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Studies were undertaken to examine hepatocyte CD14 expression during endotoxemia. Our results show that
lipopolysaccharide (LPS) treatment in vivo caused a marked upregulation in CD14 mRNA and protein levels
in rat hepatocytes. Detectable increases in mRNA were seen as early as 1.5 h after LPS treatment; these
increases peaked at 20-fold by 3 h and returned to baseline levels by 24 h. In situ hybridization localized the
CD14 mRNA expression to hepatocytes both in vitro and in vivo. Increases in hepatic CD14 protein levels were
detectable by 3 h and peaked at 12 h. Hepatocytes from LPS-treated animals expressed greater amounts of
cell-associated CD14 protein, and more of the soluble CD14 was released by hepatocytes from LPS-treated rats
in vitro. The increases in hepatocyte CD14 expression during endotoxemia occurred in parallel to increases of
CD14 levels in plasma. To provide molecular identification of the hepatocyte CD14, we cloned the rat liver
CD14 cDNA. The longest clone consists of a 1,591-bp insert containing a 1,116-bp open reading frame. The
deduced amino acid sequence is 372 amino acids long, has 81.8 and 62.8% homology to the amino acid
sequences of mouse and human CD14, respectively, and is identical to the rat macrophage CD14. The
expressed CD14 protein from this clone was functional, as indicated by NF-kB activation in response to LPS
and fluorescein isothiocyanate-LPS binding in CHO cells stably transfected with rat CD14. A nuclear run-on
assay showed that CD14 transcription rates were significantly increased in hepatocytes from LPS-treated
animals, indicating that the upregulation in CD14 mRNA levels observed in rat hepatocytes after LPS
treatment is dependent, in part, on increased transcription. In vitro and in vivo experiments indicated that
interleukin-13 and/or tumor necrosis factor o participate in the upregulation of CD14 mRNA levels in
hepatocytes. Our data indicate that hepatocytes express CD14 and that hepatocyte CD14 mRNA and protein
levels increase rapidly during endotoxemia. Our observations also support the idea that soluble CD14 is an

acute-phase protein and that hepatocytes could be a source for soluble CD14 production.

Sepsis due to gram-negative bacterial infection remains a
major cause of mortality. Gram-negative bacteria release en-
dotoxins (lipopolysaccharide [LPS]) which elicit an acute in-
flammatory reaction (reviewed in reference 7). LPS exerts its
profound effect on the host by activating LPS-sensitive cells
such as monocytes and endothelial cells to release various
cytokines, lipid mediators, and free radicals (reviewed in ref-
erence 52). During the past decade, great progress has been
made in identifying LPS recognition and signaling molecules.
Although several LPS-binding and putative signaling mole-
cules have been discovered, including CD11b/CD18 (66),
acetylated-low-density lipoprotein receptor (23), and an 80-
kDa receptor (29), CD14 is thought to be the most important
LPS recognition molecule that is responsible for the activation
of cells by pathophysiological levels of LPS. CD14 was first
identified as a monocyte differentiation marker expressed on
the surface of macrophages, neutrophils, and other myeloid-
linkage cells (60). Membrane-bound CD14 (mCD14), which
attaches to the cell surface by a glycosyl-phosphatidylinositol
anchor (24), initiates the activation of macrophages for cyto-
kine synthesis by LPS (10). A soluble form of CD14 (sCD14)
is present in plasma at concentrations of 3 to 5 pg/ml (5, 22,
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26). Soluble CD14 is required for LPS-induced responses by
endothelial cells (27), epithelial cells (46), and smooth-muscle
cells (39). The interaction of LPS with mCD14 or sCD14 is
greatly facilitated by another plasma protein, LPS-binding pro-
tein (53), which is thought to be derived primarily from hepa-
tocytes (56). Experimental and clinical studies have indicated
that the plasma levels of sCD14 can increase by up to 75%
during infection or trauma (35-37). Although shedding from
leukocytes has been proposed as the major source of systemic
sCD14 levels, it is likely that other sources exist. Furthermore,
plasma proteins which change in circulation by more than 25%
during infection fit the definition of acute-phase reactants (65),
suggesting that sCD14 behaves like other acute-phase proteins.

