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Abstract
Two missense variants (D299G and T399I) of TLR4 are cosegregated in individuals of European
descent and, in a number of test systems, result in reduced responsiveness to endotoxin. How these
changes within the ectodomain (ecd) of TLR4 affect TLR4 function is unclear. For both wild-type
and D299G.T399I TLR4, we used endotoxin·CD14 and endotoxin·MD-2 complexes of high specific
radioactivity to measure: 1) interaction of recombinant MD-2·TLR4 with endotoxin·CD14 and TLR4
with endotoxin·MD-2; 2) expression of functional MD-2·TLR4 and TLR4; and 3) MD-2·TLR4 and
TLR4-dependent cellular endotoxin responsiveness. Both wild-type and D299G.T399I TLR4ecd
demonstrated high affinity (Kd ~ 200 pM) interaction of endotoxin·CD14 with MD-2·TLR4ecd and
endotoxin·MD-2 with TLR4ecd. However, levels of functional TLR4 were reduced up to 2-fold when
D299G.T399I TLR4 was coexpressed with MD-2 and >10-fold when expressed without MD-2,
paralleling differences in cellular endotoxin responsiveness. The dramatic effect of the D299G.T399I
haplotype on expression of functional TLR4 without MD-2 suggests that cells expressing TLR4
without MD-2 are most affected by these polymorphisms.

Potent inflammatory responses to Gram-negative bacterial endotoxins are mediated by TLR4.
TLR4 does not bind endotoxin directly, but depends on three other extracellular and/or cell
surface proteins: LPS-binding protein (LBP), CD14 and MD-2 (1–3). LBP catalyzes extraction
and transfer of LPS (endotoxin) monomers from LPS-rich particles to CD14 (4), forming
monomeric endotoxin (E)·CD14 complexes that efficiently transfer endotoxin monomers to
secreted MD-2 and to preassociated MD-2·TLR4 heterodimers (5,6). Whereas MD-2 can bind
to TLR4 in the absence of endotoxin (2,7), a complex of one molecule of endotoxin bound to
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one molecule of MD-2 is the activating ligand for TLR4 (5,8), triggering TLR4 dimerization
and signaling (7,9).

Two missense mutations, A896G (D299G) and C1196T (T399I), have been identified in the
human TLR4 gene at frequencies up to 18% (10). The single D299G mutation is prevalent in
African populations; however, when present in individuals of European descent, D299G is
usually cosegregated with T399I. These coding region mutations are located within the
extracellular domain of TLR4 (7). The significance of the D299G.T399I haplotype was first
suggested in studies investigating the basis of individual differences in responsiveness to
inhaled endotoxin (11). These studies demonstrated a nearly 4-fold higher frequency of the
D299G.T399I haplotype among individuals who were hyporesponsive to inhaled endotoxin
and reduced endotoxin responsiveness of primary cultures of airway epithelial cells bearing a
wild-type (wt)/D299G.T399I rather than wt/wt TLR4 genotype. The in vitro observations were
extended to other primary and transfected epithelial and myeloid cell lines (12–14). However,
several other studies of the responsiveness of human PBMCs and whole blood to endotoxin in
vitro and ex vivo failed to observe significant effects of the D299G.T399I polymorphism
(15). These latter observations have raised questions about the circumstances required for the
D299G.T399I polymorphism to affect TLR4 function; they also underscore the lack of
understanding as to how these two amino acid changes within the TLR4 ectodomain (ecd)
could affect cellular endotoxin responsiveness.

Arbour et al. (11) showed, by immunostaining using an anti-TLR4 Ab, a marked reduction of
surface expression of TLR4 in airway epithelial cells cultured from individuals who expressed
D299G.T399I rather than exclusively wt TLR4. Markedly reduced surface expression of
immunoreactive variant (versus wt) TLR4 has also been shown in transfected human bronchial
epithelial cells (14). In contrast, differences in surface expression of wt and D299G.T399I
TLR4 observed in monocytes were apparently more modest (14), and essentially no difference
was seen in transiently transfected human embryonic kidney (HEK) 293 cells coexpressing
epitope-tagged TLR4 with MD-2 and CD14 (13). Although these studies do not permit a precise
quantitative comparison of surface expression of wt and variant TLR4 in these different
settings, evidence of reduced surface expression of D299G.T399I (versus wt) TLR4 seems
most compelling in cells (e.g., airway epithelial cells) that express TLR4 with little or no
coexpression of MD-2 (16). Transit and maturation of TLR4 through the cellular secretory
pathway and surface expression is enhanced by coexpression of MD-2 (17,18). However,
TLR4 can be expressed at the cell surface in the absence of MD-2 (16,19–21), consistent with
the sensitivity of these cells to added E·MD-2 complex (5,16). One possible explanation for
the apparently divergent effects in different biologic settings of expression of D299G.T399I
TLR4 is that secretion and surface expression of this variant TLR4, in comparison with wt
TLR4, is more dependent on coexpression of MD-2.

