample was applied to a Sephadex G10 column
(1 cm x 16 cm) equilibrated in buffer A, 0.1% BSA. Fractions (1 ml) were collected and an
aliquot counted to determine the peak of radioactivity that eluted near the void volume
containing LOS-MD-2. Application of [3H]LOS-MD-2 to G10 Sephadex under the same
conditions was used to establish the elution pattern and recovery (100%) of [3H]LOS-MD-2.
Radioactivity determinations for radioiodinated samples were done in the Packard Cobra Il
autogamma counter. The void volume radioactive peak fraction had the greatest % of TCA
precipitable counts (80-85%) and was further purified from free [12%1] by dilution in buffer
A, followed by concentration using Millipore Ultracel MWCO 10K to the original volume.
This process of dilution and concentration was repeated three times. The recovered retentate
was diluted with buffer A to a final volume of 1 ml. This recovered iodinated product was
re-evaluated by TCA precipitation; 98% of the [1251] counts were TCA-precipitable, i.e.,
protein-bound. lodinated LOS-MD-2 was aliquoted and stored at —80°C; material was used
within 2-3 months of production. Specific radioactivity of the final product was approx.
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500,000 cpm/pmol LOS-MD-2[1251]. lodination of LOS-MD-2 has been repeated three times
with virtually identical results in recovery, specific radioactivity, and functional properties.

To verify that the purified iodinated product corresponded to LOS-MD-2[12°[] an aliquot of
this sample (0.04 pmol, 18,000 cpm) as well as [3H]LOS-MD-2 (0.2 pmol, 5500 cpm) were
applied to Sephacryl S200 (1.6 cm x 60 cm) and eluted in PBS, 0.1% HSA, pH 7.4, on the
AKTA Purifier10 at a flow rate 0.5 ml/min. The Sephacryl S200 column was calibrated by
application of human serum albumin (HSA) and BioRad gel filtration standards containing
thyroglobulin, 1gG, ovalbumin, myoglobin, and vitamin B12. Fractions (1 ml) were
evaluated for radioactivity—LOS-MD-2[12%1] using Packard Cobra 11 autogamma counter
and [®H]LOS-MD-2 by liquid scintillation spectroscopy using the Beckman LS6500
scintillation counter. Recovery of total cpm applied to the column for both reagents was
~100%. LOS-MD-2[1251] was also examined by 4-25% PhastGel (Pharmacia) SDS-PAGE/
image analysis to confirm radioiodination of MD-2 (M, ~ 23, 000) by comparison to
[14CILOS-MD-2 (LOS M, ~ 5,000) and covalently crosslinked LOS-MD-2[1251] (M, ~
28,000) run in neighboring lanes as references.

Anti-FLAG agarose co-capture of the product of LOS:MD-2 reaction with FLAGTLR4ecd-vIr

Co-capture assay of radiolabeled LOS-MD-2 binding to FLAG-tagged TLR4 ectodomain
was performed as previously described (7, 17). Increasing concentrations of [3H]LOS-MD-2
(25,000 cpm/pmol) or LOS-MD-2[125]] (500, 000 cpm/pmol) were incubated with control
conditioned medium or conditioned medium containing FLAGTLR4ecd-vIr (10 ul) for 30
min at 37°C (total volume 0.4 ml in PBS, 0.1% HSA, pH 7.4). After incubation, the samples
were mixed 1 h at room temperature on a rotating wheel with anti-FLAG-agarose (30 ul 1:1
slurry) equilibrated in the same buffer. The samples were spun at 2,000 x g for 5 min at 4°C,
supernatant was removed, and the beads were then washed twice with 1 ml cold PBS, 0.1%
HSA, pH 7.4. The supernatants, washes, and radioactivity associated with the affinity gel
(“capture™) were evaluated by liquid scintillation spectroscopy using Beckman LS6500
scintillation counter for tritiated samples and by direct counting in Packard Cobra Il
autogamma counter for iodinated samples. In analysis of the data, incubations containing
control conditioned medium was used to determine non-specific binding (capture) in the
dose curve for both ligands.

TLR4-dependent binding of LOS-MD-2 to cells

For experiments with transfected cells, T75 flasks of HEK293T cells were grown to
confluence in DMEM, 10% FCS and transfected with 10 ug control empty vector or pPCMV-
FLAG containing either wildtype (wt) TLR4 or TLR4 D299G. T399I using either PolyFect
(Qiagen, Valencia CA) or Lipofectamine2000 (Invitrogen) in OptiMEM I (Gibco) medium
followed by the addition of DMEM, 0.1% HSA. After 12 h, the medium was changed to
DMEM, 10% FCS; after an additional 24 h, the cells were harvested, spun, and resuspended
(1 ml) in PBS, 0.1% HSA, pH 7.4. For each preparation, the number of viable cells was
determined in the resuspended pellet by trypan blue staining and cell counting with a
hemacytometer. Cell count was also determined using the Accuri flow cytometer. The cells
were distributed in 1.5 ml siliconized microfuge tubes (approx. 1 or 2 x 106 cells/tube as
indicated in figure legends) and brought to 1 ml with PBS, 0.1% HSA.

For experiments with stable HEK293 cell lines, control parent cells (not expressing TLR4),
and transformants expressing either human or murine TLR4, cells were grown to confluence
in T75 flasks, dislodged, spun, and resuspended in PBS, 0.1% HSA, pH 7.4, for distribution
(approx. 2 x 10° cells/tube) into 1.5 ml siliconized microtubes and brought to a final volume
of 1 ml in the same buffer.
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To determine binding parameters on membrane-bound TLR4, increasing concentrations of
[3BH]LOS-MD-2 or LOS-MD-2[125]] were added to control and TLR4-containing cells in
duplicate and the samples were incubated for 30 min at 37°C on an orbital rocker. Parent or
mock transfected cells provided a control of nonspecific cell binding for each ligand at each
dose. After 30 min, the samples were placed on ice and spun at 2, 000 x g for 5 min at 4°C.
The supernatants were removed and the cell pellets were washed twice with ice cold PBS,
0.5% HSA, pH 7.4 (1 ml). For cells bound with LOS-MD-2[123[], radioactivity associated
with the cells, in the supernatants and washes was determined by direct counting in the
gamma counter (Packard Cobra 11 autogamma counter). For cells bound with
[BH]LOS-MD-2, the pellet was resuspended and radioactivity in the resuspended pellet,
supernatant, and washes was determined by liquid scintillation spectroscopy (Beckman LS
6500 scintillation counter). Binding of [3H]LOS-MD-2 or LOS-MD-2[12%[] to control cells
was subtracted from the total [BH]LOS-MD-2 or LOS-MD-2[1251] bound to the TLR4
expressing cells at each dose of LOS-MD-2 to calculate specific TLR4-dependent binding.
Based on 1:1 mol/mol binding of LOS-MD-2 to TLR4718:21 and the known specific
radioactivity of LOS-MD-2[123]], the number of molecules of TLR4 on the cell surface/cell
could be derived from the By,ax Value acquired by Scatchard analysis of binding data on 2
million cells/sample.

For experiments examining inhibition of LOS-MD-2[12%1] binding to TLR4 in transiently
transfected cells, increasing doses of SMD-2 or LOS-MD-2 were added to the cells (2
million/sample) before addition of LOS-MD-2[12°1] (60 pM). Binding experiments were
then performed as described above for 30 min at 37°C. A similar binding assay was
performed with LOS-MD-2[2°1] using bone marrow derived macrophages from wild-type
and TLR4~/~ C57BL/6 mice that were immortalized by transformation with a J2
transforming retrovirus expressing myc and raf.2> These immortalized bone marrow-derived
macrophages (iBMDM) were developed and generously provided by Dr. Katherine
Fitzgerald, Univ. of Mass. Medical School, Worcester, MA. The cells were maintained in
DMEM, high glucose, 10% heat inactivated FBS supplemented with ciprofloxin (10 ug/ml),
dislodged for binding assays with Versene (Gibco) and cell binding was performed in
solution as described above. At each dose of LOS-MD-2[12%1], samples were incubated +/—
sMD-2 (5 nM), a dose that saturated TLR4, to determine sSMD-2-sensitive cell binding of
LOS-MD-2[1251].