Hepatocytes are the major source of most acute-phase pro-
teins (65). If in fact sCD14 is an acute-phase protein, then
hepatocytes might be expected to express CD14, which is up-
regulated during endotoxemia. Furthermore, hepatocytes iso-
lated from endotoxemic animals exhibit markedly enhanced
responses to LPS (45, 61), raising the possibility that these cells
could express CD14. To determine whether hepatocytes ex-
press CD14, experiments were undertaken to measure steady-
state CD14 mRNA and protein levels in hepatocytes from
normal and endotoxemic animals. We show here that rat hepa-
tocytes express CD14 mRNA and protein and that these levels
are markedly upregulated during endotoxemia. Furthermore,
the upregulation is regulated by the cytokines interleukin-13
(IL-1B) and tumor necrosis factor alpha (TNF-a), at least in
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part through transcriptional mechanisms. Our data provide
evidence that hepatocytes exhibit the regulated expression of
CD14.

MATERIALS AND METHODS

Reagents. LPS (Escherichia coli O111:B4) and fluorescein isothiocyanate
(FITC)-LPS were purchased from Sigma Chemical Company (St. Louis, Mo.);
William’s medium E was purchased from Gibco (Grand Island, N.Y.); recom-
binant human IL-6 was purchased from Genzyme (Boston, Mass.); recombinant
murine IL-1B and TNF-a were obtained from the National Cancer Institute
(Craig Reynolds); fetal bovine serum was purchased from HyClone Laboratories
(Logan, Utah). All tissue culture plates and flasks were purchased from Corning
(Corning, N.Y.); [a-**P]dCTP and [a-*’P]JUTP were purchased from NEN Life
Science (Boston, Mass.); the ribonucleotide triphosphates (ATP, GTP, and
UTP) and poly(A) were purchased from Boehringer Mannheim (Indianapolis,
Ind.). The antibodies against NF-kB P65, P50 subunits, and NF-kB consensus
oligonucleotide were purchased from Santa Cruz Biotechnology (Santa Cruz,
Calif.). A hamster anti-mouse CD14 monoclonal antibody, G5A10, was gener-
ously provided by Regine Landmann (Department of Research and Internal
Medicine, University Hospital, Basel, Switzerland).

Animals. Male Sprague-Dawley rats, which were pathogen-free and weighed
approximately 200 g each, were purchased from Harlan Sprague-Dawley (Indi-
anapolis, Ind.). The rats were exposed each day to 12 h of light and darkness.
Rodent chow and water were provided ad libitum. Experimental protocols were
approved by the Institutional Animal Care and Use Committee of the University
of Pittsburgh.

Hepatocyte isolation. Hepatocytes were isolated from normal and LPS-in-
jected rats by an in situ collagenase (type VI; Sigma) perfusion technique,
modified as described previously (54, 64). Hepatocytes were separated from the
nonparenchymal cells by two cycles of differential centrifugation (50 X g for 2
min) and further purified over a 30% Percoll gradient. Hepatocyte purity ex-
ceeded 98% as assessed by light microscopy, and viability was typically greater
than 95% as determined by trypan blue exclusion assay.

Cell culture and treatment. Hepatocytes (5 X 10°) were plated onto 10-cm,
gelatin-coated, plastic tissue culture dishes. The initial culture medium was
William’s medium E containing 10% calf serum (CS), 15 mM HEPES, 107° M
insulin, 2 mM L-glutamine, and 100 U of penicillin and streptomycin per ml.
Hepatocytes were allowed to attach to plates overnight and then were washed
three times with serum-free medium prior to cytokine treatment. Cytokine treat-
ments were performed in serum-free medium. All cytokine concentrations were
500 U/ml. The LPS concentration was 0.1 pg/ml. Chinese Hamster ovary cells
(CHO; American Type Culture Collection) were cultured in Ham F-12 medium
containing 10% fetal bovine serum.