To test this hypothesis, we have compared the effects of expression of wt or D299G.T399I
full-length TLR4 and soluble TLR4 ectodomain (TLR4ecd) in transiently transfected
HEK293T cells ± coexpression of MD-2. HEK293 cells express no detectable TLR4, MD-2
(or mCD14) (5,13), providing a controlled experimental setting in which to compare the
extracellular accumulation or surface expression of functional wt and variant TLR4ecd or full-
length TLR4, respectively, ± MD-2. Moreover, HEK293 cells expressing TLR4 alone are
highly sensitive to TLR4-activating E·MD-2 complexes (5,22), consistent with the ability of
these cells to express wt TLR4 on the cell surface when produced with or without MD-2
(21). We used purified E·sCD14 and E·MD-2 complexes of high and uniform specific
radioactivity (25,000 cpm/pmol) (23), to sensitively and quantitatively assay functional
MD-2·TLR4 and TLR4, for both wt and variant forms of TLR4 and TLR4ecd. We show that
the interaction of MD-2·TLR4ecd with E·CD14 and of TLR4ecd with E·MD-2 is unaffected by
the D299G.T399I substitutions in TLR4. However, accumulation of functional extracellular
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TLR4ecd and full-length transmembrane TLR4 is diminished when D299G.T399I TLR4 is
expressed, especially in the absence of MD-2. Reduced expression of functional TLR4 parallels
reduced cellular responsiveness to endotoxin, particularly at low agonist concentrations. Our
findings suggest that the effects of expressing D299G.T399I TLR4 may be greater in cells,
such as airway epithelial cells, in which TLR4 is expressed without MD-2. This may contribute
to the variable effects observed on cellular endotoxin responsiveness that have been previously
reported.

Materials and Methods
Metabolically labeled endotoxin ([3H] lipooligosaccharide [LOS], 25,000 cpm/pmol) was
isolated from Neisseria meningitidis serogroup B as previously described (24). LBP and sCD14
were gifts from Xoma (Berkeley, CA) and Amgen (Thousand Oaks, CA), respectively. Human
serum albumin (HSA) was an endotoxin-free, 25% stock solution from Baxter Health Care
(Glendale, CA). ANTI-FLAG M2 Affinity Gel was acquired from Sigma-Aldrich (St. Louis,
MO). Cell culture media, DMEM supplemented with 4 mM L-glutamine, and 293 SFM II were
from acquired Invitrogen (Carlsbad, CA). Sephacryl S200 HR resin size exclusion gel was
purchased from GE Healthcare (Piscataway, NJ). The HEK293 T cells were provided by Dr.
Fabio Re (University of Tennessee Health Sciences Center, Memphis, TN). BD OptEIA
Human IL-8 ELISA Set was acquried from BD Biosciences (San Diego, CA).

Production of recombinant secreted proteins
Recombinant human MD-2 and the extracellular domain of human TLR4 (TLR4ecd; residues
24-631) were transiently expressed in HEK293T cells transfectedwithpEF-BOS-
MD-2Flag.His6 and pFLAG-CMV-TLR4ecd, respectively(6). pFLAG-CMV-TLR4ecd was
constructed using pFLAG-CMV-TLR4 (gift from S. Vogel, University of Maryland,
Baltimore, MD) as a template to amplify the extracellular domain of TLR4. Primers used were
5′-CTTGCGGCCGCGGAAAGCTGGGAGCCCTGCGT-3′ and 5′-
CAGAGTCGACTCACTTATTCATCTGACAGG-3′. Underlined sequences represent NotI
and SalI restriction recognition sites used to subclone TLR4ecd into pFLAG-CMV. The coding
sequences of all plasmid constructs were confirmed. HEK293T cells grown in DMEM with
10% FCS were seeded in T75 flasks at ~80% confluency. After 18–24 h, the cells were washed
with PBS (pH 7.4) and transfected with the indicated amount of DNA and PolyFect reagent
from Qiagen (Valencia, CA) according to the manufacturer’s protocol. After transfection, the
cells were supplemented with 8 ml DMEM/10% FCS. After 12 h, the medium was replaced
with 293 SFM II. Conditioned media containing secreted proteins were collected every 24 h
for 5 d, and cells were replenished with fresh serum-free medium each day. The collected
conditioned media were pooled, concentrated 10× using Millipore Centricon Plus-80, sterile
filtered (0.2 μm filters) and stored at 4°C. Conditioned medium from mock-transfected cells
was used as a negative control (Figs. 1, 2).