For all cell-binding experiments, the number of cells/sample was normalized by cell
counting and gating using the Accuri flow cytometry apparatus. Total protein/aliquot of each
cell preparation was measured using the BCA protein assay (Pierce) to confirm similar cell
mass/sample.

Cell activation by LOS-MD-2

Cell activation by [3H]LOS-MD-2, [1314C]LOS-MD-2, or LOS-MD-2[12%1] in control (no
TLR4) and TLR4-expressing cells was determined on a portion of the cells described above
that had been dislodged, resuspended, and counted before use in binding experiments. This
permitted a direct correlation between TLR4-dependent cell binding and cell activation by
LOS-MD-2 in the same cell population. Cells were transferred to 96 well plates, approx. 10°
cells/well in 0.2 ml. Cells were stimulated with increasing concentrations of [BH]LOS-MD-2
or LOS-MD-2[125]] for 6 h before the supernatants were collected and secreted IL-8 was
measured in the medium using the BD OptEIA human IL-8 ELISA assay (BD Biosciences,
San Diego CA). In the case of iBMDM cells (wt, TLR4™/~, and CD147/7), cells were
washed twice with warm (37°C) PBS, pH 7.4, and incubated with the indicated
concentrations of LOS-MD-2 wt or LOS-MD-2 F126A for 18 h at 37°C in DMEM/0.1%
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HSA. Cell activation was assessed by measuring accumulation of extracellular TNF by
ELISA (BD Biosciences).

Results

Radioiodination of LOS-MD-2

We have previously described the generation of complexes of LOS-MD-2 on a preparative
scale using recombinant human sMD-2 generated by baculoviral infection of insect cells and
metabolically labeled ([1413C]) endotoxin, LOS, from Neisseria meningitidis.18 Purified
complexes of LOS:MD-2 were isolated by a combination of metal chelation and size
exclusion chromatographies. While metabolically labeled [BH]LOS-MD-2 has proven useful
in quantifying the high affinity binding of endotoxin-MD-2 with the TLR4 ectodomain in
solution’-17, the apparently low levels of membrane-bound TLR4 receptors/cell in many
endotoxin-responsive cells necessitated development of a ligand that could be detected and
measured more sensitively when levels of TLR4/cell and/or the number of TLR4-expressing
cells available for study were limited. To generate such a reagent, we have taken advantage
of the stability of LOS:MD-2 and the presence of several tyrosines (Fig. 1A) on the surface
of human MD-2, including several residues (shown in blue in Fig. 1A) that are not required
for interactions with endotoxin and/or TLR4.11.26-29 Tyrosines that have been shown to be
essential for activity based on mutagenesis studies for both murine and human sMD-2 are
shown in red (Y34, 36, 76, 102, and 131) in Fig. 1A.11:26-29 A pyrified complex of human
LOS-MD-2 was iodinated under mild reaction conditions using the reagent lodogen. A
monomeric LOS-MD-2 complex in which 98% of the [12°1] counts are protein-bound as
judged by precipitation by ice-cold 10% trichloroacetic acid eluted co-incident with
[3H]LOS-MD-2 on Sephacryl S200 exclusion chromatography (Fig. 1B) confirming that
LOS-MD-2[125]] remains a monomeric complex. LOS-MD-2 is dissociated by SDS
treatment. The peak of [1221] recovered from application of LOS-MD-2[12°]] to and elution
from Sephacryl S200 co-migrated on SDS-PAGE with MD-2 (data not shown) consistent
with radioiodination of MD-2 in the LOS-MD-2 complex. LOS-MD-2[12°1] recovered after
removal of free iodine had a specific radioactivity ~500, 000 cpm/pmol. Based on the
specific radioactivity of the [12°1], the amount of MD-2 used in the reaction, and the amount
of [12°1]product recovered in the peak fraction, the calculated molar ratio of [12°1] to MD-2
in LOS-MD-2[12%1] is approx. 1:1.

Comparison of the TLR4-binding properties of metabolically labeled [3H]LOS-MD-2 and
radioiodinated LOS-MD-2[123]]

The TLR4-binding properties of LOS-MD-2[1251] were evaluated in assays using TLR4ecd
in order to directly compare LOS-MD-2[1251] with metabolically labeled [3H]LOS.MD-2.
Dose-dependent interaction of LOS-MD-2[1251] and [3H]LOS-MD-2 with soluble N-
terminal FLAG-tagged TLR4ecd (27-527 a.a.) was measured using a previously described
co-capture assay.1’ Increasing doses of LOS-MD-2[1251] or [3H]LOS-MD-2 were incubated
with conditioned medium + ca. 100 pM FLACTLR4ecd. Treatment with anti-FLAG antibody
agarose beads resulted in co-capture of [BH]LOS-MD-2 or LOS-MD-2[12%1] bound

to FLAGTLR4ecd. At each dose of [?H]LOS:-MD-2 and LOS-MD-2[123]],

specific FLAGTLR4ecd-dependent capture was calculated by subtraction of cpm adsorbed to
the beads in the absence of FLAGTLR4ecd (“non-specific” capture) from cpm captured after
incubation of [3H]LOS-MD-2 or LOS-MD-2[125]] with FLAGTR4ecd (“total” capture). As
seen in Fig. 2A and B, Scatchard analyses of these data show specific, saturable, and high
affinity binding of LOS:-MD-2[1251] to TLR4ecd that is similar to binding of [3H]LOS-MD-2
to FLAGTLR4ecd: Ky = 117 + 8 pM for [3H]LOS-MD-2 and 153 + 92 pM for
LOS-MD-2[129]].
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To extend the studies to interactions with full-length TLR4 so that binding of LOS-MD-2
and subsequent TLR4-dependent cell activation could be compared, HEK293T cells were
transiently transfected with TLR4 or an empty control vector and the cell binding parameters
and endotoxin-dependent TLR4 cell activation by LOS-MD-2[251] and [®H]LOS-MD-2
were evaluated. Transfection using Lipofectamine2000 resulted in levels of TLR4
expression that facilitated comparisons of TLR4-dependent cell binding of LOS-MD-2[125]]
and [3H]LOS-MD-2. Non-specific binding of increasing doses of the radioactive LOS-MD-2
was determined after incubation with the radioactive ligands and cells that had been
transiently transfected with control empty vector. LOS-MD-2[12°] and [3H]LOS-MD-2
complexes bound cell surface TLR4 with similar high affinity: K4 = 367 + 136 pM and 694
+ 101 pM for [3H]LOS-MD-2 and LOS-MD-2[123]] respectively (Fig. 3A and B).
Nonspecific binding to control transfected cells accounted for < 10% of the total binding
(see Fig. 3A and B inserts) at LOS-MD-2 concentrations < Ky. Specific TLR4 binding was
similar at 4°C indicating that binding was to TLR4 at the cell surface (data not shown). The
derived Bpyax for TLR4-dependent LOS-MD-2 binding to the transiently transfected cells
indicates an average of approx. 10,000 TLR4/cell on the cell surface. Comparison of dose-
dependent TLR4 binding (Fig. 3A and B) and TLR4-dependent cell activation (Fig. 3C and
D) by both [3BH]LOS-MD-2 and LOS-MD-2[12]] revealed maximal cell activation at doses
of LOS:MD-2 (50-100 pM) corresponding to approximately 10% occupation of available
TLRA4 (i.e., approx. 1000 TLR4/cell) and appreciable cell activation (i.e., ~10-20% of
maximum) at LOS-MD-2 doses (2—-6 pM) occupying < 2% of cell surface TLR4 (< 200
TLRA4/cell).