Total RNA isolation and Northern blot analysis. Total RNA was extracted by
RNAzol as described previously (61). For Northern blot analysis, total RNA (20
wg per lane) was resolved by electrophoresis in a 1% agarose gel containing 2.2
M formaldehyde prior to being transferred to the GeneScreen membrane (Du-
pont, NEN Research Products, Boston, Mass.). The mRNA was cross-linked to
the membrane with UV Stratalinker (Stratagene, San Diego, Calif.) and then
hybridized with 3*P-labeled probes. The probe for CD14 was a 1,043-bp NotI
fragment of mouse CD14 ¢cDNA (15). The probe was labeled by random prime
labeling (Boehringer Mannheim). Hybridization was carried out for 16 to 18 h in
buffer containing 50% deionized formamide, 0.25 M sodium phosphate (pH 7.2),
0.25 M sodium chloride, 1 mM EDTA, 7% sodium dodecyl sulfate (SDS), and
100 wg of denatured salmon sperm DNA per ml. Blots were washed sequentially
in 2X SSC (1x SSC is 0.015 M NaCl plus 0.015 M sodium citrate)-0.1% SDS, 25
mM NaHPO,~1 mM EDTA-0.1% SDS, and 25 mM NaHPO,-1 mM EDTA-1%
SDS buffers. Blots were washed for 15 min twice in each buffer at 53°C prior to
exposure to X-ray film for autoradiography. Blots were stripped before hybrid-
izing with another probe.

Quantitation of mRNA levels. mRNA levels on blots were quantitated with
PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.) scanning. The relative
mRNA levels were normalized to 18S RNA. The mRNA levels in treatment
groups were expressed as the fold increase over the controls.

Western blot analysis of CD14 protein in hepatocytes, whole liver extracts,
culture supernatants, and plasma. Cultured hepatocytes on plates were washed
twice with phosphate-buffered saline (PBS), scraped, and pelleted by centrifu-
gation. Cell pellets were resuspended in 50 pl of lysis buffer containing 20 mM
HEPES (pH 7.9), 25% glycerol, 0.42 M NaCl, 15 mM MgCl,, 0.2 mM EDTA, 0.5
mM phenylmethylsulfonyl fluoride (PMSF), and 0.5 mM dithiothreitol (DTT).
After three freeze-thaw cycles, cell lysates were centrifuged at 12,000 X g for 30
min, and the supernatant was saved. The liver tissue was homogenized with a
Dounce homogenizer before the freeze-thaw lysis, as described above for cul-
tured hepatocytes. Blood samples were retrieved by cardiac puncture, and
plasma was obtained following centrifugation at 1,000 X g for 5 min. Superna-
tants of cultured hepatocytes were concentrated by Centricon-30 (Amicon, Bev-
erly, Mass.), according to the manufacturer’s instructions, prior to Western blot
analysis.

For Western blot analysis, samples (50 ug per lane) were separated on an
SDS-10% polyacrylamide gel and transferred to nitrocellulose membrane. The
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FIG. 1. Time course of hepatocyte CD14 mRNA induction during endotox-
emia. Sprague-Dawley rats were injected with LPS (10 mg/kg, i.p.). Hepatocytes
were isolated at 1.5, 3, 6, 12, and 24 h from either LPS-treated or control rats.
Total RNA was extracted, and Northern blot analysis was performed for CD14
mRNA. Membranes were rehybridized with probe for 18S rRNA. The levels of
CD14 mRNA were normalized to 18S rRNA and are presented as the fold
increase over the controls. Each column represents the mean *+ the SE of
triplicate samples at each time point (*, P < 0.05 versus control).

membrane was sequentially blocked in PBS-Tween (0.1%) containing 5% milk
and then incubated with 5 ng of G5A10 (a hamster anti-mouse CD14 monoclo-
nal antibody) per ml, washed, and further incubated with a goat anti-Armenian
hamster immunoglobulin G horseradish peroxidase-conjugated secondary anti-
body (1:5,000; Jackson ImmunoResearch Laboratories, West Grove, Pa.). Block-
ing and antibody incubations each lasted 1 h at room temperature. After several
washes, the membrane was developed with an enhanced luminol reagent (Du-
Pont, NEN) and exposed to Kodak X-Omat film.

