
INFECTION AND IMMUNITY,
0019-9567/98/$04.0010

Mar. 1998, p. 1174–1180 Vol. 66, No. 3

Copyright © 1998, American Society for Microbiology

Cell Activation Mediated by Glycosylphosphatidylinositol-
Anchored or Transmembrane Forms of CD14†

J. PUGIN,1 V. V. KRAVCHENKO,2 J.-D. LEE,2 L. KLINE,2 R. J. ULEVITCH,2 AND P. S. TOBIAS2*

Division of Medical Intensive Care, University Hospital, 1211 Geneva 14, Switzerland,1 and Department of
Immunology, The Scripps Research Institute, La Jolla, California 920372

Received 5 September 1997/Returned for modification 14 October 1997/Accepted 10 December 1997

CD14 is a glycosylphosphatidylinositol (GPI)-anchored membrane glycoprotein which functions as a recep-
tor on myeloid cells for ligands derived from microbial pathogens such as lipopolysaccharide (LPS). We have
studied the importance of the GPI tail of CD14 in signalling with the promonocytic cell line THP-1 express-
ing recombinant CD14 in a GPI-anchored form (THP1-wtCD14 cells) or in a transmembrane form (THP1-
tmCD14). We found that, like other GPI-anchored molecules, GPI-anchored CD14 was recovered mainly from
a Triton X-100-insoluble fraction, whereas transmembrane CD14 was fully soluble in Triton X-100. LPS
induced cell activation of THP1-wtCD14 and of THP1-tmCD14 (protein tyrosine kinase phosphorylation,
NF-kB activation, and cytokine production) in a very similar manner. However, anti-CD14 antibody-induced
cross-linking caused a rapid calcium mobilization signal only in GPI-anchored CD14 cells. Studies with
pharmacologic inhibitors of intracellular signalling events implicate phospholipase C and protein tyrosine
kinases in the genesis of this antibody-induced calcium signal. Our results suggest that GPI anchoring and
CD14 targeting to glycolipid-rich membrane microdomains are not required for LPS-mediated myeloid cell
activation. GPI anchoring may however be important for other signalling functions, such as those events
reflected by antibody cross-linking.

Proteins attached to the outer leaflet of the cell membrane
via glycosylphosphatidylinositol (GPI) anchors are often recep-
tors that mediate cell activation and/or ligand uptake (2, 9, 18).
Because such proteins lack transmembrane domains and cyto-
plasmic tails and therefore do not directly communicate with
the cell interior, there has been considerable interest in deter-
mining how this group of membrane proteins function. A num-
ber of GPI-anchored proteins are also found in soluble form in
plasma, most likely without the GPI anchor. In some cases,
after combining with ligand, these soluble receptors acquire
agonist activity after contacting cellular targets (3, 6, 12, 26).

One GPI-anchored protein, CD14, has been the focus of
considerable study, since it has a key role in host defense
responses to microbial pathogens (15, 25). CD14 is found in
two distinct forms; a 50- to 55-kDa glycoprotein present as a
GPI-anchored membrane protein on myeloid lineage cells
(MO) and a soluble serum protein lacking the GPI anchor
(37). Both forms of CD14 bind the endotoxin (lipopolysac-
charide [LPS]) of gram-negative bacteria, lipoarabinomannan
from mycobacteria, and other substances from microbial path-
ogens that include gram-positive bacteria and yeast (25). A
substantial body of data that clearly implicates GPI-anchored
CD14 in the activation of myeloid cells and soluble CD14 in
the activation of nonmyeloid cells, such as endothelial and
epithelial cells, has emerged (37).

Our previous studies demonstrated that expression of re-
combinant, GPI-anchored CD14 in cell lines such as 70Z/3 that
normally do not express CD14 markedly enhances cellular
responses to LPS and other ligands such as lipoarabinomannan
(17, 25). Such transfected cell lines have provided an oppor-
tunity to use CD14 as a model protein to investigate how

GPI-anchored proteins function in cell activation. Our findings
suggested that for LPS the primary function of CD14 is to bind
ligand and then facilitate interaction with an additional pro-
tein(s) that initiates transmembrane signalling (16, 37).