High affinity binding of LOS-MD-2 to cellular TLR4 corresponds to agonist-independent
binding of MD-2 to TLR4

Two functionally and topologically distinct binding sites within the TLR4 ectodomain for
ligand-MD-2 have been defined: 1) sites within N- and central-leucine-rich repeat (LRR)
regions of the TLR4ecd mediating agonist-independent interactions of MD-2 and of
endotoxin-MD-2 with TLR4 within a binary (MD-2-TLR4) and ternary
(endotoxin-MD-2-TLR4) complex, respectively, and 2) sites within the C-terminal LRR
region of TLR4 in one ternary complex mediating interactions with TLR4-activating
endotoxin-MD-2 of a second neighboring ternary complex.1221 As shown in Fig. 4, SMD-2
alone was as potent as TLR4-activating LOS-MD-2 in causing dose-dependent inhibition of
LOS-MD-2[12°1] binding to cell surface TLR4. These findings indicate that agonist-
independent interactions of LOS-MD-2 with cell surface TLR4, i.e., interactions within a
single ternary complex, are sufficient to confer the high affinity pM interactions observed.

Use of LOS:MD-2[125]] to measure low levels of functional cell surface TLR4

An important advantage of LOS-MD-2[1251] vs. [3H]LOS-MD-2 should be its ability to
measure levels of functional surface TLR4 in endotoxin-responsive cells that express very
low levels of surface TLRA4. To test this feature more directly, we compared TLR4-
dependent cell binding of [3H]LOS-MD-2 and of LOS-MD-2[12%[] to stable transformants of
HEK?293 cells (HEK/TLRA4 cells) that we anticipated expressed lower levels of TLR4/cell
than the transiently transfected cells. Scatchard analysis of dose-dependent binding of
LOS-MD-2[125]] to these cells as well as parental HEK293 cells as a negative control
confirmed this prediction. TLR4-dependent high affinity binding of LOS-MD-2[12%[] to the
stable HEK/TLR4 cells (Kq = 734 + 40 pM) was similar to the transiently transfected cells
with, on average, 4-5-fold fewer LOS-MD-2-reactive TLR4 receptors/cell, i.e., Bpax = 12.7
+ 0.3 pM/2 million HEK/TLR4 cells mI~1 corresponding to ca. 2500 surface TLR4/cell (Fig.
5B and C). In contrast, the lower signal/noise (i.e., TLR4-dependent/non-specific
LOS-MD-2 binding) in the stably transformed HEK/TLR4 cells precluded reliable Scatchard
analysis with the metabolically labeled [3H]LOS-MD-2 (Fig. 5A). In these cells, TLR4-
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dependent cell activation was readily detected when cells were incubated with 6-20 pM
LOS-MD-2 (Fig. 5D), corresponding to approximately 50—100 surface TLR4 occupied by
TLR4-activating LOS-MD-2.

Comparison of LOS-MD-2 binding to wild-type and polymorphic variant TLR4

Two missense TLR4 variants, D299G and T399I, have been described that can result in
reduced responsiveness to endotoxin30-32, We have previously reported that wt TLR4ecd
and D299G.T3991 TLR4ecd display similar high affinity for LOS-MD-2 (Kyq = ~200 pM),
but the steady-state accumulation of functional secreted D299G.T3991 TLR4ecd was
reduced particularly in the absence of co-expression of MD-2.17 Similar findings were
observed when [3H]LOS-MD-2 binding to cell surface wt and D299G.T3991 TLR4 were
compared, but the lower levels of functional surface variant TLR4 precluded quantitative
analysis by Scatchard analysis.1’ We took advantage of the more sensitive measurement of
cell surface TLR4 possible with LOS-MD-2[12°]] to re-examine the functional levels of cell
surface wt and D299G.T3991 TLR4 using the same transient transfection conditions in
HEK?293T cells previously used.1” Under these conditions, there was similar transfection
efficiency and transcription of expression vectors encoding wt and D299G.T3991 TLR4, as
confirmed by qRT-PCR.17 Scatchard analysis of LOS-MD-2[121] binding as described
above confirmed similar high affinity of LOS-MD-2 for wt and D299G.T3991 TLR4 (K4 =
528 + 100 for wt TLR4 and 531 £ 74 pM for D299G.T3991 TLR4) and reduced steady-state
surface expression of the variant TLR4 (with 2 million cells/ml Bypax = 12.7 £ 0.9 pM vs.
4.0 £ 0.2 pM for cells expressing wt vs. D299G.T3991 TLR4, Fig. 6A and B). Reduced
surface expression of D2996.73991 TLR4 was paralleled by reduced cell activation by
LOS:-MD-2, especially at very low concentrations of added LOS:MD-2 (Fig. 6C). When
dose-dependent LOS-MD-2-induced cell activation was expressed as a function of the
amount of TLR4-dependent LOS-MD-2 binding (Fig. 6D), there was no diminution in the
ability of LOS:MD-2-occupied D299G.T3991 vs. wt TLRA4 to trigger cell activation.

High affinity binding of LOS-human MD-2 to human and murine TLR4

Our studies have used endotoxin-MD-2 complexes containing human MD-2 exclusively in
part because of the much greater difficulty to recover functional secreted murine MD-2.36
Both agonist-independent and dependent interactions of murine MD-2 with TLR4 exhibit
pronounced species selectivity, whereas these interactions are similar between
endotoxin-human MD-2 and murine as well as human TLR4.27:36-41 Therefore, we expected
that LOS-MD-2[*251] would display similar high affinity binding to cells expressing murine
TLR4. A stable transformant line of HEK293 cells expressing murine TLR4 was examined
to test this prediction. Comparison by Scatchard analysis of TLR4-dependent cell binding of
LOS-MD-2[125]] to cells expressing human TLR4 (Figs. 3B, 5A, and 6A) vs. cells
expressing murine TLR4 (Fig. 7) demonstrated similar high affinity binding of
LOS-MD-2[125]] to human (K4 range from 528-730 pM) and murine (Kq = 572 + 15 pM)
TLR4.

Detection of LOS:-MD-2-reactive TLR4 in cells expressing both TLR4 and MD-2

The ability of sMD-2 to fully inhibit LOS-MD-2[12°I] binding to TLR4 (Fig. 4) strongly
suggests that LOS-MD-2[12%1] binding to cell surface TLR4, as previously shown for
TLR4ecd’, is specific for TLR4 molecules that are not already occupied by MD-2. This
property implies that LOS-MD-2[1251] binding could be used to measure levels of “MD-2-
free” TLR4 in cells expressing both TLR4 and MD-2. Crucial to this assay is that inhibition
of cell binding of LOS-MD-2[12%1] by sMD-2 is TLR4-dependent, i.e., SMD-2 does not
inhibit non-specific cell binding of LOS-MD-2[1251]. We therefore compared cell binding of
LOS-MD-2[1251] to murine bone marrow-derived macrophage cell lines (iBMDM) derived
from wt and TLR4~/~ mice. The wild-type cell line provided a test case for probing for the
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presence of minute numbers of membrane-bound TLR4 “free” of pre-bound MD-2, as
indicated by LOS-MD-2[1231] cell binding that is inhibited by SMD-2. The TLR4~/~ cells
were used to test that SMD-2-sensitive LOS-MD-2[125]] cell binding was TLR4-dependent.
There were low levels of non-specific (TLR4-independent) binding of LOS-MD-2[1251] to
the TLR4-null cells (< 0.5% of total LOS-MD-2[12%1] added) that was unaffected by added
excess SMD-2. Saturable sMD-2-sensitive binding of LOS-MD-2[121] was seen only in the
wild-type murine iBMDM (Fig. 8A) where similar SMD-2-insensitive, non-specific (TLR4-
independent) binding of LOS-MD-2[1251] as in TLR4-null cells was also seen. Scatchard
analysis of the sSMD-2-sensitive binding of LOS-MD-2[12%]] to the wild-type cells revealed a
Kq =448 + 194 pM (Fig. 8A). The high affinity and TLR4-dependence of the SMD-2-
sensitive binding of LOS-MD-2[1251] measured are consistent with the presence of a
subpopulation of macrophage cell surface TLR4 that is reactive with LOS-MD-2[12%]], i.e.,
corresponds to “MD-2-free” TLR4. Scatchard analysis indicated 0.9 = 0.1 pM sites per 2
million iBMDM mlI™1 (Bjax), i.€., approx. 250 “MD-2-free” TLR4/cell.