In situ hybridization for cultured hepatocytes. Hepatocytes grown on glass
coverslips were fixed in 2% paraformaldehyde in PBS for 10 min, permeated in
buffer containing 2% paraformaldehyde-0.01% Triton X-100 for 10 min, washed
in PBS, and then postfixed in PBS containing 4% paraformaldehyde. Prior to
hybridization, the slides were treated with proteinase K (10 pg/ml) for 10 min,
acetylated with 0.25% acetic anhydride, washed in 2X SSC, and dehydrated
through graded alcohols. Radiolabeled riboprobe for CD14 was prepared as
described previously (68) with cloned rat hepatocyte CD14 cDNA as a template
as described below. Hybridization with sense and antisense probes, slide wash-
ings, and emulsion autoradiography were performed as described previously
(49).

In situ hybridization for sectioned liver. In situ hybridization on sectioned liver
samples was performed with digoxigenin-labeled rather than radiolabeled probe.
Linearized rat CD14 cDNA template was incubated in the presence of digoxi-
genin-labeled UTP and unlabeled CTP, ATP, and GTP, along with the relevant
RNA polymerase for 2 h at 37°C. The labeled RNA was precipitated in ethanol,
dried, and resuspended in diethyl pyrocarbonate-treated water. Whole livers
were perfusion-fixed in 2% paraformaldehyde and cryoprotected by immersion
in 30% sucrose overnight. The whole tissue was then frozen in liquid nitrogen-
cooled isopentane. Frozen sections were cut (5 um), fixed in 2% paraformalde-
hyde in PBS, washed twice in PBS, digested with proteinase K (10 mg/ml, 5 min),
washed in PBS containing 1% glycine, and acetylated. After dehydration through
graded alcohols, the sections were hybridized overnight at 42°C in digoxigenin-
labeled, CD14-specific riboprobe (the controls were sense probe or no probe).
Sections were then washed twice in 50% formamide-2X SSC for 15 min at 50°C
and digested with RNase A for 30 min at 37°C. After further sequential washes
in 50% formamide-2X SSC and then 2X SSC, sections were washed in Genius
buffer I and Genius buffer IT (Boehringer Mannheim) and incubated with alka-
line phosphate-conjugated antibodies against digoxigenin for 1 h. Sections were
then washed in Genius buffer III, developed in nitroblue tetrazolium (Sigma)
overnight, washed in PBS, dehydrated, and mounted in Permount.

Preparation of rat hepatocyte nuclei. Nuclei were isolated by the method
described by Boggaram and Mendelson (4). Freshly isolated rat hepatocytes
were homogenized with a Dounce homogenizer in a buffer containing 0.25 M
sucrose, 10 mM HEPES (pH 8.0), 10 mM MgCl,, 0.1% Triton X-100, and 2 mM
DTT. After five washes at 600 X g and 4°C, the nuclei were purified by centrif-
ugation on a 1.3 M sucrose cushion in the homogenization buffer at 10,000 X g
for 10 min. Finally, nuclei were resuspended in 50 mM HEPES (pH 8.0), 40%
glycerol, 5 mM MgCl,, 0.1 mM EDTA, and 2 mM DTT (10® nuclei/ml) and then
snap frozen in liquid nitrogen. The nuclei were stored at —80°C until use.

Nuclear run-on assay. In order to determine the CD14 transcription rate, in
vitro labeling of nascent nuclear RNA was performed as described previously (4,
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8), with some modifications. Briefly, nuclei (2.1 X 107) were incubated at 30°C
for 30 min in 300 wl of reaction mixture containing 5 mM Tris-HCI (pH 8.0); 2.5
mM MgCl,; 150 mM KCI; 0.25 mM (each) GTP, ATP, and CTP; 25 pl of
[«->?P]UTP (250 pCi, specific activity of 3,000 Ci/mmol; NEN Life Science); and
1.0 pl of RNasin (40 U/pl; Promega). Radiolabeled nuclear RNA was extracted
from the reaction mixture by Trizol (Gibco-BRL) according to the manufactur-
er’s instructions. The labeled nuclear RNA was purified on a G-50 Sephadex
(Pharmacia) column.