Preparation of LOS·protein complexes
[3H]LOS·sCD14 and [3H]LOS·MD-2 complexes were prepared as previously described (5,
25). Monomeric [3H]LOS·CD14 complexes were prepared by treatment of [3H]LOS
aggregates for 30 min at 37°C with sub-stoichiometric LBP (molar ratio, 200:1 LOS:LBP) and
1.5× molar excess of sCD14 followed by size exclusion chromatography (Sephacryl S200, 1.6
× 70-cm column) in PBS (pH 7.4) supplemented with 0.03% HSA to isolate monomeric [3H]
LOS·sCD14 (Mr, ~60,000). Monomeric [3H]LOS·MD-2 (Mr, ~25,000) was generated by
treatment of [3H]LOS·sCD14 (30 min at 37°C) with High Five (Invitrogen) conditioned insect
cell medium containing sMD-2His6 generated as has been described previously (5), followed
by Sephacryl S200 chromatography as described above. Fractions containing the desired [3H]
LOS·protein complexes were combined, sterile-filtered, and stored at 4°C. The concentration
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of the [3H]LOS·protein complexes was calculated based on the known specific radioactivity
of the [3H]LOS.

Anti–FLAG-agarose cocapture of [3H]LOS bound to FlagTLR4ecd (wt or D299G.T399I)
Assay of reaction of [3H]LOS·sCD14 with MD-2Flag.His6/FlagTLR4ecd—Increasing
concentrations of [3H]LOS·sCD14 (25,000 cpm/pmol LOS) were incubated for 30 min at 37°
C in conditioned medium of HEK293T cells either from mock-transfected cells or cells
expressing and secreting MD-2 and TLR4ecd (wt or D299G.T399I) supplemented with PBS/
0.1% HSA to a final volume of 0.4 ml. Transfer of [3H]LOS from LOS·sCD14 to
MD-2Flag.His6/FlagTLR4ecd to form ([3H]LOS·MD-2Flag.His6/FlagTLR4ecd)2 was measured by
cocapture of [3H]LOS to ANTI-FLAG M2 Affinity Gel (20 μl). The affinity gel pre-
equilibrated in PBS/0.1% HSA was incubated with the sample for 1 h with rotation at 20–25°
C. Samples were spun for 5 min at 2000 ×g to sediment the gel and captured [3H]LOS. The
gel was washed twice with 0.4 ml ice cold PBS/0.1% HSA. Radioactivity associated with the
affinity gel (i.e., captured [3H]LOS) was measured by liquid scintillation spectroscopy. In the
harvested conditioned medium containing secreted MD-2 and TLR4ecd, only MD-2 that was
associated with TLR4ecd reacted with added [3H]LOS·sCD14 (6,22).

Assay of reaction of [3H]LOS·MD-2 with FlagTLR4ecd—Increasing concentrations of
[3H]LOS·MD-2 (25,000 cpm/pmol LOS) were incubated as described above with conditioned
medium of HEK293T cells from mock-transfected cells or cells expressing and secreting
TLR4ecd (wt or D299G. T399I). Binding of [3H]LOS·MD-2 to FlagTLR4ecd to form ([3H]
LOS·MD-2His6/FlagTLR4ecd)2 was measured by cocapture of [3H]LOS to ANTI-FLAG M2
affinity gel (20 μl) as described above.