To confirm the presence of functional “MD-2-free” TLR4 in wt mouse iBMDM, we
compared activation as measured by extracellular accumulation of TNFa of these cells by
LOS:-MD-2 wt vs. by LOS:-MD-2 F126A. In wt iBMDM, LOS:-MD-2 wt can activate TLR4
both by direct engagement of “MD-2-free” TLR4"9 and by transfer of bound endotoxin
(LOS) from MD-2 to cellular mCD14 followed by transfer of LOS to and activation of
cellular MD-2.TLR4 heterodimer#2. LOS-MD-2 F126A can also transfer LOS to
mCD1411:42 put binding of this mutant complex to TLR4 directly induces little or no
activation of TLR411:18, Thus, the presence of “MD-2 free” TLR4 in wt mouse iBMDM
should result in more cell activation by LOS-MD-2 wt than by LOS-MD-2 F126A. The data
in Fig. 8B support this prediction by showing more cell activation by LOS-MD-2 wt at each
dose of wt and mutant LOS-MD-2 tested. This difference is consistent with the added
contribution of activation of “MD-2 free” TLR4 by LOS-MD-2 wt to the activation achieved
by both wt and mutant complexes via transfer of LOS to cellular MD-2-TLR4 through
mCD14. Similar cell activation assays using iBMDM derived from CD14~~ mice showed
cell activation by LOS-MD-2 wt but little or no activation by LOS-MD-2 F126A (Fig. 8C)
confirming the ability of LOS-MD-2 wt to induce CD14-independent activation of TLR4 by
direct engagement and activation of “MD-2 free” TLR4 in these cells. Note that the greater
difference in cell activation by LOS:MD-2 wt vs. LOS-MD-2 F126A in wt murine iBMDM
was most apparent at the lower doses of LOS-MD-2 tested (< 200 pM), consistent with the
high affinity engagement and activation of “MD-2 free” TLR4 by LOS-MD-2.

Discussion

The studies presented here describe the preparation and characterization of an iodinated
endotoxin-MD-2 complex, LOS-MD-2[121], as a highly sensitive and specific TLR4 ligand
that provides for the first time a reagent that can be used directly to detect and characterize
the number of TLR4 receptors on cells that contain TLR4 but lack MD-2. Using 1-2 million
cells/ml in incubations with LOS-MD-2[123]], we could detect as few as ~100 cell surface
TLR4/cell and demonstrate that this is a sufficient number of TLR4 receptors to produce
measurable TLR4-dependent cell activation when engaged by activating endotoxin-MD-2
complexes. It was possible to detect and quantify for the first time “free” TLR4 (i.e., TLR4
without pre-associated MD-2) on the surface of cells expressing both TLR4 and MD-2 by
utilizing the ability of added sSMD-2, in substantial molar excess, to selectively inhibit
TLR4-dependent cell binding of LOS-MD-2[12%1] (Fig. 8). The closely similar binding of
LOS-MD-2[125]] to human and murine TLR4 (Figs. 3, 5, 7, 8) is consistent with earlier
evidence?’ 36-41 suggesting similar functional interactions of human MD-2 with human and
murine TLR4 and extends the applicability of this new reagent to an array of human and
murine cells and tissues.
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Essential to the utility of LOS-MD-2[12%1] is its very high specific radioactivity (ca. 500,000
cpm/pmol) and retention of the TLR4-binding and -activating properties of metabolically
labeled LOS-MD-2 (Figs. 2 and 3). These features suggest that iodination under the
conditions presented here do not affect essential tyrosines or features of MD-2 that are
necessary for stability of endotoxin-MD-2 or key to TLR4 recognition and activation.
LOS-MD-2[1251] binds to both TLR4ecd in solution as well as cell surface, transmembrane
TLRA4 in transiently transfected cells with the same high affinity as [BH]LOS-MD-2. An
improved method of transient transfection of HEK293T cells with TLR4 resulted in
sufficient presentation of TLR4 on the membrane-surface to allow for a saturation curve and
Scatchard analysis of bound [3H]LOS-MD-2 so a direct comparison of its binding features
could be made with LOS-MD-2[12°]. Comparison of the binding affinity of either
[3H]LOS-MD-2 or LOS-MD-2[1251] to membrane-bound TLR4 vs. TLR4ecd in solution
indicates a slightly lower affinity of LOS-MD-2 for transmembrane TLR4 (Ky ~200 pM for
TLR4ecd vs. ~ 500 pM for membrane-bound TLR4). These findings are consistent with the
view that all binding interactions between LOS-MD-2 and TLR4 occur within the
ectodomain of TLR4, presumably explaining the efficient binding we observe at 4-C. The
basis of the small difference in the K of interactions of LOS-MD-2 with TLR4ecd vs. full-
length transmembrane TLR4 is not known, but could reflect constraints to molecular motion
of TLR4 imposed by insertion of full-length TLR4 into the membrane in comparison to
more freely “tumbling” TLR4ecd in solution.

The ability of pM endotoxin concentrations to activate TLR4 is consistent with the role of
TLR4 as a sentinel for early detection of even small numbers of invading GNB. However,
these data alone do not indicate how many TLR4 receptors on the surface of endotoxin-
responsive cells need to be occupied to trigger measurable TLR4-dependent cell activation.
The unique ability of LOS:MD-2 to directly engage and activate TLR4 together with the
very high specific radioactivity of LOS-MD-2[12°1] made it possible to quantify the number
of cell surface TLR4 needed to be occupied by an activating ligand, LOS-MD-2, to trigger
cell activation. Comparison of dose-dependent TLR4-dependent cell binding and activation
by LOS-MD-2[125]] revealed that, in transiently transfected HEK293 cells, no more than
10-20% maximal occupancy of cell surface TLR4 is needed for maximal cell activation and
that occupancy of as little as 1-2% of surface TLR4, corresponding to ca. 100-200 TLR4/
cell, is sufficient for appreciable cell activation as measured by extracellular accumulation of
IL-8 (Fig. 3). Data in stable transformants of HEK293 cells expressing TLR4 indicate that,
in these cells, occupancy of as few as 50-100 TLR4/cell is sufficient for measurable TLR4
activation (Fig. 5). These findings demonstrate dramatically both the sensitive--low K4-- and
robust--small number of activated receptors sufficient for graded cellular responses--
properties of TLR4, fully consistent with its sentinel role in innate immune recognition and
response to invading GNB. The small number of engaged TLR4 sufficient for cell activation
underscores the importance of sensitive and quantitative detection of TLR4 that
LOS-MD-2[1251] provides. If dimerization of TLR4-activating ternary complexes (e.g.,
LOS:MD-2-TLR4) is required for TLR4 activation by endotoxin, our data strongly suggest
that dimerization occurs remarkably efficiently, even when there are only 50-100 TLR4-
activating ternary complexes within an entire cell surface.