Linearized plasmid containing rat CD14 cDNA was applied to GeneScreen-
Plus membrane (NEN Life Science) via a slot-blot apparatus (Schleicher &
Schuell Minifold II; Keene, N.H.). Linearized vector pBluescript and plasmid-
containing actin cDNA were also included as internal controls. Plasmids were
denatured with 0.3 M NaOH at 60°C for 1 h before loading (5 pg per slot). After
UV cross-linking, the blot was prehybridized at 43°C in buffer containing 50%
deionized formamide, 4X SSC, 2X Denhardt’s solution, 50 mM PIPES (pH 7.0),
2.0 mM EDTA, 0.5% SDS, 200 pg of yeast tRNA per ml, 200 pg of salmon
sperm DNA per ml, and 100 pg of poly(A) per ml for at least 2 h. Hybridization
was carried out at 43°C for 48 h in the same buffer used for the prehybridization,
with the equivalent counts per minute of 3?P-labeled probe per milliliter added
to each membrane. The membranes were washed in 2X SSC-0.5% SDS twice at
53°C for 15 min and then briefly rinsed in 2X SSC; this was followed by a 0.5-h
digestion period with 10 pug of RNase A and 10 U of RNase T1 per ml. Finally,
the blots were washed twice at 53°C for 15 min with 0.1X SSC-0.1% SDS buffer.
The blots were exposed to X-ray film for autoradiography, and the signal inten-
sity was determined with a PhosphorImager (Molecular Dynamics). CD14 tran-
scription rates were normalized to that of B-actin.

In vivo experiments with IL-1ra and rsTNF-RIL In order to test the roles of
IL-1 and TNF in LPS-induced CD14 upregulation in vivo, rats were injected with
a vehicle (saline), LPS (10 mg/kg, intravenously [i.v.]), or LPS plus either IL-1
receptor antagonist protein (IL-1ra; 100 mg/kg, subcutaneously [s.c.], at time 0
and then every 6 h), a polyethylene glycol-linked dimer of type I soluble TNF-a
receptor (rsTNF-RI, 1.5 mg/kg, i.v., at time 0), or a combination of both. IL-1ra
at 100 mg/kg and rsTNF-RI at 1.5 mg/kg are maximally efficacious doses for
promoting survival at doses of LPS around 12.5 mg/kg (51) and were kindly
provided by James L. Vannice (Synergen, Inc., Boulder, Colo.). The livers were
collected at 6 h after treatment and snap frozen in liquid nitrogen for subsequent
RNA isolation and Northern blot analysis.

Hepatocyte CD14 ¢cDNA cloning. An acute-phase rat liver cDNA library con-
structed in the Lambda Zap II/CIAP cloning vector was purchased from Strat-
agene. One million plaques were blotted onto Nytran membrane (Schleicher &
Schuell) and hybridized with a 1,043-bp NotI fragment of mouse CD14 ¢cDNA
(15). The cDNA probe was labeled by random prime labeling (Boehringer
Mannheim). Hybridization and blot washing were carried out under the condi-
tions described above for total RNA isolation. Positive plaques were isolated and
purified by two subsequent screenings. Rat CD14 cDNA inserts contained within
the vector pBluescript were rescued by coinfection with helper phage. Plasmid
DNA was prepared by using Qiagen Maxiprep columns (Chatsworth, Calif.).
Sequencing was performed with an ABI automated DNA sequencer (core facility
at the University of Pittsburgh School of Medicine) with the appropriate primers.

A custom cDNA library derived from cytokine-treated cultured human hepa-
tocytes (19) was constructed in Lambda ZaplI vector and screened for the
presence of human CD14 clones. The human hepatocyte CD14 cloning proce-
dure was the same as that described for rat CD14.

FITC-LPS binding by rat CD14-transfected CHO cells. The binding of fluo-
rescein isothiocyanate (FITC)-LPS to rat CD14-transfected CHO cells was as-
sessed by fluorescence-activated cell sorting (FACS; Becton Dickinson, Moun-
tainview, Calif.). Cells grown as monolayers in culture flasks were detached by
using PBS containing 2 mM EDTA and resuspended in 2% CS-PBS. Cells (2.5 X
10°/well) were incubated in V-bottom 96-well plates with 2.5 pg of FITC-LPS per
ml in 100 wl of 10% CS-PBS containing 0.1% sodium azide for 1 h at 4°C. Cells
incubated with 10% CS-PBS alone were used as controls. After being washed the
cells were analyzed by FACS.