Assay of binding of [3H]LOS to transfected HEK293T cells
HEK293T cells grown in D-MEM supplemented with 10% FCS were transfected with 12 μg
of pFLAG-CMV1-TLR4 [wt or D299G.T399I (13)] with or without 6 μg pEF-BOS-MD-2
using PolyFect reagent (Qiagen) or treated with PolyFect reagent without plasmid as a negative
control as described above. After 12 h, the cells were washed with PBS and grown in 293 SFM
II for additional 24 h. The cells were then dislodged by scraping in PBS/0.1% HSA and washed
twice with PBS/0.1% HSA. The recovered cells (3 × 106/sample) were incubated in PBS/0.1%
HSA + increasing concentrations of [3H]LOS·MD-2 or [3H]LOS·CD14 (25,000 cpm/pmol
LOS) in 1 ml final volume. After 30 min rotating at 37°C, the cells were spun (1000 rpm, 2
min), the supernatant removed and the cells washed twice with cold PBS/0.1% HSA.
Radioactivity associated with the cells was measured by liquid scintillation spectroscopy
(Beckman LS liquid scintillation counter). Binding of [3H]LOS·MD-2 and [3H]LOS·sCD14
to the mock transfected cells was <0.5% and 4–5%, respectively, of the total radioactivity
added at each dose This was subtracted from the total [3H] LOS bound to the transfected cells
(Fig. 3).

Assay of cell activation by purified LOS·protein complexes
HEK293T cells grown in D-MEM/10% FCS were seeded in a 6-well plate at ~80% confluency
and transiently transfected with 18 ng/well pFLAG-CMV1-TLR4 (wt or D299G.T399I) ± 7
ng/well pEF-BOS-MD-2. After 12 h, the medium was removed and 293 SFM II was added for
additional 24 h. Cells were transferred to a 96-well plate at ~4 × 104 cells per well and stimulated
with increasing concentrations of LOS·CD14 (for cells transfected with TLR4 and MD-2) or
LOS·MD-2 (for cells transfected with TLR4 alone). After 24 h, secreted IL-8 was measured
in the medium, using a BD OptEIA Human IL-8 ELISA Set from BD Biosciences (San Diego,
CA) according to the manufacturer’s protocol.
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Real-time RT-PCR
HEK293T cells were transfected as described above in six-well plates. After the 24 h incubation
in serum-free medium, cells were dislodged, spun, and the pellet was resuspended in cell lysis
buffer (RNeasy RTL buffer, Qiagen). Total RNA was extracted using an RNeasy Mini Kit
(Qiagen) according to the manufacturer’s instruction. The quantity and purity of the RNA was
measured by ThermoScientific Nanodrop1000 apparatus (Wilmington, DE). Equal amounts
of RNA from transfected cells and control samples were reverse-transcribed into cDNA using
AMV reverse transcriptase (Roche Diagnostics, Mannheim, Germany). Real-time PCR was
performed using SYBR Green Master-Mix (ABGene, Foster City, CA) for 40 cycles on an
ABI Prism 7000 sequence detector (Applied Biosystems, Foster City, CA) according to the
manufacturer’s instruction. Amplification was achieved using an initial cycle of 50° for 2 min
and 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and then 60°C for 1 min. Melting
curve analyses were done at the completion of the cycling. Primers were designed using the
Primer Express (Applied Biosystems) software and are as follows: tlr4-forward 5′-CCT GCG
TGG AGG TGG TTC CTA ATA-3′; reverse 5′-AAG CTC AGG TCC AGG TTC TTG GTT-3′
and as a control gene gusB-forward 5′-CCT ATG CCA TCG TGT GGG TGA A-3′; reverse
5′-TGA TGG CGA TAG TGA TTC GGA GC-3′.

Results
D299G.T399I mutations in TLR4 ectodomain have little or no effect on interaction of
MD-2·TLR4ecd with monomeric endotoxin·CD14 complex