An example in which changes in steady-state levels of functional surface TLR4 expression
impact cellular response to endotoxin is illustrated by our comparative studies of wild-type
and variant D299G.T3991 TLR4 expression in transfected HEK293T cells.}” The high
specific radioactivity of LOS-MD-2[1251] made possible full saturation curves and Scatchard
analysis of LOS-MD-2 hinding to these cells and confirmed and extended our earlier
evidence that the principal effect of the combined D299G and T399I substitutions within the
TLR4 ectodomain is on the steady-state levels of functional surface TLR4 and not the
intrinsic functional properties of the expressed TLR4 molecule (Fig. 6A, B, D).17 The
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reduced responsiveness of transfected cells expressing D299G.T399I rather than wild-type
TLR4 was most apparent at low doses of LOS-MD-2 (Fig. 6C), i.e., conditions in which the
reduced surface expression of variant TLR4 resulted in levels of LOS-MD-2-occupied
variant TLR4 below the threshold needed for maximal TLR4-dependent cell activation.
However, as seen in Fig. 6D, when data were normalized for the amount of LOS-MD-2
bound to available wt or D299G.T399I1 TLR4, a similar degree of cell activation was
observed demonstrating that LOS-MD-2-occupied variant TLR4 had undiminished ability to
trigger cell activation.

The absence of measurable exchange between MD-2 bound to LOS in the monomeric
LOS:-MD-2 complex with even 100-fold molar excess SMD-2 or LOS-MD-2, within the 30
min time frame of our experiments®? (data not shown), made possible unambiguous
comparison of the effects of excess SMD-2 and LOS-MD-2 on TLR4-dependent cell binding
of LOS-MD-2[12]]. The demonstrated ability of SMD-2 to inhibit, as potently as
LOS-MD-2, TLR4-dependent cell binding of LOS-MD-2[1251] (Fig. 4) strongly suggests that
“agonist-independent” interactions of MD-2 with the TLR4 ectodomain principally drive the
pM binding of LOS-MD-2[12°]] to cell surface TLR4. Recent X-ray crystallographic
analyses of MD-2-TLR4ecd and ligand-MD-2- TLR4ecd complexes'®-21 have helped to
define the sites within the TLR4 ectodomain apparently mediating these agonist-
independent interactions. Our findings suggest that assays of TLR4-dependent
LOS-MD-2[1251] binding could be used to further define the structural determinants within
TLR4, important not only for interactions with TLR4-agonist and -antagonist ligand-MD-2,
but also with ligand-free MD-2, as needed for biogenesis of MD-2- TLR4 heterodimers.
Competition assays of LOS-MD-2[12°I] binding to TLR4 with other putative agonists of
TLR4, such as aero-allergens, e.g., Der p 2, that are structurally and functionally related to
MD-243-46  should also help to define the molecular and structural bases of the TLR4-
dependent actions of these compounds.

Most cells expressing TLR4 also express MD-2. Given the pM interactions between ligand-
free MD-2 and TLR4 that we have described, it has been generally presumed that in these
cells surface TLR4 is expressed as a pre-formed heterodimer with MD-2. Thus, actions of
exogenously generated ligand-MD-2-like complexes such as Der p 2 would be largely
restricted to those few cell types (e.g., airway epithelial and human corneal cells1547:48) that
express TLR4 with little or no MD-2 under resting conditions. Our ability to measure
specifically sSMD-2-sensitive LOS-MD-2[12%1] binding to “free” TLR4 in murine iBMDM
suggests a broader range of cell types expressing cell surface functional TLR4 without
MD-2. Our findings indicate that a potentially broader range of host cells may be responsive
to MD-2-related aero-allergens as well as extracellular endotoxin-MD-2 complexes that
could be formed under inflammatory conditions when expression and secretion of SMD-2
are up-regulated.?”4%-52 Our ability to produce ligand-MD-2[12]1] that are either TLR4
agonists or antagonists and to specifically measure “free” TLR4 in both human and murine
cells by assay of sSMD-2-sensitive ligand-MD-2[12°1] cell binding should greatly facilitate
future efforts to better define the possible sites and roles of “MD-2-free” TLR4 in the
actions of both endogenous ligand-MD-2 and other putative agonists of TLR4 that may need
to engage TLR4 similarly to produce their immune effects.

Increasing evidence suggests even wider physiologic and pathophysiologic roles of TLR4
mediated, at least in part, by interactions of exogenous and/or endogenous host compounds
—structurally unrelated to E—with MD-2.TLR4 or perhaps TLR4 alone.®3->7 The
compounds include a diverse range of molecules (Damage associated molecular pattern
molecules, DAMPS) including viral proteins, parasite glycolipids, host proteins,
glycosaminoglycans, hemin, and lipids.173-58 |n contrast to the insights that have been
gained concerning the mechanism of E-induced MD-2-TLR4 activation, little is known
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about how these other putative TLR4 agonists affect TLR4 function and if their action is
MD-2 dependent. Competition in binding assays with LOS-MD-2[12%]] can be used to test if
these DAMPS interact with TLR4 ectodomain in a manner analogous to ligand-MD-2.

Acknowledgments

We thank DeSheng Zhang for preparation, isolation, and characterization of [14/13C]LOS. We also thank Dr.
Richard Tapping, University of Illinois, Urbana, Il, for the generous gift of Freestyle HEK293F cells stably
transfected with TLR4 (amino acids 27-527), Dr. Stefanie Vogel, Univ. of Maryland, Baltimore, MD., for the
pCMV-FLAG-TLR4 vector containing TLR4 wt and mutant D299G.T399I, and Dr. Katherine Fitzgerald,
University of Massachusetts Medical School, Worcester, MA, for wt and TLR4~/~ immortalized bone marrow
derived macrophage cell lines.

The work reported here was supported by the Department of Veterans Affairs, Veterans Health Administration,
Office of Research and Development, Biomedical Laboratory Research and Development grant
[1101BX0000949-01A1 to T.L.G.) and grants to J.P.W. from the National Institute of Allergy and Infectious
Disease, National Institutes of Health [grant numbers AI05732 and A1088372]. The contents of this manuscript are
solely the responsibility of the authors and do not necessarily represent the official views of the granting agencies.

Abbreviations

E endotoxin
GNB Gram negative bacteria
HSA human serum albumin
iBMDM immortalized bone marrow derived macrophages
LOS lipooligosaccharide
MD-2 myeloid differentiation factor 2
TLR4ecd TLRA4 ectodomain
References

1. Beutler B, Jiang Z, Georgel P, et al. Genetic analysis of host resistance: toll-like receptor signaling
and immunity at large. Annu Rev Immunol. 2006; 24:353-389. [PubMed: 16551253]

2. Kawai T, Akira S. The role of pattern-recognition receptors in innate immunity: update on Toll-like
receptors. Nat Immunol. 2010; 11:373-384. [PubMed: 20404851]

3. Beutler B, Rietschel ET. Innate immune sensing and its roots: the story of endotoxin. Nat Rev
Immunol. 2003; 3:169-176. [PubMed: 12563300]

4. Gioannini TL, Teghanemt A, Zhang D, et al. Monomeric endotoxin:protein complexes are essential
for TLR4-dependent cell activation. J Endotoxin Res. 2005; 11:117-123. [PubMed: 15949139]

5. Miyake K. Innate recognition of lipopolysaccharide by CD14 and toll-like receptor 4-MD-2: unique
roles for MD-2. Int Immunopharmacol. 2003; 3:119-128. [PubMed: 12538042]

6. Nagai Y, Akashi S, Nagafuku M, et al. Essential role of MD-2 in LPS responsiveness and TLR4
distribution. Nat Immunol. 2002; 3:667-672. [PubMed: 12055629]

7. Prohinar P, Re F, Widstrom R, Zhang D, Teghanemt A, Weiss JP, Gioannini TL. Specific high
affinity interactions of monomeric endotoxin.protein complexes with Toll-like receptor 4
ectodomain. J Biol Chem. 2007; 282:1010-1017. [PubMed: 17121827]