By using primary isolates of myeloid lineage cells, it was
shown by others that cross-linking of CD14 with antibody
caused elevations in intracellular Ca21 (19). In contrast, we
have shown that LPS stimulation of MO via CD14-dependent
mechanisms does not induce increased intracellular Ca21 (20).
Despite the fact that the physiologic counterpart of antibody
cross-linking of CD14 is not known, we felt this event might
provide an additional signalling pathway to investigate how
GPI-anchored proteins signal.

Here we use stably transfected cell lines derived from THP-1
cells, a human monocytic cell line (10), expressing GPI-an-
chored CD14 (THP1-wtCD14) or transmembrane CD14 (THP1-
tmCD14). We show that GPI-anchored CD14 is mostly localized
to a Triton X-100 (TX100)-insoluble fraction of the plasma
membrane, while the transmembrane form of CD14 is com-
pletely soluble in TX100. CD14 expression markedly enhances
LPS responsiveness, and both forms of CD14 supported nearly
equivalent LPS-induced cell activation. In contrast, elevation
of intracellular Ca21 by antibody cross-linking of CD14 was
observed only with THP1-wtCD14 cells.

MATERIALS AND METHODS

Cells and transfections. The monocytic THP-1 cell line was provided by
D. Altieri (The Scripps Research Institute, La Jolla, Calif.) and maintained in
low-endotoxin RPMI 1640 supplemented with 10% fetal bovine serum (Sigma),
10 mM HEPES, 2 mM L-glutamine, 50 U of penicillin per ml, and 50 mg of
streptomycin per ml (complete RPMI). The human CD14 (hCD14) cDNA was
cloned in pRc/RSV vector for expression of hCD14 with a GPI membrane
anchor. A construct encoding a transmembrane form of hCD14 containing the
transmembrane domain and cytoplasmic tail of tissue factor was used as previ-
ously described (16). To establish stably transfected THP-1 cell lines, the follow-
ing procedure was followed. Cells were pelleted by low-speed centrifugation,
washed at room temperature, and resuspended (106 cells/ml) in serum-free
RPMI 1640 containing 1 mg of human serum albumin (Miles) per ml (RPMI/
HSA). A cell suspension (700 ml) was added to a 0.4-cm-path-length sterile
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Bio-Rad electroporation cuvette and mixed with 10 mg of vector only or 10 mg of
vector containing a cDNA encoding GPI or transmembrane form of hCD14.
Transfections by electroporation were performed with the Gene Pulser appara-
tus (Bio-Rad) at 200 V and 960 mF capacitance. Immediately after electropora-
tion, 700 ml of complete RPMI (37°C) was added to the cuvette. These condi-
tions resulted in the death of .90% of the cells. Electroporated cells were then
transferred to 10 ml of complete RPMI in a T25 flask kept upright. After 48 h,
cells were pelleted and resuspended in complete RPMI containing 0.5 mg of
G418 sulfate (Gibco) per ml. About 4 weeks was necessary for stably transfected
G418-resistant clones to grow; subsequently cells were maintained in complete
RPMI supplemented with 0.5 mg of G418 per ml. Cells transfected with the
vector only were named THP1-RSV, cells expressing GPI-anchored CD14 were
named THP1-wtCD14, and cells expressing transmembrane CD14 were named
THP1-tmCD14. CD14 expression was assessed by flow cytometry (Becton Dick-
inson) as previously described (17).

Detergent solubility of CD14. Unless otherwise noted, all steps were per-
formed at 4°C. Cells (5 3 106) were removed from tissue culture flasks and
washed twice with serum-free RPMI. The washed cell pellet was maintained for
30 min in 1 ml of sulfo–N-hydroxysuccinimide–biotin (0.5 mg/ml; Pierce, Rock-
ford, Ill.) freshly dissolved in phosphate-buffered saline (PBS) containing 0.1 mM
CaCl2 and 0.1 mM MgCl2. The cells were recovered by centrifugation and mixed
with Dulbecco’s modified Eagle medium for 15 min followed by centrifugation
and two washes in PBS. The washed cells were then treated with 1 ml of TBST
(10 mM Tris-HCl, 0.15 M NaCl, 1% TX100, 1 mM phenylmethylsulfonyl fluo-
ride; pH 8.0) for 30 min, and the soluble and insoluble fractions were recovered
by centrifugation. The insoluble pellet was further treated with TBST-OG (TBST
plus 60 mM octylglucoside) for 30 min, and the soluble and insoluble fractions
were recovered by centrifugation. The soluble fractions were stored at 220°C
until further use. After thawing, each sample was precleared by mixing with 25 ml
of protein A-Sepharose beads (PrAS) previously washed four times with TBST.
After a 24-h treatment, the precleared lysates were collected by centrifugation
and mixed with PrAS that had been mixed with an immunoglobulin G (IgG)
fraction of goat anti-hCD14 serum. The precleared lysates were then mixed with
the PrAS-antibody conjugates and mixed for 3 h followed by six washes with
TBST. After these washes, the PrAS were mixed with sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer and placed in a
boiling water bath for 10 min, and after removal of the PrAS by centrifugation,
50 ml of the supernatant was subjected to SDS-PAGE followed by electrotransfer
to a nitrocellulose membrane. The presence of biotinylated hCD14 was detected
by using a peroxidase-streptavidin conjugate and an enhanced chemilumines-
cence (ECL) kit (Amersham). The resultant film was analyzed by scanning
densitometry.