Previous studies in transfected HEK293T cells showed that coexpression of D299G.T399I,
rather than wt, TLR4, with MD-2 and mCD14, resulted in ~2-fold reduction in cellular
responses to added LPS (13). These studies did not reveal the mechanistic basis of this reduced
response. We took advantage of our ability to measure specific and saturable interaction of
E·CD14 (e.g., [3H]LOS·sCD14) with MD-2Flag.His6/FlagTLR4ecd (6) to test whether
expression of D299G.T399I TLR4ecd, rather than wt TLR4ecd, affected either its reactivity
with [3H]LOS·sCD14 or the levels of functional MD-2·TLR4ecd recovered in the extracellular
medium. Fig. 1 shows closely similar dose-dependent capture of [3H]LOS by anti-FLAG
agarose after incubation of increasing concentrations of [3H] LOS·sCD14 with conditioned
culture medium from cells expressing and secreting MD-2Flag.His6 + wt or
D299G.T399I FlagTLR4ecd. Comparison of the amount of [3H]LOS captured after incubation
of [3H]LOS·sCD14 with conditioned medium containing MD-2Flag. His6/FlagTLR4ecd (total
capture) versus negative control medium (nonspecific capture) demonstrated that most [3H]
LOS captured, especially at low [3H]LOS·sCD14 concentrations, was dependent on
MD-2·TLR4ecd (Fig. 1A, 1C). Harvesting the conditioned medium after prolonged incubation
(≥24 h) at 37°C insured that only MD-2Flag.His6 associated with FlagTLR4ecd was reactive with
[3H]LOS·sCD14 (6,22). Thus, the specific (i.e., total–non-specific) capture of [3H]LOS (Figs.
1B, 1D) reflects transfer of[3H]LOS from [3H]LOS·sCD14 to MD-2Flag.His6/FlagTLR4ecd to
form ([3H] LOS·MD-2Flag.His6/FlagTLR4ecd)2, as previously described (6,22).

Scatchard analysis of these data indicated an apparent Kd of [3H] LOS transfer to MD-2·
TLR4ecd

wt and to MD-2· TLR4ecd
D299G.T399I of 196 ±37 pM and 186 ±27 pM, respectively

(n = 3). The amount of functional (i.e., [3H]LOS·sCD14-reactive) wt and variant MD-2·
TLR4ecd that accumulated in the conditioned media was similar, but ~25% less for the variant
complex (272 ±27 fmol MD-2· TLR4ecd

wt versus 205 ± 8 fmol MD-2· TLR4ecd
D299G.T399I per

ml conditioned medium [p < 0.05]).
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D299G.T399I mutations in TLR4 ectodomain have little effect on reactivity with monomeric
endotoxin·MD-2 complex, but markedly reduce extracellular accumulation of functional
TLR4ecd

Similar experiments were performed using conditioned medium from HEK293T cell cultures
transiently expressing wt or D299G. T399I TLR4ecd without MD-2 and assaying TLR4-
dependent capture of [3H]LOS·MD-2His6. The specificity of capture was demonstrated by
comparison of dose-dependent [3H]LOS capture after incubation of [3H]LOS·MD-2His6 with
conditioned medium from cells expressing or not expressing FlagTLR4ecd (Figs. 2A, 2C).
Scatchard analysis (Figs. 2B, 2D) of the dose-dependent capture of [3H]LOS·MD-2 by wt and
D299G.T399I TLR4ecd showed little or no effect of the D299G.T399I substitutions in the
TLR4 ectodomain on the high affinity interactions of TLR4ecd with [3H]LOS·MD-2. The
calculated Kd of these interactions was 221 ± 43 pM and 403 ± 141 pM for wt and variant
TLR4ecd, respectively. However, in contrast to MD-2·TLR4ecd, there was a marked diminution
in extracellular accumulation of functional (i.e., [3H]LOS·MD-2–reactive) D299G.T399I
versus wt TLR4ecd (196 ± 23 fmol functional wt TLR4ecd versus only 4 ± 1 fmol functional
D299G.T399I TLR4ecd per ml conditioned medium). These findings reveal a dramatic effect
of substitution of D299G and T399I TLR4ecd on extracellular accumulation of functional
TLR4ecd when D299G.T399I TLR4ecd was expressed without MD-2. The differences in
functional levels of wt versus variant secreted TLR4 ectodomain and of cell surface TLR4 (see
below) were observed under conditions in which the levels of expression (i.e., mRNA) of wt
and D299G.T399I TLR4 and TLR4ecd were virtually the same (Fig 3).