Electrophoretic mobility shift assay. Nuclear extracts were prepared as de-
scribed previously (31). Cells were washed with PBS, resuspended in a five-
pellet-volume of buffer A (10 mM HEPES, pH 7.9; 10 mM KCI; 1.5 mM MgCl,;
0.5 mM DTT; 0.2 mM PMSF; 0.5% Nonidet P-40), and then incubated on ice for
15 min before being disrupted with 10 strokes in a Dounce homogenizer. The
nuclei were washed once with buffer B (same as buffer A, but without Nonidet
P-40). Nuclear proteins were extracted by gently resuspending the nuclei in 150
wl of buffer C (20 mM HEPES, pH 7.9; 10 mM KCI; 1.5 mM MgCl,; 10%
glycerol; 0.2 mM EDTA; 0.5 mM DTT; 0.2 mM PMSF) and 50 pl of buffer D
(same as buffer C but with 400 mM KCl). Buffer D was added in a dropwise
fashion. After the nuclei were gently shaken in buffer C plus buffer D for 1 h at
4°C, the supernatants were collected by centrifugation at 13,000 rpm for 30 min.
Double-stranded NF-«kB-specific oligonucleotide was end labeled with
[y-**P]ATP by using T4 polynucleotide kinase (USB, Cleveland, Ohio) and
purified on a G-50 Sephadex spin column. Nuclear proteins (10 pg per lane)
were incubated with ~40,000 cpm of 3*P-labeled oligonucleotide for 20 min at
room temperature in a buffer containing 2 pg of poly(dI-dC), 4.2 mM HEPES
(pH 7.4), 2.5% glycerol, 4.2 mM KCI, 1 mM MgCl,, 0.02 mM EDTA, 2% Ficoll,
and 21 mM DTT (final volume, 30 wl). For the supershift assay, 2 pg of antibody
was added to the reaction mixture, and the reaction was incubated for another 30
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FIG. 2. Steady-state CD14 mRNA levels in liver tissue after LPS injection.
Sprague-Dawley rats were injected with LPS (10 mg/kg, i.p.). Total RNA was
extracted from the liver at 1.5, 3, 6, 12, and 24 h after LPS injection, and
Northern blot analysis was performed for CD14 mRNA. Membranes were re-
hybridized with a probe for 18S rRNA. The bar graph shows the levels of CD14
mRNA normalized to 18S rRNA and presented as the fold increase over the
controls. The Northern blot is from a representative experiment. Each column
represents the mean *+ the SE of three independent experiments (*, P < 0.05
versus control).

min at room temperature. DNA-protein complexes were resolved on a 5%
nondenaturing polyacrylamide gel in 0.5 Tris-borate-EDTA buffer. The gel was
then dried and subjected to autoradiography.

Statistical analysis. Data are presented as the mean * the standard error
(SE). Experimental results were analyzed for their significance by analysis of
variance with Statview statistic software (Abacus Concept, Inc., Berkeley, Calif.).
Significance was established at a P value of <0.05.

RESULTS

Hepatocytes express CD14 mRNA that is upregulated dur-
ing endotoxemia. We postulated that hepatocytes could ex-
press CD14 which could be upregulated during endotoxemia.
Rats were injected with LPS (10 mg/kg, given intraperitoneally
[i.p.]), and total RNA was extracted from freshly isolated and
purified hepatocytes at the time points indicated in Fig. 1.
Northern blot analysis showed that hepatocytes isolated from
controls had low but detectable levels of CD14 mRNA, which
was visualized after prolonged exposure as a 1.6-kb transcript
(data not shown). LPS treatment increased the steady-state
CD14 mRNA levels in hepatocytes, inducing a ninefold eleva-
tion by as early as 1.5 h after LPS treatment. The levels in-
creased with time, reaching a maximum induction (20-fold) by
3 h after treatment, and subsequently declined to near baseline
levels by 24 h. We also examined the CD14 mRNA levels in
RNA isolated from whole liver during endotoxemia (Fig. 2)
and found that the pattern of CD14 mRNA induction by LPS
was similar to that of the isolated hepatocytes, indicating that
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FIG. 3. Localization of CD14 mRNA in rat primary hepatocytes and sectioned liver. Hepatocytes grown on coverslips or liver tissue sections were subjected to in
situ hybridization with antisense and sense riboprobes for CD14. (A) A differential interference contrast image of individual rat primary hepatocytes (the size bar
indicates 20 wm). (B) Dark-field view of the in situ signal (**S). Primary hepatocytes isolated from LPS-treated rats (10 mg/kg, i.p., 24-h treatment) show strong
cytoplasmic labeling. In the lower panels, in situ hybridizations performed on sectioned livers from LPS-treated (C) and normal (D) rats are shown. The signal detected
with the digoxigenin-labeled riboprobe and colorimetric technique shows labeling in individual hepatocytes around blood vessels, in this case a portal triad. (Positive
cells on the original slides were blue and, as shown here, are black.) The number of positive cells decreases with distance from the vasculature. In the control liver (panel
D), very few or no positively labeled cells are seen. The sense probe showed little or no labeling (data not shown).