Functional assays. (i) Cytokine production. The morning of the experiment,
cell lines were washed, resuspended in fresh RPMI 1640, and distributed in
microtiter plates (Costar) to obtain a final concentration of 1 3 105 to 2 3 105

cells/well (200 ml of endotoxin-free RPMI with 5% fetal bovine serum). Various
concentrations of Escherichia coli O111:B4 LPS (List Biological, Campbell,
Calif.) in RPMI/HSA were added to the wells, and cells were incubated for 6.5 h
at 37°C. At the end of incubation, conditioned media were sampled and kept
frozen at 220°C until the day of cytokine assay. Human tumor necrosis factor
alpha (TNF-a) antigen levels in conditioned media were assessed with an en-
zyme-linked immunosorbent assay (ELISA) kit (Dupont-NEN, Cambridge,
Mass.) and human interleukin 8 (IL-8) concentrations were assayed by a sand-
wich ELISA as previously described (26).

(ii) NF-kB activation. THP1-RSV, THP1-wtCD14, and THP1-tmCD14 cells
were washed, resuspended in fresh RPMI 1640 containing 5% fetal bovine serum
without G418, distributed in 48-well plates (Costar) at 1 3 106 to 1.4 3 106 cells/
ml, and maintained in the incubator for 4 to 5 h prior to the experiment. Cells
were then stimulated for various times with different concentrations of Re595
LPS (List). In some experiments, the anti-CD14 monoclonal antibody (MAb)
28C5 (provided by D. Leturcq, R. W. Johnson Pharmaceutical Research Insti-
tute, San Diego, Calif.) or the anti-CD18 MAb IB4 (provided by K. Arfors,
Pharmacia, La Jolla, Calif.) were premixed with cells 30 min prior to addition of
LPS. At the conclusion of the experiment, cells were rapidly chilled on ice,
transferred to Eppendorf tubes, pelleted, and washed two times with ice-cold
PBS, pH 7.3. Nuclear extracts were then prepared as described elsewhere (17).
Briefly, cells were lysed in a TX100-containing buffer in the presence of protease
inhibitors, and nuclei were prepared by centrifugation at 13,000 3 g for 30 s.
Nuclear proteins were extracted in a high-salt buffer (0.4 M NaCl) and used for
electrophoretic mobility shift assay (EMSA). Nuclear proteins (2.5 mg) were
added to 12 ml of a binding buffer containing 5 mM HEPES (pH 8.5), 5 mM
MgCl2, 50 mM dithiothreitol, 0.4 mg of poly(dI-dC) per ml, 0.1 mg of sonicated
double-stranded salmon sperm DNA per ml, and 10% glycerol, and 20 to 50 fmol
of 32P-labeled NF-kB oligonucleotide probe (30,000 to 50,000 cpm) (Promega)
(59-AGTTGAGGGGACTTTCCAGG-39) and incubated for 10 min at room
temperature (16). Samples were analyzed on 5% acrylamide gels made in Tris-
glycine-EDTA buffer. Electrophoresed gels were then transferred onto What-
man filter paper, dried, and subjected to autoradiography.