Differences in expression of functional full-length wt and D299G.T399I TLR4 ± MD-2
To test the relevance of the above findings to expression of functional full-length TLR4,
HEK293T cells were transiently transfected with expression plasmids encoding wt or
D299G.T399I full-length TLR4 ± MD-2. Expression of functional TLR4 was assayed by
directly measuring cell binding of [3H]LOS after incubation of cells expressing MD-2·TLR4
with [3H]LOS·sCD14 (Fig. 4A) and cells expressing TLR4 alone with [3H]LOS·MD-2 (Fig.
4B). After expression of wt TLR4 alone, there was markedly increased dose-dependent [3H]
LOS·MD-2 binding (Fig. 4B). Co-expression of both wt TLR4 and MD-2 was needed for
increased cell binding of [3H]LOS during incubation of the cells with [3H] LOS·sCD14 (Fig.
4A). There was ~2-fold reduction in MD-2·TLR4-dependent reaction of [3H]LOS·sCD14 with
cells expressing D299G.T399I rather than wt TLR4 (Fig. 4A). TLR4-dependent [3H]
LOS·MD-2 binding was reduced to a greater extent (at least 10-fold) when D299G.T399I rather
than wt TLR4 was expressed without MD-2. TLR4-dependent [3H]LOS·MD-2 binding was
essentially the same at 37 and 4°C (data not shown), confirming that binding was to cell surface
TLR4. These findings show decreased surface expression of functional full-length
D299G.T399I TLR4 that is much more pronounced when cells express D299G.T399I TLR4
without MD-2.

Comparison of endotoxin responsiveness of HEK293 cells expressing wt or D299G.T399I
TLR4 ± MD-2

Monomeric endotoxin·CD14 and endotoxin·MD-2 complexes produce, at pM concentrations,
dose-dependent activation of cells expressing, MD-2·TLR4 and TLR4 without MD-2,
respectively (5,16). Cells expressing D299G.T399I rather than wt TLR4 with MD-2 showed
a 2–3-fold reduction in the magnitude of cell activation induced by increasing concentrations
of LOS·sCD14 (Fig. 5A). The less robust cell activation of HEK293T cells expressing
D299G.T399I TLR4 closely paralleled the reduced amount of binding of [3H]LOS to these
cells during incubations with [3H] LOS·sCD14 (compare Figs. 4A and 5A). Differences in
activation by LOS·MD-2 of HEK293T cells expressing wt versus D299G. T399I TLR4 alone
were even greater, especially at low concentrations of added LOS·MD-2 (Fig. 5B). Thus,
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differences in expression of functional wt and variant TLR4 ± MD-2, as reflected by differences
in cell binding of [3H]LOS, result in alteration of cellular responsiveness to endotoxin,
especially at low agonist concentrations.

Discussion
The studies described above provide several novel insights relevant to the effect of
D299G.T399I substitutions within the TLR4 ectodomain on cellular responsiveness to
endotoxin and possibly other potential agonists of TLR4. Levels of functional TLR4 (i.e.,
reactive with specific monomeric endotoxin protein complexes), either as the secreted soluble
ectodomain or expressed as full-length membrane (cell surface) receptor, were diminished
when D299G.T399I rather than wt TLR4 was expressed. Reduced accumulation of functional
TLR4 was more profound when D299G. T399I TLR4 was expressed without MD-2.
Diminished TLR4-dependent cell binding of endotoxin paralleled reduced cellular
responsiveness, especially under conditions (e.g., low endotoxin concentrations) in which
limited cell activation may be most closely linked to limited receptor occupancy by agonist.

We also demonstrated that D299G.T399I substitutions within the TLR4 ectodomain decrease
the affinity of neither endotoxin·CD14 for MD-2·TLR4ecd nor endotoxin·MD-2 for TLR4ecd.
The normal, high (pM) affinity/reactivity of TLR4ecd

D299G.T399I with LOS·MD-2 is consistent
with MD-2·TLR4ecd cocrystal structures (7,9) that show that residues 299 and 399 within the
TLR4 ectodomain are not in close proximity to the primary contacts of endotoxin-free MD-2
with TLR4 or the secondary contacts of TLR4-activating E·MD-2 with TLR4 that drive TLR4
dimerization. These residues are also not likely near endotoxin·CD14 docking sites on
MD-2·TLR4, consistent with the high-affinity interactions we observed for interaction of
MD-2·TLR4ecd

D299G.T399I with LOS·sCD14. Our findings also suggest that there are no
allosteric effects of these two-point mutations on endotoxin·MD-2 binding by TLR4ecd or on
endotoxin·CD14 reaction with MD-2·TLR4ecd.