8. Ulevitch RJ, Tobias PS. Recognition of gram-negative bacteria and endotoxin by the innate immune
system. Curr Opin Immunol. 1999; 11:19-22. [PubMed: 10047547]

9. Gioannini TL, Teghanemt A, Zhang D, et al. Isolation of an endotoxin-MD-2 complex that produces
Toll-like receptor 4-dependent cell activation at picomolar concentrations. Proc Natl Acad Sci U S
A. 2004; 101:4186-4191. [PubMed: 15010525]

10. Teghanemt A, Zhang D, Levis EN, et al. Molecular basis of reduced potency of underacylated

endotoxins. J Immunol. 2005; 175:4669-4676. [PubMed: 16177114]

Innate Immun. Author manuscript; available in PMC 2014 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Teghanemt et al.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Page 14

Teghanemt A, Re F, Prohinar P, et al. Novel roles in human MD-2 of phenylalanines 121 and 126
and tyrosine 131 in activation of Toll-like receptor 4 by endotoxin. J Biol Chem. 2008; 283:1257—
1266. [PubMed: 17977838]

Mullen GE, Kennedy MN, Visintin A, et al. The role of disulfide bonds in the assembly and
function of MD-2. Proc Natl Acad Sci U S A. 2003; 100:3919-3924. [PubMed: 12642668]

Re F, Strominger JL. Monomeric recombinant MD-2 binds toll-like receptor 4 tightly and confers
lipopolysaccharide responsiveness. J Biol Chem. 2002; 277:23427-23432. [PubMed: 11976338]

Visintin A, Mazzoni A, Spitzer JA, et al. Secreted MD-2 is a large polymeric protein that
efficiently confers lipopolysaccharide sensitivity to Toll-like receptor 4. Proc Natl Acad Sci U S
A. 2001; 98:12156-12161. [PubMed: 11593030]

Kennedy MN, Mullen GE, Leifer CA, et al. A complex of soluble MD-2 and lipopolysaccharide
serves as an activating ligand for Toll-like receptor 4. J Biol Chem. 2004; 279:34698-34704.
[PubMed: 15175334]

Teghanemt A, Widstrom RL, Gioannini TL, et al. Isolation of monomeric and dimeric secreted
MD-2. Endotoxin. sCD14 and Toll-like receptor 4 ectodomain selectively react with the
monomeric form of secreted MD-2. J Biol Chem. 2008; 283:21881-21889. [PubMed: 18519568]
Prohinar P, Rallabhandi P, Weiss JP, et al. Expression of functional D299G. T3991 polymorphic
variant of TLR4 depends more on coexpression of MD-2 than does wild-type TLR4. J Immunol.
2010; 184:4362-4367. [PubMed: 20212095]

Yu L, Phillips RL, Zhang D, et al. NMR studies of hexaacylated endotoxin bound to wild-type and
F126A mutant MD-2 and MD-2-TLR4 ectodomain complexes. J Biol Chem. 2012; 287:16346—
16355. [PubMed: 22433852]

Kim HM, Park BS, Kim JI, et al. Crystal structure of the TLR4-MD-2 complex with bound
endotoxin antagonist Eritoran. Cell. 2007; 130:906-917. [PubMed: 17803912]

Ohto U, Fukase K, Miyake K, et al. Crystal structures of human MD-2 and its complex with
antiendotoxic lipid 1VVa. Science. 2007; 316:1632-1634. [PubMed: 17569869]

Park BS, Song DH, Kim HM, et al. The structural basis of lipopolysaccharide recognition by the
TLR4-MD-2 complex. Nature. 2009; 458:1191-1195. [PubMed: 19252480]

Giardina PC, Gioannini T, Buscher BA, et al. Construction of acetate auxotrophs of Neisseria
meningitidis to study host-meningococcal endotoxin interactions. J Biol Chem. 2001; 276:5883—
5891. [PubMed: 11084043]

Post DM, Zhang D, Weiss JP, et al. Stable isotope metabolic labeling of Neisseria meningitidis
lipooligosaccharide. J Endotoxin Res. 2006; 12:93-98. [PubMed: 16690012]

Esparza GA, Teghanemt A, Zhang D, et al. Endotoxin-albumin complexes transfer endotoxin
monomers to MD-2 resulting in activation of TLR4. Innate Immun. 2012; 18:478-491. [PubMed:
21994253]

Blasi E, Radzioch D, Durum SK, et al. A murine macrophage cell line, immortalized by v-raf and
v-myc oncogenes, exhibits normal macrophage functions. Eur J Immunol. 1987; 17:1491-1498.
[PubMed: 3119352]

Gray P, Dagvadorj J, Michelsen KS, et al. Myeloid differentiation factor-2 interacts with Lyn
kinase and is tyrosine phosphorylated following lipopolysaccharide-induced activation of the
TLR4 signaling pathway. J Immunol. 2011; 187:4331-4337. [PubMed: 21918188]

Meng J, Drolet JR, Monks BG, et al. MD-2 residues tyrosine 42, arginine 69, aspartic acid 122,
and leucine 125 provide species specificity for lipid IVA. J Biol Chem. 2010; 285:27935-27943.
[PubMed: 20592019]

Re F, Strominger JL. Separate functional domains of human MD-2 mediate toll-like receptor 4-
binding and lipopolysaccharide responsiveness. J Immunol. 2003; 171:5272-5276. [PubMed:
14607928]

Kawasaki K, Nogawa H, Nishijima M. Identification of mouse MD-2 residues important for
forming the cell surface TLR4-MD-2 complex recognized by anti-TLR4-MD-2 antibodies, and for
conferring LPS and taxol responsiveness on mouse TLR4 by alanine-scanning mutagenesis. J
Immunol. 2003; 170:413-420. [PubMed: 12496426]

Arbour NC, Lorenz E, Schutte BC, et al. TLR4 mutations are associated with endotoxin
hyporesponsiveness in humans. Nat Genet. 2000; 25:187-191. [PubMed: 10835634]

Innate Immun. Author manuscript; available in PMC 2014 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Teghanemt et al.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50

Page 15

Ferwerda B, McCall MB, Alonso S, et al. TLR4 polymorphisms, infectious diseases, and
evolutionary pressure during migration of modern humans. Proc Natl Acad Sci U S A. 2007;
104:16645-16650. [PubMed: 17925445]

Ferwerda B, McCall MB, Verheijen K, et al. Functional consequences of toll-like receptor 4
polymorphisms. Mol Med. 2008; 14:346-352. [PubMed: 18231573]

Rallabhandi P, Awomoyi A, Thomas KE, et al. Differential activation of human TLR4 by
Escherichia coli and Shigella flexneri 2a lipopolysaccharide: combined effects of lipid A acylation
state and TLR4 polymorphisms on signaling. J Immunol. 2008; 180:1139-1147. [PubMed:
18178854]

Rallabhandi P, Bell J, Boukhvalova MS, et al. Analysis of TLR4 polymorphic variants: new
insights into TLR4/MD-2/CD14 stoichiometry, structure, and signaling: Mutations in TLR4
signaling that lead to increased susceptibility to infection in humans: an overview. J Immunol.
2006; 177:322-332. [PubMed: 16785528]

Tulic MK, Hurrelbrink RJ, Prele CM, et al. TLR4 polymorphisms mediate impaired responses to
respiratory syncytial virus and lipopolysaccharide. J Immunol. 2007; 179:132-140. [PubMed:
17579031]

Vasl J, Oblak A, Gioannini TL, et al. Novel roles of lysines 122, 125, and 58 in functional
differences between human and murine MD-2. J Immunol. 2009; 183:5138-5145. [PubMed:
19783674]