(iii) Calcium mobilization. The day of the assay, cells were washed, resus-
pended in RPMI/HSA at 5 3 107 cells/ml, and incubated with 5 ml of Indo-1 AM
(1 mM in dimethyl sulfoxide [Molecular Probes]) per ml of cells at 37°C for 30
min. Cells were then pelleted, resuspended in PBS containing 2 mg of HSA per

ml, and kept at room temperature until use. Continuous fluorescence measure-
ments of bound and free Indo-1 were made with an SLM 8000 photon-counting
spectrofluorometer (SLM-Aminco) or a CAF-110 spectrofluorometer (Jasco,
Tokyo, Japan) detecting at 400 and 490 nm, respectively, with an excitation
wavelength of 340 nm. Calcium mobilization was measured at 37°C as the ratio
of fluorescence intensities of emission at 400 and 490 nm. For the assay, 5 3 105

cells were suspended in 250 ml of PBS, pH 7.3, and transferred to the cuvette. To
study cross-linking of CD14, murine anti-CD14 MAb 63D3 (American Type
Culture Collection) was added to the cells at different concentrations ranging
from 1.5 to 100 mg/ml, followed by the addition of an affinity-purified F(ab9)2
fraction of a goat anti-murine IgG, specific for the Fc moiety of murine IgG
(Jackson Laboratories) at a concentration of 250 mg/ml. Other MAbs used in this
assay included anti-CD14 MAbs 28C5, 18E12 (both provided by D. Leturcq,
R. W. Johnson Pharmaceutical Research Institute, San Diego, Calif.), and MY4
(Coulter). An IgG and an F(ab9)2 fraction of goat anti-hCD14 polyclonal anti-
body were also used without a second antibody. The calcium ionophore iono-
mycin (Calbiochem, San Diego, Calif.) was used at 10 mg/ml. In some experi-
ments, LPS (up to 1 mg/ml) in the presence or absence of 1 mg of purified rabbit
LPS-binding protein per ml was also added to the cells. In some experiments,
cells were pretreated with pharmacologic inhibitors under the following condi-
tions; the phospholipase C inhibitor U73122 or its inactive analog U73343 (Cal-
biochem) was added to cells 2 min prior to addition of anti-CD14 MAb. In other
experiments, the protein tyrosine kinase inhibitor genistein or herbimycin A (20
mg/ml) was added 30 min prior to addition of anti-CD14 MAb.

(iv) Protein tyrosine phosphorylation. Cell lines were resuspended at 4 3 106

cells/ml in RPMI 1640 containing 5% fetal calf serum and kept for 2 h at 37°C
in 24-well plates (Costar) before stimulation. E. coli O111:B4 LPS (100 ng/ml) or
a hyperosmolar solution of NaCl (final concentration of 150 mosM above the
RPMI concentration) was then added to the cell suspensions and incubated for
30 min at 37°C in a CO2-enriched atmosphere. At the end of the incubation, the
mixtures of agonists plus cells were put on ice and 0.5 ml of ice-cold Tris-buffered
saline (TBS) containing 1 mM sodium orthovanadate (Na3 VO4) was added to
each well. After centrifugation at 4°C, cells were washed once with TBS-Na3 VO4
at 4°C. Cells were then resuspended in 65 ml of a lysis buffer containing TBS (pH
7.5), 2 mM EDTA, 10% glycerol, 1% TX100, and protease inhibitors and incu-
bated on ice for 15 min. Subsequently, insoluble material was removed by
microcentrifuge centrifugation at high speed for 20 min at 4°C. Proteins con-
tained in 10-ml samples of the soluble cell lysates were separated on an SDS–12%
polyacrylamide gel, transferred onto a nitrocellulose membrane (Bio-Rad), im-
munoblotted with an antiphosphotyrosine MAb (4G10 [UBI]), followed by a
goat anti-mouse IgG peroxidase conjugate antibody (Santa Cruz), and revealed
by ECL. Membranes were then treated to strip the 4G10 at 60°C for 2 h in a
solution containing 2% SDS and 3% dithioerythritol, reprobed with an anti-p38
peptide antibody followed by protein G-horseradish peroxidase (Bio-Rad), and
analyzed with the ECL kit. The remaining 55-ml samples of the cell lysates were
immunoprecipitated with anti-p38 antibody and protein G agarose beads (Pierce
Chemicals) in TBS (pH 7.5) containing 1% bovine serum albumin (Sigma) plus
0.05% Tween 20. Immunoprecipitates were then boiled in SDS sample buffer
under reducing conditions and analyzed by SDS-PAGE and Western blotting
using antiphosphotyrosine MAb 4G10 as described above for crude cell extracts.