The normal affinity/reactivity of TLR4ecd
D299G.T399I with LOS·MD-2 strongly suggests that

the markedly reduced amount of binding of LOS·MD-2 with cells expressing D299G.T399I
versus wt TLR4 produced under similar conditions reflects reduced amounts of functional full-
length TLR4 when D299G. T399I TLR4 is expressed without MD-2. This was demonstrated
directly in studies of TLR4ecd (Fig. 2). We have shown by quantitative RT-PCR that levels of
expression of wt and D299G.T399I TLR4, as either the full-length or ectodomain protein, were
nearly the same (Fig. 3). The fact that diminished accumulation of functional D299G.T399I
TLR4 (full-length or soluble ectodomain) was more pronounced when MD-2 was not
coexpressed further argues that the observed differences in functional levels of wt and
D299G.T399I TLR4 were not due to reduced production of D299G.T399I TLR4, but instead
an altered posttranslational fate (e.g., diminished passage through the secretory pathway and/
or reduced [functional] stability of intracellular or surface [secreted] D299G.T399I TLR4).
Because TLR4ecd and full-length TLR4 proceed through the same secretory pathway, we
expect that reduced extracellular levels of functional D299G.T399I TLR4ecd that we observed
are mirrored by reduced levels of functional full-length TLR4 on the cell surface. The reduced
amount of binding of [3H]LOS·MD-2 to cells expressing D299G.T399I rather than wt TLR4
is consistent with this prediction and with earlier observations (11) showing reduced surface
expression (immunostaining)of D299G. T399I versus wt TLR4 in airway epithelial cells. These
earlier studies included individuals who were heterozygous for the wt and D299G. T399I
haplotypes, suggesting that the variant allele may have a dominant-negative effect on surface
expression of functional wt TLR4 when TLR4 is expressed without MD-2.

In contrast to our observations, Rallabhandi et al. (13) observed no apparent difference in
surface expression of wt versus D299G. T399I TLR4/MD-2 in transfected HEK293T cells, as

Prohinar et al. Page 7

J Immunol. Author manuscript; available in PMC 2011 April 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



judged by immunochemical detection of epitope-tagged TLR4. Whether or not the modest
diminution in functional (i.e., LOS·sCD14-reactive) MD-2·TLR4 we observed when
D299G.T399I rather than wt TLR4 was coexpressed with MD-2 reflects greater sensitivity and
quantitative precision of [3H]LOS binding assays, versus flow cytometry of FlagTLR4 or a
subfraction of surface-expressed D299G.T399I FlagTLR4 that is nonfunctional, cannot yet be
judged. However, the close match between reduced MD-2·TLR4-dependent cell binding of
[3H]LOS that we observed when D299G.T399I was expressed with reduced activation of these
cells by LOS·sCD14 (this study) or by LPS + serum (13) suggest that the differences in [3H]
LOS binding that we observed are functionally meaningful.

There have been numerous efforts to relate the structural changes of TLR4 imposed by the 299
and/or 399 polymorphisms to in vitro cellular responsiveness to TLR4 agonists and to various
clinical outcomes (15). Attempts to associate specific clinical outcomes with TLR4 genotype
is especially difficult, given the uncertain and potentially complex role of TLR4 agonists in
many of these clinical scenarios and the possibility that other genotypic differences may be
associated with defined TLR4 haplotypes and affect the phenotype under study. However, even
in much more focused in vitro studies, comparison of effects of expression of wt versus
polymorphic variant TLR4 on TLR4-dependent cell function (e.g., endotoxin responsiveness)
have not yielded an entirely clear picture. We believe that our findings may help to explain
some of the divergent results that have been reported. Our findings suggest that the phenotype
of the cosegregated D299G.T399I polymorphisms will be greatest in those cells expressing
TLR4 without MD-2 (e.g., airway epithelial cells), resulting in diminished endotoxin
responsiveness when an exogenous source of MD-2 is present (16,26,27) as well as, potentially,
reduced responses to other putative TLR4 agonists, some of which may not be MD-2–
dependent in their interactions with TLR4. Such an effect may help explain the strikingly high
association of these TLR4 polymorphisms with symptomatic respiratory syncytial virus
infection in high-risk, premature infants (28), where diminished TLR4 levels may impact both
lung development (29,30) and early host defense responses to viral infection (31,32). Effects
of D299G.T399I TLR4 expression on cell function are most likely to be manifest at low
receptor and agonist concentrations (Fig. 5B), when the number of receptors occupied by
agonist is most likely the rate-limiting factor in cell activation. The experimental approaches
described in this study should make it possible to extend these observations to primary cells,
such as nasal and airway epithelial cells.
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FIGURE 1.
Comparison of dose-dependent transfer of [3H]LOS from [3H]LOS·sCD14 to soluble
MD-2·TLR4ecd (wt [A, B] versus D299G.T399I variant [C, D]). Increasing concentrations of
[3H]LOS·sCD14 were incubated for 30 min at 37°C in PBS/0.1% HSA supplemented with
conditioned medium from HEK293T cells expressing MD-2Flag.His6 and FlagTLR4ecd (wt or
D299G.T399I variant) or from mock-transfected cells. Cocapture of [3H]LOS with ANTI-
FLAG affinity gel was measured as described in Materials and Methods. Results in A and C
show dose-dependent [3H]LOS capture after incubation of [3H]LOS·sCD14 with conditioned
medium containing MD-2·TLR4ecd (total capture) and after incubation with conditioned
medium from mock-transfected cells (non-specific [NS] capture). Specific capture [i.e.,
formation of ([3H]LOS·MD-2·TLR4ecd)2] shown in B and D was calculated as the difference
between total and non-specific capture. B and D show Scatchard analysis of this data used to
determine apparent Kd (slope) and Bmax (x-intercept). Data are from one experiment,
representative of three closely similar experiments.

