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The purpose of this study was to identify the functional significance of the binding of soluble CD14 (sCD14)
to bacterial peptidoglycan (PGN) and to compare the structural requirements of sCD14 for the binding to PGN
and lipopolysaccharide (LPS) and for sCD14-mediated enhancement of PGN- and LPS-induced cell responses.
sCD14 did not facilitate the responses of membrane CD14 (mCD14)-negative pre-B 70Z/3 cells to PGN,
although it facilitated the responses of these cells to LPS and although mCD14 facilitated the responses of
70Z/3 cells to PGN. sCD14 enhanced mCD14-mediated cell activation by both PGN and LPS, but only the
responses to LPS, and not to PGN, were enhanced by LPS-binding protein. Four 4- or 5-amino-acid-long
sequences within the 65-amino-acid N-terminal region of sCD14 were needed for binding to both PGN and LPS
and for enhancement of cell activation by both PGN and LPS. However, deletions of individual sequences had
different effects on the ability of sCD14 to bind to PGN and to LPS and on the ability to enhance the responses
to PGN and to LPS. Thus, there are different structural requirements of sCD14 for binding to PGN and to LPS
and for the enhancement of PGN- and LPS-induced cell activation.

Peptidoglycan (PGN), the major constituent of the cell walls
of gram-positive bacteria, can reproduce major clinical mani-
festations of bacterial infections, including fever, inflamma-
tion, hypotension, leukocytosis, sleepiness, decreased appetite,
malaise, and arthritis (5, 6), through the activation of macro-
phages and stimulation of secretion of mediators of inflamma-
tion, primarily cytokines and chemokines (5, 6, 21). The first
step in macrophage activation by PGN is the binding of PGN
to its specific receptor, membrane CD14 (mCD14) (4-7, 22,
23). mCD14 is a pattern recognition receptor; i.e., it also serves
as the receptor for other bacterial macrophage activators, pri-
marily lipopolysaccharide (LPS) or endotoxin from gram-neg-
ative bacteria, and also lipoteichoic acid from gram-positive
bacteria, lipoproteins from spirochetes, lipoarabinomannan
from mycobacteria, and others (5, 6). However, mCD14 is a
glycosylphosphatidylinositol-linked rather than a transmem-
brane molecule, and mCD14 by itself probably cannot transmit
the activating signal into the cell. Therefore, the second step in
macrophage activation by PGN is transmission of the activat-
ing signal from the receptor into the cell, which most likely
occurs through the Toll-like receptor-2 (13, 15, 25).

Soluble CD14 (sCD14) lacks the glycosylphosphatidylinosi-
tol anchor but has the same amino acid sequence as mCD14
and is present in normal human serum at 4 to 6 pg/ml (5, 6).
Serum also contains an acute-phase protein, LPS-binding pro-
tein (LBP), which facilitates the binding of LPS to CD14 by
catalytically transferring monomeric LPS from LPS aggregates
onto mCD14 or sCD14 molecules. Therefore, LBP greatly
enhances CD14-mediated responses to LPS (9, 17, 18, 24, 26).

Although both PGN and LPS bind to CD14 and activate
cells through CD14, there are several differences in the func-
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tion of CD14 as the PGN and LPS receptor. First, LBP en-
hances CD14-mediated cell activation by LPS but not by PGN
(7, 22). Second, LBP increases the affinity of binding of LPS,
but not of PGN, to CD14 (4). Third, the binding sites for PGN
and LPS on CD14 and the sites needed for cell activation are
partially different (4, 7). Fourth, PGN and LPS induce differ-
ential activation of mitogen-activated protein kinases (3) and
induce different patterns of gene activation (21). And fifth,
sCD14-LPS complexes activate mCD14-negative endothelial
and epithelial cells, whereas sCD14-PGN complexes do not
(10).

The reason for the unresponsiveness of these mCD14-neg-
ative cells to sCD14-PGN complexes is unknown (10), al-
though sCD14 binds to PGN with high affinity (K, = 25 nM)
and forms stable complexes with PGN at an approximately 1:1
molar ratio (4, 23). Nonmyeloid cells are also unresponsive to
PGN when they are transfected with and express mCD14, even
though these cells are fully responsive to LPS through mCD14
or sCD14 (10). By contrast, lymphoid and monocytic cells
expressing mCD14 are responsive to PGN (7, 10).