RESULTS

Expression of GPI-anchored or transmembrane CD14 in
THP-1 cells. THP-1 cells were transfected with empty vector or
vector containing DNA encoding either GPI-anchored or
transmembrane CD14; selection of stably transfected lines was
accomplished with G418. CD14 expression measured by flow
cytometry with fluoresceinated anti-CD14 MY4 MAb revealed
expression of both GPI-anchored and transmembrane CD14
(Fig. 1). Flow cytometry histograms were superimposable
when anti-CD14 MAb 63D3, instead of MY4, was used. The
number of CD14 molecules per cell was quantified by using
125I-labeled MAb 28C5 Fab fragments; THP1-wtCD14 and
THP1-tmCD14 cells were found to express 2 3 106 and 2 3 105

CD14 molecules/cell, respectively (35a). CD14 expression was
not detected in THP-1 cells transfected with empty vector
(THP1-RSV cells) either by fluorescence-activated cell sorting
or by using radiolabeled antibodies; cell fluorescence resulting
from staining THP1-RSV cells with MY4 or an isotype control
was indistinguishable (data not shown). If THP1-RSV cells
express CD14, it is below the level detected by flow cytometry
analysis or binding of radiolabeled antibody; we estimate this
to be ,1,000 molecules of CD14/cell.

Others have shown that GPI-anchored proteins are insolu-
ble in TX100, while most integral membrane proteins are fully
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soluble in this detergent (5, 29). To characterize the two forms
of CD14 expressed by THP-1 cells, we biotinylated the surface
proteins of THP1-wtCD14 and THP1-tmCD14 cell lines,
treated the cells at 4°C with a buffer containing TX100, and
prepared a TX100-soluble (TX100s) fraction and a TX100-
insoluble (TX100i) fraction. The TX100i portion was further
extracted with a buffer containing TX100 and octylglucoside.
Aliquots of each sample were treated with protein A-Sepha-
rose containing goat anti-CD14 IgG, and the resultant immu-
nocomplexes were subjected to SDS-PAGE followed by elec-
trotransfer to a nitrocellulose membrane. The presence of
biotinylated CD14 in these fractions was visualized by staining
with peroxidase-streptavidin, and the amount of biotinylated
CD14 present in each lane was quantified by scanning densi-
tometry. Results shown in Fig. 2 indicate that the majority of
the GPI-anchored CD14 is present in a TX100i fraction of the
plasma membrane and that an additional treatment with
TX100-octylglucoside was needed to solubilize the remaining
CD14. In contrast, the integral membrane form of CD14 was
fully soluble in TX100.

Functional responses of THP1-wtCD14 and THP1-tmCD14
to LPS. We next evaluated LPS-induced NF-kB activation
and cytokine production by the three THP-1 cell lines. Var-
ious concentrations of Re595 LPS were added to THP1-RSV,
-wtCD14, and -tmCD14 cell lines, and after 60 min, nuclear
extracts were examined for the presence of NF-kB in an
EMSA. We ascertained that maximal NF-kB activation was
observed 45 to 60 min after LPS addition (data not shown).
The expression of CD14 markedly enhanced the ability of LPS
to activate NF-kB; addition of up to 250 ng of LPS per ml
resulted in weak activation of NF-kB in THP1-RSV cells, while
as little as 10 ng of LPS per ml induced a strong NF-kB
response in both lines expressing CD14 (Fig. 3a). Inclusion of
the anti-hCD14 MAb 28C5 markedly inhibited the enhanced
NF-kB activation, while the addition of IB4, an anti-CD18
MAb, was without effect (Fig. 3b). In a separate series of
experiments, various amounts of LPS were added to the three
THP-1 cell lines and after 6.5 h of culture, the supernatants
were assayed for either TNF-a or IL-8. Results shown in Fig.
4 demonstrate that expression of either form of CD14 mark-
edly enhances LPS-induced cytokine release. The IL-8 re-

sponse was consistently detectable at a lower LPS concentra-
tion than the TNF response.