Fujimoto T, Yamazaki S, Eto-Kimura A, et al. The amino-terminal region of toll-like receptor 4 is
essential for binding to MD-2 and receptor translocation to the cell surface. J Biol Chem. 2004;
279:47431-47437. [PubMed: 15337750]

Muroi M, Ohnishi T, Tanamoto K. MD-2, a novel accessory molecule, is involved in species-
specific actions of Salmonella lipid A. Infect Immun. 2002; 70:3546-3550. [PubMed: 12065494]

Saitoh S, Akashi S, Yamada T, et al. Lipid A antagonist, lipid 1Va, is distinct from lipid A in
interaction with Toll-like receptor 4 (TLR4)-MD-2 and ligand-induced TLR4 oligomerization. Int
Immunol. 2004; 16:961-969. [PubMed: 15184344]

Akashi S, Nagai Y, Ogata H, et al. Human MD-2 confers on mouse Toll-like receptor 4 species-
specific lipopolysaccharide recognition. Int Immunol. 2001; 13:1595-1599. [PubMed: 11717200]
Kawasaki K, Akashi S, Shimazu R, et al. Involvement of TLR4/MD-2 complex in species-specific
lipopolysaccharide-mimetic signal transduction by Taxol. J Endotoxin Res. 2001; 7:232-236.
[PubMed: 11581576]

Teghanemt A, Prohinar P, Gioannini TL, et al. Transfer of Monomeric Endotoxin from MD-2 to
CD14: Characterization and functional consequences. J Biol Chem. 2007; 282:36250-36256.
[PubMed: 17934216]

Gangloff M, Gay NJ. MD-2: the Toll “‘gatekeeper’ in endotoxin signalling. Trends Biochem Sci.
2004; 29:294-300. [PubMed: 15276183]

Inohara N, Nunez G. ML -- a conserved domain involved in innate immunity and lipid metabolism.
Trends Biochem Sci. 2002; 27:219-221. [PubMed: 12076526]

Keber MM, Gradisar H, Jerala R. MD-2 and Der p 2 - a tale of two cousins or distant relatives? J
Endotoxin Res. 2005; 11:186-192. [PubMed: 15949148]

Trompette A, Divanovic S, Visintin A, et al. Allergenicity resulting from functional mimicry of a
Toll-like receptor complex protein. Nature. 2009; 457:585-588. [PubMed: 19060881]

Jia HP, Kline JN, Penisten A, et al. Endotoxin responsiveness of human airway epithelia is limited
by low expression of MD-2. Am J Physiol Lung Cell Mol Physiol. 2004; 287:L428-437.
[PubMed: 15121639]

Zhang J, Kumar A, Wheater M, et al. Lack of MD-2 expression in human corneal epithelial cells is
an underlying mechanism of lipopolysaccharide (LPS) unresponsiveness. Immunol Cell Biol.
2009; 87:141-148. [PubMed: 18936773]

Wolfs TG, Dunn-Siegrist I, van’t Veer C, et al. Increased release of SMD-2 during human

endotoxemia and sepsis: a role for endothelial cells. Mol Immunol. 2008; 45:3268-3277.
[PubMed: 18384879]

. Abreu MT, Thomas LS, Arnold ET, et al. TLR signaling at the intestinal epithelial interface. J

Endotoxin Res. 2003; 9:322-330. [PubMed: 14577850]

Innate Immun. Author manuscript; available in PMC 2014 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Teghanemt et al.

51.

52.

53.

54.

55.

56.

57.

58.

Page 16

Pugin J, Stern-Voeffray S, Daubeuf B, et al. Soluble MD-2 activity in plasma from patients with
severe sepsis and septic shock. Blood. 2004; 104:4071-4079. [PubMed: 15328161]

Hammad H, Chieppa M, Perros F, et al. House dust mite allergen induces asthma via Toll-like
receptor 4 triggering of airway structural cells. Nat Med. 2009; 15:410-416. [PubMed: 19330007]
Lee KM, Seong SY. Partial role of TLR4 as a receptor responding to damage-associated molecular
pattern. Immunol Lett. 2009; 125:31-39. [PubMed: 19501120]

Miyake K. Innate immune sensing of pathogens and danger signals by cell surface Toll-like
receptors. Semin Immunol. 2007; 19:3-10. [PubMed: 17275324]

Mollen KP, Anand RJ, Tsung A, et al. Emerging paradigm: toll-like receptor 4-sentinel for the
detection of tissue damage. Shock. 2006; 26:430-437. [PubMed: 17047512]

Oppenheim JJ, Tewary P, de la Rosa G, et al. Alarmins initiate host defense. Adv Exp Med Biol.
2007; 601:185-194. [PubMed: 17713005]

Yang D, Postnikov YV, Li Y, et al. High-mobility group nucleosome-binding protein 1 acts as an
alarmin and is critical for lipopolysaccharide-induced immune responses. J Exp Med. 2012;
209:157-171. [PubMed: 22184635]

Piazza M, Damore G, Costa B, et al. Hemin and a metabolic derivative coprohemin modulate the
TLRA4 pathway differently through different molecular targets. Innate Immun. 2011; 17:293-301.
[PubMed: 20472612]

Innate Immun. Author manuscript; available in PMC 2014 October 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Teghanemt et al.

Page 17

12 [*H]LOSMD-2
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Figure 1. lodination of MD-2 in a purified, monomeric LOS-M D-2 complex

A, Two views of the tyrosine residues in human MD-2 are represented in ribbon models of
MD-2 derived from the X-ray crystal structure by Park et al. of LPS/MD-2/TLR4ecd.?!
Based on mutagenesis studies of human and murine MD-2,11:26-29 tyrosines essential for
MD-2 function are shown in red; nonessential tyrosines are shown in blue. B,
[BH]LOS-MD-2 and LOS-MD-2[123]] co-elute on Sephacryl S200 size exclusion
chromatography (column 1.6 cm x 70 cm) in PBS, 0.1% HSA, pH 7.4. Recovery of the
applied cpm for both reagents was ~100%. The void volume and albumin (HSA) peak
absorbances are indicated for reference. The internal volume of the column as judged by
elution of vitamin B12 was 67 ml.
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Figure 2. Comparison of dose-dependent binding of [BH]ILOSMD-2 (A) and LOS-MD-2[12%] (B)
to soluble FLAGTL R4ecd by anti-FL AG agar ose co-capture

Increasing concentrations of [H]LOS-MD-2 (A) or LOS-MD-2[12]] (B) were incubated for
30 min at 37°C in PBS, 0.1% HSA supplemented with conditioned medium