Therefore, the first aim of our current study was to deter-
mine if SCD14-PGN complexes activate mCD14-negative lym-
phoid cells. Because we found here that sCD14-PGN com-
plexes do not activate CD14-negative lymphoid cells, the
functional significance of sCD14-PGN binding still remained
unknown. However, in addition to facilitating activation of
mCD14-negative cells by LPS, sCD14 has another function;
i.e., sCD14 enhances mCD14-mediated cell activation by LPS
by binding LPS and then by transferring LPS to mCD14 (9).
Therefore, the second aim of this study was to determine if
sCD14 enhances mCD14-mediated cell activation by PGN.
Because different regions of sCD14 and of mCD14 are impor-
tant for LPS binding and cell activation (4, 7, 19, 20), and also
because different regions of mCD14 are important for PGN-
and LPS-induced cell activation (7), the third aim of this study
was to compare the regions of sCD14 involved in sCD14-
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mediated enhancement of cell activation by PGN and LPS and
binding to PGN and LPS. Because LBP increases low-affinity
binding of PGN to CD14 (4), our fourth aim was to determine
if LBP had any effect on mCD14- and sCD14-mediated cell
activation by PGN.

MATERIALS AND METHODS

Materials. Polymeric non-cross-linked soluble PGN (PGN) was purified by
vancomycin affinity chromatography and analyzed as before (12). PGN contained
<24 pg of endotoxin/mg, as determined by the Limulus lysate assay (12). LPS
from Salmonella enterica serovar Minnesota Re 595 (a minimal, naturally occur-
ring endotoxic structure of LPS), obtained by phenol-chloroform-petroleum
ether extraction, was purchased from Sigma, and its purity was analyzed as
described before (2).

Recombinant human full-length wild-type (wt) sCD14 (residues 1 to 323),
containing at the C terminus an affinity tag of six histidines, was expressed in a
baculovirus system, affinity purified on nickel-agarose, and analyzed as described
previously (20). sCD14 deletion mutants, lacking one (DDED, PQPD, DPRQY,
AVEVE), two (DDED + PQPD), or all four (QUAD) indicated 4- to 5-amino-
acid-long regions within the N-terminal 65 amino acids (see Fig. 1), were con-
structed, expressed, and purified as described (20). Recombinant human LBP
was the same as before (4). The endotoxin content of sCD14 and LBP prepa-
rations was <1 pg/pg, determined by the Limulus lysate assay.

Cells and activation of NF-kB. Untransfected mouse 70Z/3 immature B cells
and stable transfectants of 70Z/3 cells, expressing glycosylphosphatidylinositol-
linked full-length human mCD14 obtained as described before (7), were cultured
in RPMI 1640 with 10 mM HEPES and 7.5% fetal calf serum and, for 70Z/3-
CD14 transfectants, with the addition of 1 mg of G418/ml (7). The expression of
CD14 was verified by flow cytometry (7). Before stimulation, cells were washed
three times with RPMI 1640 (without serum) at 37°C, suspended in RPMI 1640
with 10 mM HEPES at 3 X 10° cells/ml, dispensed in 0.3-ml aliquots into wells
of 48-well tissue culture plates, and incubated for 30 min at 37°C in 5% CO,.
Stimulants (PGN or LPS) were mixed with sCD14 (wt or mutants) with or
without LBP in RPMI 1640 (as indicated in Results), incubated at 37°C in 5%
CO, for 1 h, and added to cell cultures to yield the following final concentrations:
PGN, 15 pg/ml for 70Z/3 cells or 4 pg/ml for 70Z/3-CD14 transfectants; LPS, 100
ng/ml for 70Z/3 cells or 10 ng/ml for 70Z/3-CD14 transfectants; sCD14 (wt or
mutants), 10 wg/ml; and LBP, 0.2 pg/ml. Cells were left unstimulated (control)
or were stimulated with PGN for 90 min (70Z/3) or 60 min (70Z/3-CD14), or
with LPS for 45 min (70Z/3) or 30 min (70Z/3-CD14) (optimum times) and were
harvested, and nuclear extracts were prepared as previously described (7). Ac-
tivation of NF-«kB in the nuclear extracts was determined by the electrophoretic
mobility shift assay as described (7). The NF-«kB bands on autoradiograms were
quantified using Kodak Digital Science Image Station 440CF and the Image
Analysis Software 3.0. The results were then normalized to unstimulated groups
(which equaled 1 arbitrary unit) and expressed as means * ranges or standard
errors (SE).