Protein tyrosine phosphorylation after LPS stimulation. Ac-
tivation of intracellular kinase cascades occurs after ligation of
many cell surface receptors (4, 8, 21). We and others have
shown that LPS induces a rapid increase in tyrosine phos-
phorylation of a number of proteins including members of
the MAP kinase family such as ERK, JNK, and p38 (7, 13, 24).
Thus, we first compared protein tyrosine phosphorylation pat-
terns in whole-cell extracts of unstimulated and LPS-treated
THP-1 cell lines (Fig. 5A). These data show that LPS induced
increased tyrosine phosphorylation of a 38-kDa protein in

FIG. 1. Surface CD14 expression in THP-1 cells that were transfected with
an empty vector (THP1-RSV) or that express a GPI-anchored form of CD14
(THP1-wtCD14) or a transmembrane form of CD14 (THP1-tmCD14). Flow
cytometry of cells incubated with fluoresceinated anti-CD14 MAb MY4 was
done. Fluorescence intensity is shown on a log scale. FIG. 2. Different detergent solubilities of GPI-anchored CD14 (GPI-CD14)

or transmembrane-anchored CD14 (TM-CD14). After surface biotinylation,
THP1-wtCD14 and THP1-tmCD14 cells were treated with detergents (TX100
and octylglucoside [Octyl gluc.]) and centrifuged as indicated in the text. CD14
was immunoprecipitated, subjected to SDS-PAGE, electrotransferred to a nitro-
cellulose membrane, and detected by using streptavidin-peroxidase conjugate
and an ECL kit. The percent cell surface CD14 extracted was determined by
scanning densitometry. The positions of molecular mass standards (MW Stds)
are indicated to the left.

FIG. 3. LPS-induced NF-kB activation in THP1-RSV, THP1-wtCD14, and
THP1-tmCD14 cells. NF-kB activation was assessed by EMSA as indicated in the
text. (a) LPS dose response. (b) Effects of anti-CD14 and anti-CD18 MAb
treatments. The presence (1) or absence (2) or MAbs is indicated.
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THP1-wtCD14 or THP1-tmCD14 cells but under identical ex-
perimental conditions failed to induce this event in THP1-RSV
cells. In contrast, when all three transfected THP-1 cell lines
were exposed to increased extracellular osmolarity, protein
tyrosine phosphorylation of a 38-kDa protein was increased
(data not shown). Because of our previous studies (13) we
suspected that this 38-kDa protein was p38, a member of the
MAP kinase family. The identity of the 38-kDa protein was
determined with the use of an antiserum raised against a car-
boxy-terminal peptide of p38 (13). Both Western blots (Fig.
5B) and immunoprecipitation experiments (Fig. 5C) revealed
that the 38-kDa protein was recognized by the anti-p38 serum
and that LPS induced the tyrosine phosphorylation of p38. LPS
failed to induce tyrosine phosphorylation of proteins corre-
sponding to ERK1 and ERK2 in these experiments. However,
we did detect LPS-induced phosphorylation of proteins corre-
sponding to ERK (data not shown) when we used THP-1 cells
expressing CD14 after treatment with calcitriol (10).

Functional responses of THP1-wtCD14 and THP1-tmCD14
cells resulting from CD14 cross-linking. It has been shown by
others that antibody-induced cross-linking of CD14 on myeloid
lineage cells resulted in an elevation of intracellular Ca21 (19).
We attempted to induce similar changes in 70Z/3 cells express-
ing CD14, but cross-linking of CD14 on such cell lines failed to
induce elevations of intracellular Ca21 (data not shown). In
contrast, a preliminary study with THP-1 cells expressing high

levels of GPI-anchored CD14 after treatment with calcitriol
indicated that CD14 cross-linking induced an elevation of in-
tracellular Ca21 (26a). This observation provided the basis for
the following experiments using THP1-wtCD14 and THP1-
tmCD14 cell lines. THP1-wtCD14, -tmCD14, and -RSV cell
lines were treated with various amounts of the anti-hCD14
MAb 63D3 (primary) followed by the addition of an affinity-
purified F(ab9)2 fraction of goat anti-murine IgG (secondary)
specific for the Fc portion of murine MAb. Addition of various
amounts of the primary antibody followed by the secondary
antibody to THP1-wtCD14, but not to THP1-tmCD14 or
THP1-RSV cells, resulted in a marked elevation of intracellu-

FIG. 4. LPS-induced TNF-a and IL-8 production by THP1-RSV (E), THP1-
wtCD14 (■), and THP1-tmCD14 (Œ).