expressing FLAGTLR4ecd or from control medium without FLAGTLR4ecd. Co-capture of
[3H] or [1251] labeled LOS-MD-2 by anti-FLAG affinity gel was measured as described in
Materials and Methods. Inserts in A and B show dose-dependent capture of [2H]LOS-MD-2
(A) and LOS-MD-2[12]] (B) after incubation and subsequent capture with conditioned
medium containing FLACGTLR4ecd (total) and medium from control cells (non-specific).
Specific capture shown as a saturation curve in A and B was calculated as the difference
between total and non-specific capture. Scatchard analyses of these data by GraphPad Prism
were used to determine Ky and Byay. Binding to FLAGTLR4ecd indicated Ky = 117 + 8 pM
for [3H]LOS-MD-2 and 153 + 92 pM for LOS-MD-2[12°]]. Data shown are from one
experiment with duplicate samples for each dose and are representative of three closely
similar experiments.
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Figure 3. Comparison of [3H]LOSMD-2 (A, C) and LOSMD-2[129] (B, D) dose-dependent
binding to and activation of membrane-bound TLR4 in transiently transfected HEK 293T cells
Binding of increasing concentrations of [BH]LOS-MD-2 (A) and LOS-MD-2[12°]] (B) to
HEK293T cells (2 million cells/dose) transiently transfected (Lipofectamine2000) with
TLR4 or control vector during 30 min incubation at 37°C. Inserts in A and B show dose-
dependent [3H]LOS-MD-2 (A) and LOS-MD-2[125]] (B) bound after incubation with TLR4
transfected cells (total) and mock transfected cells (non-specific). Specific binding shown in
Aand B as a saturation curve was calculated as the difference between total and non-specific
cpm bound. Scatchard analyses of these data by GraphPad Prism were used to determine Kq4
and Byhax. Binding to transiently transfected TLR4 cells indicated Ky = 367 £ 287 pM for
[BH]LOS-MD-2 and K4 = 694 + 101 pM for LOS-MD-2[1251]. Binding experiments were
performed as described in Material and Methods. Data shown represent a composite of more
than three experiments, each dose done in duplicate, using aliquots of the same cell
preparation for both [BH]LOS-MD-2 (A) and LOS-MD-2[1251] (B) for binding. By ranged
from 26-51 pM, corresponding to an average of 8,000-15,000 cell surface TLR4/cell. Dose-
dependent cell activation by [3H]LOS-MD-2 (C) and LOS-MD-2[12%1] (D) on aliquots of the
transiently transfected TLR4 or mock transfected cells used in binding experiments in (A)
and (B) was measured as extracellular accumulation of secreted IL-8 by ELISA as described
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in Materials and Methods. Data shown are from one experiment with duplicate samples for
each dose and are representative of more than three similar experiments.

Innate Immun. Author manuscript; available in PMC 2014 October 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Teghanemt et al.

Page 21

T 9 LOS-‘MD-2
100(¢ O sMD-2

% Max. LOS-MD-2['25]] bound
O
o

c L] L]
1 10 100

[MD-2], pM

Figure4. sMD-2 and LOS-MD-2 inhibit of binding of LOS-MD-2[125/] to TLR4

Binding of LOS-MD-2[12%1] (60 pM) to cells transiently transfected (Lipofectamine2000)
with TLR4 was inhibited in a dose-dependent manner by increasing concentrations of
sSMD-2 and [14/13C]LOS-MD-2 (15 cpm/pmol). Conditions for binding were as described in
Material and Methods. Data are plotted as MD-2 concentration vs. % maximal
LOS-MD-2[1251] bound per 2 million cells. Data shown are from one experiment with
triplicate samples for each dose and are representative of three closely similar experiments.
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Figure5. Ability of LOS-MD-2[125]] to detect and analyze limited human TLR4 binding sitesin
astable HEK 293 céll line

Binding of increasing concentrations of [BH]LOS-MD-2 (A) or LOS-MD-2[12%1] (B) to
HEK293 cells stably expressing TLR4 or HEK parent cells (2 million cells/sample) during
30 min incubation at 37°C. Specific TLR4-dependent binding of LOS-MD-2[12°]] was
calculated as the difference between total and non-specific cpom bound (C). Scatchard
analysis of the data by GraphPad Prism was used to determine Kq and Bmax: Kq =734 + 40
PM and Bpay= 12.7 £ 0.3 pM for binding of LOS-MD-2[12%1] to HEK/TLR4. Data are a
composite of more than three experiments, each dose done in duplicate. (D) Dose-dependent
cell activation by LOS-MD-2[12%1] of HEK/TLR4 or parent HEK cells was measured as
extracellular accumulation of secreted IL-8 by ELISA as described in Materials and
Methods. Data shown are representative of one experiment with duplicate samples for each
dose and are representative of more than three similar experiments. The dose curve of only
low concentrations of LOS-MD-2 are shown to highlight the sensitivity of TLR4 activation
by LOS-MD-2.
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Figure 6. Comparison of LOSM D-2[125I] dose-dependent binding to and cell activation of
HEK293T cellstransiently transfected with full-length wt (A) or D299G.T399I (B) TLR4
Binding of increasing concentrations of LOS-MD-2[12°] to HEK293T cells transiently
transfected (PolyFect) with either wt or D299G.T3991 TLR4 or control vector (1 million
cells/sample) during 30 min incubation at 37°C was performed as described in Materials
and Methods and Prohinar et al.1” Inserts in A and B show dose-dependent LOS-MD-2[1251]
bound after incubation with TLR4 transfected cells (total) and mock transfected cells (non-
specific). Specific binding, shown as a saturation curve in A and B, was calculated as the
difference between total and non-specific cpm bound. Scatchard analyses of these data by
GraphPad Prism were used to determine Kq and Byax: Kq =528 = 100 pM and B,y = 12.7
+ 0.9 pM with wt TLR4 cells and K4 =531 + 74 pM and By, = 4.0 £ 0.2 pM with
D299G.T3991 TLR4 cells. (C) Dose-dependent cell activation by LOS-MD-2[12°1] of
transiently transfected wt, D299G.3991 TLR4, or mock transfected cells was measured as
extracellular accumulation of secreted IL-8 by ELISA as described in Materials and
Methods. Results shown are from one experiment representative of at least three
experiments with each dose in triplicate. In (D) the amount of TLR4-dependent cell
activation as measured by IL-8 secretion is plotted as a function of the amount of
LOS-MD-2[1251] bound to wt or D299G.T3991 TLR4 cells. Data are compiled from dose
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curves of binding and cell activation by LOS-MD-2[123] to wt and D299G.T3991 TLR4 as
represented in A, B, and C.
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Figure 7. Saturable, high affinity binding of LOS:M D-2[125I] tomurine TLR4

Binding of increasing concentrations of LOS-MD-2[12°1] to HEK 293 cells stably expressing
murine TLR4 or parent cells during 30 min incubation at 37°C was performed as described
in Materials and Methods on 2 million cells/sample. Insert shows dose-dependent
LOS-MD-2[1251] bound after incubation with HEK/murine TLR4 cells (total) and parent
cells (non-specific). Specific binding shown as a saturation curve was calculated as the
difference between total and non-specific cpm bound. Scatchard analyses of the data by
GraphPad Prism were used to determine Kq and Bpax: Kq =572 + 15 pM and B = 10.0 £
0.1 pM. Results shown are from one experiment representative of at least three experiments
with duplicate samples for each dose.
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Figure8. LOSM D-2[125I] detects“free” TLRA4 receptorsdevoid of pre-associated MD-2in a
murineiBMDM cell line

(A) Binding of increasing concentrations of LOS-MD-2[12%1] to wt (TLR4*/*) or TLR4~/~
iBMDM cells (2 million cells/sample) during 30 min incubation at 37°C was performed as
described in Materials and Methods. Cell binding of LOS-MD-2[12°[] was done in the
absence and presence of saturating amounts of SMD-2 (100 ul, 5 nM) added to saturate
“MD-2 free” TLR4 binding sites. Specific binding to “MD-2-free” TLR4 in iBMDMs was
determined as the difference between the total LOS-MD-2[12%1] bound in wt and TLR4~/~
cells minus the amount of LOS-MD-2[12%1] bound in the presence of sMD-2. Scatchard
analyses of the data by GraphPad Prism were used to determine Ky and Bpyax. Kg =448 £
194 pM and Bppa= 0.9 £ 0.1 pM for specific binding of LOS-MD-2[12°]] to “free” TLR4 in
iBMDM cells (2 million cells/sample). Results shown are from one experiment
representative of at least three experiments with duplicate samples for each dose. (B and C)
Dose-dependent cell activation of wt (B) or (C) CD14~/~ iBMDM cells (both TLR4*"*, 10°
cells/sample) by LOS-MD-2 wt or LOS-MD-2 F126A was measured after 18 h incubation at
37°C. Cell activation was assessed by measuring accumulation of extracellular TNF by
ELISA (BD Biosciences). Results shown are from one representative experiment with each
dose in triplicate.
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