Inhibition of binding of 3>P-sCD14 to PGN-agarose and LPS-agarose. Full-
length human sCD14 (wt), containing at the C terminus a phosphorylation site
for protein kinase A (16), was labeled with 3P (4), and the binding of **P-sCD14
to PGN-agarose or LPS (from S. enterica serovar Minnesota Re 595)-agarose in
the absence or presence of increasing concentrations (0.2 to 200 pg/ml) of sCD14
(wt or deletion mutants) and with or without 1 pg of LBP/ml was determined as
previously described (4). The 50% inhibitory concentrations (ICs,) were calcu-
lated using a logarithmic curve fit generated by SigmaPlot software (Jandel
Scientific, San Rafael, Calif.).

RESULTS

70Z/3 cells are unresponsive to sCD14-PGN complexes. To
test whether sCD14-PGN complexes activate mCD14-negative
cells of lymphoid origin, we selected 70Z/3 immature mouse B
cells, because when transfected with mCD14, 70Z/3 cells (sim-
ilarly to human monocytes) become fully responsive to PGN in
a CD14-dependent manner (7). The experiments were done in
serum-free medium on cells washed before the assay to avoid
interference from sCD14 and LBP contained in the serum or
CD14 released from CD14 transfectants during culture.

sCD14-PGN complexes did not activate NF-kB in 70Z/3
cells, regardless of the presence of LBP (Fig. 1). Increasing the
concentration of PGN (up to 30 wg/ml) and the time of incu-
bation with cells (up to 3 h) still did not activate NF-«kB in
70Z/3 cells (data not shown). By contrast, as expected, sCD14-
LPS complexes activated NF-kB in 70Z/3 cells, and this acti-
vation was greatly enhanced by LBP (Fig. 1).
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We have previously found that various CD14 deletion mu-
tants were either fully responsive, partially responsive, or un-
responsive to PGN and LPS, and these deletion mutants also
showed unchanged, decreased, increased, or abolished binding
to PGN and LPS (7, 19, 20, and this paper below). Moreover,
the responsiveness and binding of different deletion mutants
were different for PGN and LPS (7, and this paper below), and
the behavior of sCD14 and mCD14 mutants was also different
(20).

One possibility for the unresponsiveness of 70Z/3 cells to
sCD14-PGN complexes might have been a too high or a too
low affinity of binding of PGN to sCD14. Therefore, we wanted
to test if sSCD14 deletion mutants (which had different affinities
for PGN, see below) facilitated the responses of 70Z/3 cells to
PGN. However, none of the deletion mutants (despite their
various abilities to bind to PGN, see below) facilitated the
response of 70Z/3 cells to PGN, regardless of the presence of
LBP (Fig. 1). By contrast, in the absence of LBP, two deletion
mutants (DDED and DPRQY) facilitated the responses of
70Z/3 cells to LPS, although they were much less effective than
wt sCD14 (Fig. 1). LBP enhanced LPS-induced activation by
DDED, PQPD, and DPRQY deletion mutants, and in the
presence of LBP, the DPRQY deletion mutant was as active as
wt sCD14 (Fig. 1). LBP by itself (without sCD14) did not
facilitate the response of 70Z/3 cells to LPS (Fig. 1). Neither
LBP alone nor any of the sCD14 preparations alone without or
with LBP activated NF-kB in 70Z/3 cells (Fig. 1).

The responsiveness of 70Z/3-CD14 transfectants to PGN is
enhanced by sCD14. To test the hypothesis that sCD14 and/or
LBP enhance mCD14-mediated cell activation by PGN, we
selected 70Z/3-CD14 transfectants, because their responsive-
ness to PGN, similar to the responsiveness of human mono-
cytes (22), is almost completely CD14 dependent (7).

PGN activated NF-kB in 70Z/3-CD14 transfectants in se-
rum-free medium, and LBP had no effect on mCD14-mediated
cell activation by PGN (Fig. 2), confirming our previous results
(7) that in 70Z/3 cells expression of mCD14 alone is sufficient
for NF-kB activation. By contrast, as expected, LPS alone (at
a low concentration of 10 ng/ml) induced very weak activation
of NF-kB in 70Z/3-CD14 transfectants in serum-free medium,
but this activation was greatly enhanced by LBP (Fig. 2).

sCD14 (wt) enhanced mCD14-mediated activation of NF-«kB
by PGN, and LBP had no effect on this enhancement (Fig. 2).
sCD14 (wt), as expected, also enhanced mCD14-mediated ac-
tivation of NF-kB by LPS, but in contrast to PGN, this sCD14
enhancement of LPS response was further potentiated by LBP
(Fig. 2).