FIG. 5. LPS induced p38 tyrosine phosphorylation in THP1-wtCD14 and
THP1-tmCD14 cells. The presence (1) or absence (2) of LPS is indicated at the
top of the figure. (A) Tyrosine phosphorylation of a 38-kDa protein after LPS
treatment as assessed by phosphotyrosine immunoblotting (MAb 4G10) of cell
lysates separated by SDS-PAGE is shown. (B) The membrane shown in panel A
was treated to strip off antibodies and was reprobed with anti-p38 antipeptide
antibody (13). (C) Immunoprecipitated p38 from cell lysates is phosphorylated in
response to LPS. Phosphorylation of p38 was assessed by phosphotyrosine im-
munoblotting of the immunoprecipitated p38 as described for panel A for crude
cell lysates.
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lar Ca21 (Fig. 6). Control experiments revealed that addition
of 63D3 or the F(ab9)2 antibody separately did not induce any
changes in intracellular Ca21 (data not shown). We also de-
termined that one other anti-hCD14 MAb, 18E12, and an
F(Ab9)2 fragment of goat anti-hCD14 IgG could be substituted
for 63D3 (data not shown). This effect is not observed with all
MAbs to human CD14, since the anti-hCD14 MAbs MY4 and
28C5 do not act as agonists. All of the transfected lines re-
sponded equally well to ionomycin.

We next performed experiments with selected pharmaco-
logic inhibitors of intracellular kinases, phospholipases, or
phosphatases to investigate signalling mechanisms that might
be associated with the increase in intracellular Ca21. An in-
hibitor of phospholipase C (U73122) and its inactive analog
(U73343 [38]) and two inhibitors of protein tyrosine kinases
(genistein [1] and herbimycin [36]) were used in this series of
experiments. Pretreatment of cells with U73122 (2.5 mM) com-
pletely blocked the increase in Ca21 induced by antibody-
induced cross-linking of CD14, while an equivalent amount of
the inactive analog was without effect (Fig. 7). Likewise, pre-
treatment with the protein tyrosine kinase inhibitors genistein
(1) and herbimycin A (36) inhibited the rise in Ca21 (Fig. 8).
When we evaluated the effects of the same inhibitors on LPS-
induced NF-kB activation in THP1-wt cells, we observed that
both U73122 and herbimycin blocked LPS-induced NF-kB ac-
tivation while genistein was without effect (data not shown). A
phosphoprotein phosphatase inhibitor, okadaic acid (20 mg/
ml) (30), markedly slowed the onset and reduced the magni-
tude of cross-linking-induced Ca21 (Fig. 8). In contrast, oka-
daic acid enhanced LPS-induced NF-kB activation (data not
shown).

DISCUSSION

In this report, we describe experiments with stably trans-
fected cell lines derived from the human monocytic cell line
THP-1 that express a GPI-anchored or transmembrane form
of hCD14. GPI-anchored CD14 is localized in a TX100-insol-
uble domain, while the transmembrane form of CD14 is com-
pletely soluble in this detergent. Nevertheless, both forms of
CD14 support essentially identical levels of LPS-induced cell
activation, as evaluated by NF-kB activation, protein tyrosine
phosphorylation, and cytokine production. In contrast, in-
creased intracellular Ca21 induced by antibody cross-linking of
CD14 is favored in cells bearing GPI-anchored CD14. The
present results distinguish functions of CD14 that require the
presence of its GPI anchor from those that can be carried out
equally well with GPI-anchored or transmembrane forms of
the protein.

FIG. 6. CD14 cross-linking induces calcium mobilization only in cells ex-
pressing the GPI-anchored form of CD14. Calcium mobilization was measured
in calcium-free buffer with cells loaded with Indo-1 and expressed as the ratio of
fluorescence intensities of emission at 400 and 490 nm. Anti-CD14 MAb 63D3
(doses ranging from 1.5 to 100 mg/ml) and a secondary goat anti-mouse F(ab9)2
IgG antibody (250 mg/ml) were added to Indo-1-loaded THP1 transfectants.
Similar loading of the different cell lines was assessed by fluorescence levels
induced by treatment with ionomycin.