Prohinar et al. Page 11

J Immunol. Author manuscript; available in PMC 2011 April 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 2.
Comparison of dose-dependent binding of [3H]LOS·MD-2 to soluble TLR4ecd (wt [A, B]
versus D299G.T399I variant [C, D]). Increasing concentrations of [3H]LOS·MD-2 were
incubated for 30 min at 37°C in PBS/0.1% HSA supplemented with conditioned medium from
HEK293T cells expressing FlagTLR4ecd (wt or D299G.T399I) or from mock-transfected cells.
Cocapture of [3H]LOS with ANTI-FLAG affinity gel was measured as described in Materials
and Methods and data were analyzed as described in the legend to Fig. 1. Data are from one
experiment, representative of three closely similar experiments.
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FIGURE 3.
Comparison of levels of TLR4 mRNA in HEK293T cells transiently transfected with full-
length and ectodomain of wt and D299G. T399I TLR4. RNA was extracted and mRNA levels
of TLR4 and GusB, a control gene, were quantified by RT-PCR as described in Materials and
Methods. Levels of TLR4 mRNA is expressed as the ratio of TLR4 copies normalized to copies
of gusB mRNA. Data are mean ± SEM of triplicate determinations.
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FIGURE 4.
Comparison of binding of [3H]LOS to HEK293T cells transiently expressing full-length wt
(●) or D299G.T399I (△) TLR4 with (A) or without (B) MD-2. Binding of [3H]LOS to
transiently transfected HEK293T cells during 30 min incubation with increasing
concentrations of [3H]LOS·sCD14 (A) or [3H] LOS·MD-2 (B) was measured as described in
Materials and Methods. The results are expressed as percent of the maximum [3H]LOS binding
measured (0.11 ± 0.02 pmol bound/5 × 106 cells in A and 0.13 ± 0.02 pmol bound per 5 ×
106 cells in B after subtraction of the dose-dependent binding of [3H]LOS to mock-transfected
cells. The results shown are the mean ± SEM of two (A) or three (B) independent experiments,
each in duplicate.
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FIGURE 5.
Comparison of dose-dependent activation by LOS·sCD14 (A) or LOS·MD-2 (B) of HEK293
T cells transiently expressing full-length wt (●) or D299G.T399I (△) TLR4 with (A) or without
(B) MD-2. Cell activation was measured as extracellular accumulation of IL-8 as described in
Materials and Methods. Results shown are expressed as the percent of maximum extracellular
IL-8—that is, IL-8 induced by treatment of the cells with 0.6 nM LOS·sCD14 (A) or LOS·MD-2
(B) [296 ± 29 pg IL-8 per 5 × 104 cells (A); 754 ± 204 pg IL-8 per 5 × 104 cells (B)]. The results
shown are the mean ± SEM of two (A) or four (B) independent experiments, each performed
in duplicate.
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