Because in our previous studies deletions of four different
regions in the N-terminal sequence of mCD14 had different
effects on PGN- and LPS-induced cell activation (7), and be-
cause structural requirements of sSCD14 and mCD14 for LPS-
induced cell activation are not identical (20), we next tested the
effects of the same four deletions on the capacity of sCD14 to
enhance mCD14-mediated responses.

All single-deletion sCD14 mutants and the double-deletion
mutant could still enhance mCD14-mediated cell activation by
PGN, and some mutants (DDED, DPRQY, and DDED +
PQPD) had activity similar to that of the wt sCD14. However,
two other mutants (PQPD and AVEVE) had their enhancing
activity diminished by 70% and 25%, respectively (Fig. 2).
LPS-induced activation was enhanced by the DDED, DPRQY,
and PQPD sCD14 deletion mutants to the same extent as by
the wt sCD14. However, the enhancing activities on LPS re-
sponses of the double DDED + PQPD deletion mutant and
single AVEVE deletion mutant were diminished by more than
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FIG. 1. sCD14-PGN and sCD14 deletion mutant-PGN complexes, in contrast to sCD14-LPS complexes, do not activate 70Z/3 cells. 70Z/3 cells were incubated in
serum-free medium alone or with 10 pg of wt sCD14/ml or 10 pg of sCD14/ml from which the amino acids in the N-terminal region indicated in bold type in brackets
were deleted, with or without 0.2 pg of LBP/ml and with or without 15 wg of PGN/ml or 100 ng of LPS/ml, as indicated. Activation of NF-kB in nuclear extracts was
determined by the electrophoretic mobility shift assay. Autoradiograms from one out of two similar experiments are shown on the left, and the quantified results
(average of two experiments *+ range) are shown as bar graphs on the right. Nil, no addition.
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FIG. 2. Responsiveness of 70Z/3-CD14 transfectants to PGN is enhanced by sCD14 and sCD14 deletion mutants. 70Z/3-CD14 transfectants were incubated in
serum-free medium alone or with 10 pg of wt sCD14/ml or 10 pg of sCD14/ml from which the amino acids in the N-terminal region indicated in bold type in brackets
were deleted, with or without 0.2 pg of LBP/ml and with or without 4 ug of PGN/ml or 10 ng of LPS/ml, as indicated. Activation of NF-kB in nuclear extracts was
determined by the electrophoretic mobility shift assay. Autoradiograms from one out of four similar experiments are shown on the left, and the quantified results
(average of four experiments = SE) are shown as bar graphs on the right. Nil, no addition.
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TABLE 1. Inhibition of **P-sCD14 binding to PGN-agarose and LPS-agarose by sCD14 deletion mutants*

ICsq (ng/ml) of:

Inhibitor PGN-agarose LPS-agarose

No LBP + LBP No LBP + LBP
sCD14 (wt) 82+19 55*09 56.1 £ 12 0.66 = 0.2
DDED 6302 49 =09 48.3 = 8.6 11.2 =37
PQPD 149 =32 15.8 £ 0.7 >300 346 £5.7
DDED + PQPD 9.0 2.6 17.4 = 4.0 >300 188 =55
DPRQY 33472 329 £5.0 enhanced 4.7x? enhanced 1.5%?
AVEVE 43.6 = 13 70.3 =21 enhanced 1.9x? >1,000
QUAD >1,000 >1,000 >1,000 >1,000

“ Inhibition of binding of **P-sCD14 to PGN-agarose and LPS-agarose by various concentrations of the indicated unlabeled sCD14 wt or deletion mutants, with or
without 1 wg of LBP/ml, was measured, and the 1Cs, was calculated based on a logarithmic curve fit. The results are means of three experiments = SE.
® Binding of 3P-sCD14 to LPS-agarose was increased with the addition of some unlabeled sCD14 deletion mutants. The maximum fold enhancement, which was

seen at 20 pg/ml, is shown.

80% (Fig. 2). The quadruple sCD14 deletion mutant had no
effect on PGN- and LPS-induced responses.