FIG. 7. Calcium mobilization induced by anti-CD14 antibody cross-linking in
THP1-wtCD14 cells. No inhibitor (A) or phospholipase C inhibitor U73122 (2.5
mM) (B) or inactive chemical analog U73343 (2.5 mM) (C) was added 2 min prior
to cross-linking.
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This study provides new information about the function of
GPI-anchored proteins using CD14 as a model. Previously a
number of independent studies have shown that GPI-anchored
proteins are localized to subdomains of the plasma membrane
enriched in glycosphingolipids and cholesterol (5, 14, 32).
Characteristically, proteins localized to these domains are in-
soluble in TX100, while in contrast, integral membrane pro-
teins are fully TX100 soluble (5). Our findings are consistent
with this; GPI-anchored CD14 was found to be largely TX100
insoluble, while the transmembrane form of CD14 was com-
pletely solubilized by treatment under identical extraction
conditions. Until recently, detergent insolubility was used as
evidence to support localization in plasma membrane invagi-
nations named caveolae (18). However, recent evidence sug-
gests that this is not the case (22) but that following antibody-
induced cross-linking, GPI-anchored proteins can move to

caveola-like structures. Whether ligand binding to a GPI-an-
chored protein induces a similar redistribution has not yet
been determined. Moreover, some cell types appear to lack
caveolae but still express GPI-anchored proteins (11). Other
studies have compared the function of proteins that are nor-
mally GPI anchored by converting such proteins to integral
membrane proteins and expressing both forms following trans-
fection or by using transgenic mice (27, 28, 31, 34, 35). These
studies have utilized T cells or T-cell lines. In each case, cell
activation was measured after antibody-induced cross-linking,
and in all the previous studies but one (27), it was found that
only the GPI-anchored form of the protein supported cell
activation. The transmembrane forms of proteins investigated
in these studies failed to support early cell activation events
such as increased protein tyrosine phosphorylation as well as
later events such as IL-2 production. It has been shown that
tyrosine kinases of the Src family appear to be associated with
detergent-insoluble domains, suggesting that these subdo-
mains of the membrane may be involved in transmembrane
signalling or other specialized cell functions (29, 31, 33), al-
though this involvement is by no means certain (23). The loss
of function associated with conversion to a transmembrane
protein may result from uncoupling of such interactions.

In contrast, our previous study with CD14 using the murine
pre-B cell line 70Z/3 showed that GPI-anchored CD14 and
transmembrane CD14 support essentially equal levels of cell
activation including protein tyrosine phosphorylation (16).
However, we were unable to use a 70Z/3 cell line expressing
CD14 to study the effects of antibody cross-linking, since we
could not detect signals generated following cross-linking of
CD14. Of interest are observations that GPI-anchored CD14
in 70Z/3 cell lines is associated with TX100-insoluble mem-
brane fractions (data not shown). The THP-1 cell line proved
to be a useful line to study cross-linking-induced changes in
intracellular Ca21. At this time, we cannot provide an expla-
nation for differences between CD14-positive THP-1 and
70Z/3 cell lines. Presumably, they result from differences in the
availability of important accessory molecules required to gen-
erate the increased intracellular Ca21 signal following CD14
cross-linking. In order to generate increased intracellular Ca21

following cross-linking of GPI-anchored CD14, interactions of
a variety of intracellular proteins may be required. However,
we cannot rule out the possibility that the lower CD14 expres-
sion in THP1-tmCD14 cells was not responsible for the lack of
Ca21 mobilization. In this study, using pharmacologic inhibi-
tors, we have implicated several potential classes of intracel-
lular signalling molecules: protein tyrosine kinase(s), phospho-
protein phosphatases, and phospholipase(s) C. Whether such
proteins are associated with detergent-insoluble microdomains
together with CD14 remains to be determined. Finally, our
data indicate that GPI and transmembrane forms of CD14 are
targeted to different membrane subdomains (GPI and trans-
membrane domains, respectively). This might be irrelevant for
CD14 signalling function but may profoundly affect CD14
cross-linking-induced Ca21 mobilization.
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FIG. 8. Effects of inhibitors on calcium mobilization induced by anti-CD14
antibody cross-linking in THP1-wtCD14 cells. No inhibitor (A) or genistein (20
mg/ml) (B), herbimycin A (20 mg/ml) (C), or okadaic acid (20 mg/ml) (D) was
added 30 min prior to anti-CD14 MAb.
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