LBP had no effect on the activity of sCD14 mutants (similar
to that on wt sCD14) in PGN-induced responses (Fig. 2).
However, LBP further potentiated the enhancing effect of the
DDED and DPRQY deletion mutants on the LPS-induced
responses and had no effect on the responses induced by other
deletion mutants (or this effect was not greater than the en-
hancing effect of LBP alone on mCD14-mediated responses)
(Fig. 2). Neither LBP alone nor any of the sCD14 preparations
alone without or with LBP activated NF-kB in 70Z/3-CD14
transfectants (Fig. 2).

These results demonstrate that sCD14 enhances mCD14-
mediated responses to both PGN and LPS and that individual
deletions have different effects on the enhancing activity of
sCD14 for PGN- and LPS-induced responses.

Differential binding of sCD14 deletion mutants to PGN and
LPS. Because the requirements for specific sequences needed
for LPS binding and cell activation through mCD14 were dif-
ferent (7, 19), we then wanted to determine whether the
changes in the enhancing activity of the sCD14 mutants were
due to the changes in their binding capacity for PGN and LPS.
To answer this question, the binding of sSCD14 and all deletion
mutants to PGN and LPS was compared by measuring their
ICs,, for the binding of **P-sCD14 (wt) to PGN and LPS in the
absence and presence of LBP.

Wild-type sCD14 and the DDED, PQPD, and DDED +
PQPD deletion mutants showed essentially similar binding to
PGN, consistent with the high-affinity sCD14 (wt) binding that
was demonstrated before (4), whereas DPRQY and AVEVE
deletion mutants showed 3 to 4 times lower binding, as mea-
sured by their ICs, for >*P-sCD14 (wt) binding (Table 1). This
binding of wt sCD14 or sCD14 deletion mutants to PGN was
not significantly enhanced by LBP. The quadruple mutant
showed no binding to PGN (ICs, > 1,000 pg/ml).

The ICs, of sCD14 (wt) for **P-sCD14 binding to LPS (with-
out LBP) was seven times higher than for PGN, confirming the
lower affinity of sCD14 (wt) for LPS than for PGN in the
absence of LBP (4). However, in the presence of LBP, the ICs,,
of sCD14 (wt) binding to LPS was 85 times enhanced by LBP,
confirming higher affinity of binding of sCD14 (wt) to LPS than
to PGN in the presence of LBP (Table 1) (4). The IC,, of
binding of the sCD14 DDED deletion mutant to LPS (without
LBP) was similar to the ICs,, of sCD14 (wt), but the binding of
the DDED mutant was much less enhanced by LBP than that
of sCD14 (wt). The ICs, of the PQPD, DDED + PQPD, and
QUAD mutants (without LBP) were very high, indicating very

poor binding or no binding to LPS (Table 1). The binding of
the POQPD and DDED + PQPD mutants (but not of the
QUAD mutant) to LPS was enhanced by LBP. The DPRQY
and AVEVE mutants not only did not inhibit the binding of
32P-sCD14 (wt) to LPS (without LBP) but enhanced this bind-
ing, suggesting that they either form aggregates with *?P-
sCD14 (wt) and LPS or enhance transfer of **P-sCD14 (wt)
onto LPS. This enhancing effect was reduced by LBP.

DISCUSSION

Our results demonstrate that (i) sSCD14 does not facilitate
the responses of mCD14-negative lymphoid cells to PGN, (ii)
sCD14 enhances mCD14-mediated cell activation by PGN,
(iii) this enhancement is not influenced by LBP, and (iv) four
4- to 5-amino-acid-long sequences within the 65-amino-acid
N-terminal region of sCD14 are needed for this enhancing
activity. By contrast, sCD14 both facilitates the responses of
the same mCD14-negative cells to LPS and enhances mCD14-
mediated cell activation by LPS, and both of these activities of
LPS and sCD14 are greatly enhanced by LBP. Our results also
demonstrate different structural requirements of sCD14 for
the binding to PGN and LPS and also for the enhancement of
cell activation by PGN and LPS.

These results extend previous findings (10) by showing that
lymphoid cells, which are responsive to PGN when transfected
with mCD14 (7), are still unresponsive to sCD14-PGN com-
plexes. Although the reason for this unresponsiveness is not
clear, the main function of sCD14-PGN complexes in vivo
could be enhancement of the responses of mCD14-positive
cells to PGN.

The structural requirements of sCD14 and mCD14 for the
enhancement (through sCD14) or induction (through mCD14)
of NF-kB responses by PGN and for the binding of sCD14 to
PGN are similar: all four deletions (DDED, PQPD, DPRQY,
and AVEVE) are needed to totally abolish both responses and
the binding, and the same single or double deletions (DDED,
DPRQY, and DDED + PQPD) have little effect on the activ-
ities of either sCD14 or mCD14, whereas other deletions
(AVEVE and PQPD) have only a partial effect (Table 2).

The same four sequences are also important for sCD14-
mediated or mCD14-mediated enhancement or induction of
NF-«B responses by LPS and for the binding of sCD14 to LPS,
because deletion of all four sequences totally abolished all LPS
responses and binding (Table 2). However, the roles of specific
sequences in the responsiveness to PGN and LPS are different,
because, in contrast to PGN, the single AVEVE deletion or



VoL. 68, 2000

SOLUBLE CD14 ENHANCEMENT OF RESPONSES TO PEPTIDOGLYCAN 5259

TABLE 2. Comparison of binding and activity of mCD14 and sCD14 deletion mutants towards PGN and LPS*

PGN

LPS

Inhibition of Enhancement by

Activation

Enhancement by

Inhibition of 32P- Activation

32p-sCD14 Activation  sCD14 through et Activation  sCD14 through
CD14 binding when  through  mCD14 Whegn th}fough sCDI4  sCDI4 binding — “prouon  mepi4 Whei through sCDI14
LBP was: mCD14 LBP was: when LBP was: when LBP was: mCD14 LBP was: when LBP was:
_— 7 7
Absent Present @ Absent Present Absent Present Absent Present @ Absent Present Absent Present
Wild type +++  FH++ e+ 4+ - -+ +H+++ ++++ A+ A+
DDED +++ 4+ A+ e+ 4+ - -+ ++ +++ ++  ++++ o+ ++
PQPD ++ 4+ + + + - - - + - 4+ ++ - ++
DDED + PQPD +++ ++ +++ ++  ++ - - - +/- - +/— /- - -
DPRQY + + +++ ++ 4+ - - 110 T o4+ 4+ o+t + o+t
AVEVE + + + + + - - 1 - - +/— /- - -
QUAD - - - - - - - - - = - - - -

“ Data are from this study and from reference 7, where the activity and binding of PGN and LPS were compared simultaneously in the same assays. The binding,
activation, or enhancement of activation were graded from the greatest (++++) to the lowest (+), borderline (+/—), or none (—); for quantitative results see Fig.
1 and 2, Table 1, and reference 7. Data on the binding to LPS and activation by LPS from other studies, which used different assay systems and in which PGN was not

tested together with LPS, are described in Discussion.
1, enhancement of 3?P-sCD14 binding (see Table 1).

double DDED + PQPD deletion completely or almost com-
pletely abolished the binding of sCD14 to LPS and the activity
of mCD14 or sCD14 for both LPS responses, whereas they had
almost no effect (double DDED + PQPD deletion) or much
less effect (AVEVE deletion) on the activity and binding to
PGN. Another difference between PGN and LPS is the effect
of LBP: all LPS, but not PGN, responses and high-affinity
binding are enhanced by LBP (Table 2).

Whereas our current and previous (7) results demonstrate
similar effects of deletions on the binding and activity of sCD14
and mCD14 towards PGN (as described above), our current
and previous (7, 19, 20) results demonstrate different behavior
of mCD14 and sCD14 deletion mutants towards LPS (Table
2). All mCD14 single- or double-deletion mutants expressed in
CHO cells lost their serum-dependent high-affinity binding of
3H-LPS (19), whereas most sCD14 mutants (except DPRQY)
retained binding of soluble LPS (20) but had impaired binding
or lost their binding to solid-phase-bound LPS (Table 1).
Moreover, in the enzyme-linked immunosorbent assay (ELISA)
and fluorescence assays (20), the sCD14 DDED + PQPD
double-deletion mutant bound LPS several times better than
the wt sCD14, whereas in this study (inhibition of wt sCD14
binding to solid-phase LPS), the same double-deletion mutant
showed much poorer binding than the wt sCD14 (Table 1).
Some other mutants (DPRQY and AVEVE), which showed
good LPS binding in the ELISA and fluorescence assays (20),
not only did not inhibit binding of labeled wt sCD14 to LPS but
enhanced its binding (Table 1), suggesting that they form ag-
gregates with LPS and sCD14. LPS seemed to have been re-
quired for this aggregation, because the same mutants showed
good inhibition of wt sCD14 binding to solid-phase PGN (rath-
er than the enhancement seen with LPS [Table 1]).

The reasons for these differences in binding are not clear,
but they may be related to several factors, such as the ability of
these different assays to detect different affinities of binding,
the requirement for LBP in the cell-binding assay (19), the
absence of LBP in the assays for the binding of soluble LPS to
sCD14 (20), or different structural requirements of sCD14 for
the binding to different forms of LPS (monomeric, aggregated,
or solid-phase bound) under different conditions (in solution,
solid-phase-bound sCD14, membrane-bound CD14, or sCD14
mutants competing for the binding of wt sCD14). The last
possibility seems to be supported by results showing that in the
ELISA with biotinylated PGN, similar to the assay in which the

DDED + PQPD double-deletion mutant showed better bind-
ing to LPS than wt sCD14 (20), the DDED + PQPD double-
deletion mutant and DDED single-deletion mutant also
showed higher binding to PGN than the wt sCD14 (S. Viriya-
kosol, T. N. Kirkland, and R. Dziarski, unpublished data).
These differences in the behavior of various sCD14 mutants
towards LPS are less apparent in the functional assays than in
the binding assays discussed above, because similar sCD14
mutants are active in the assays for activation of U373 (20) and
70Z/3 (this study) cells, although the 70Z/3 cells seem to be
more responsive than the U373 cells.

Our results further support the notion that the binding sites
for LPS (1, 11, 14) and PGN (4-6) on CD14 are conforma-
tional. The sequences that are common and most critical for
CD14 binding to both LPS and PGN and for cell activation are
amino acids 35 to 39 (AVEVE deletion) and amino acids 51 to
64 (the site of deletion of amino acids 59 to 63 [DPRQY] and
the binding site of anti-CD14 monoclonal antibody [MADb]
MEM-18), because AVEVE is the single deletion that has the
greatest effect on the binding and activation by both PGN and
LPS (7, 19) and because anti-CD14 MAb MEM-18 is most
efficient in inhibiting CD14 binding both to LPS (by over 95%)
and to PGN (by over 80%) (4) and in inhibiting cell activation
by both LPS and PGN (5, 6). Similarly, alanine substitutions
revealed that the LPS-binding region is located between amino
acid 39 and 44, whereas [A9-13lmCD14 (the site of our
DDED deletion), as well as [A57, A59, A61-63lmCD14 (the
site of our DPRQY deletion) are still able to bind LPS and to
activate transfected CHO cells (14), which is consistent with
our results (Table 2).

These two regions, however, may not be sufficient for bind-
ing of LPS and PGN, because MAbs specific to other regions
of CD14 or deletions in other regions of CD14 also partially or
almost totally inhibit binding to LPS, and to a lesser extent to
PGN, and cell activation by LPS and PGN (4, 7, 14). However,
these other sequences that contribute to LPS and PGN binding
and cell activation are at least partially different, because there
are other anti-CD14 MADs (directed to more N-terminal re-
gions of CD14) (4) or other deletions (Table 2) that inhibit
LPS binding but not PGN binding, and one MAD (directed to
a more C-terminal region of CD14) that inhibits PGN binding
but not LPS binding (4).

These results also show that wt CD14 is the most versatile
molecule, whereas various deletion mutants are not as versatile
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as the wt CD14 and function well only in some assays with
some ligands. Specific mutations affect different aspects of
CD14 functions in various ways, causing more or less severe
changes in the function depending on the assay system and the
ligand or activator, and this effect is especially evident with
LPS but not as much with PGN. Moreover, the differences
between the functions of sSCD14 and mCD14 may not be due
entirely to different behavior of the soluble and membrane
forms of CD14 but may also depend on the cell type; i.e., in
lymphoid cells stimulated with LPS, sCD14 mutants behave
more similarly to the mCD14 mutants (7 and Fig. 2). There-
fore, the behavior of sCD14 and mCD14 depends on the ligand
(e.g., LPS versus PGN), the form of the ligand (soluble versus
solid-phase bound), the presence of soluble accessory mole-
cules (LBP), the cell type, and the form of CD14 (soluble
versus membrane).
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