the upregulation of CD14 mRNA was not likely to be simply a
consequence of the hepatocyte isolation procedure.

In situ hybridization for CD14. The liver contains a large
number of macrophages that could provide a source of CD14
mRNA. To ensure that the CD14 mRNA was indeed ex-
pressed in hepatocytes, in situ hybridization was performed on
isolated hepatocytes and whole-liver sections from LPS-treated
rats. Consistent with the Northern blot results, CD14 mRNA
was easily detected in cultured individual hepatocytes (Fig. 3A
and B) and intact liver sections (Fig. 3C and D). Rat hepato-
cytes isolated from LPS-treated animals showed a strong cyto-
plasmic labeling (Fig. 3A). In situ hybridization performed on
sectioned liver from LPS-treated rats (Fig. 3C) also showed a
strong labeling in hepatocytes. In control livers, only a few
labeled cells were seen (Fig. 3D). Notably, the labeling was
most intense in cells close to the vasculature (either in the
portal vein or in the hepatic triad).

CD14 protein expression correlates with upregulated he-
patic CD14 mRNA expression. To determine if the upregula-
tion of CD14 expression could also be appreciated in protein

levels, Western blot analysis was performed on both whole
liver and plasma samples from control or LPS-treated animals.
Whole-cell extracts of parental CHO cells and neotransfected
CHO cells served as negative controls, and rat CD14-trans-
fected CHO cells served as a positive control. As indicated in
Fig. 4, whole-cell extracts from rat CD14-transfected CHO
cells showed a strong cross-reactivity to anti-mouse CD14
monoclonal antibody, but parental CHO or neotransfected
CHO cells did not. Both liver homogenates (Fig. 4A) and
plasma (Fig. 4B) displayed CD14-like bands with molecular
masses of approximately 50 kDa that aligned with the positive
control. The appearance of multiple isoforms of CD14 is con-
sistent with the fact that CD14 is a highly glycosylated protein
(19). In whole-liver extracts, increases of CD14 protein expres-
sion were seen 3 h after LPS treatment, peaked at 12 h, and
declined thereafter (Fig. 4A). A similar transient increase in
sCD14 in plasma was observed (Fig. 4B). To establish that
hepatocytes express and release more CD14 after LPS treat-
ment, Western blot analysis was performed on isolated hepa-
tocytes. Lysate from freshly isolated hepatocytes from LPS-
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FIG. 4. Western blot analysis of CD14 protein levels in whole-liver extracts
(A) and plasma (B) during endotoxemia. Whole livers and plasma samples from
LPS-treated rats at 1.5, 3, 6, 12, and 24 h (10 mg/kg, i.p.) or from control rats
were prepared. Whole-cell extracts of parental CHO cells and neotransfected
CHO cells served as negative controls, and rat CD14-transfected CHO cells were
used as a positive control. Proteins (50 ug of whole-liver homogenate or plasma,
1 g of recombinant proteins per lane) were separated on an SDS-10% poly-
acrylamide gel and transferred to nitrocellulose membrane. For the detection of
CD14 protein, a hamster anti-mouse CD14 monoclonal antibody (G5A10) was
incubated at 5 pg/ml with the membranes for 1 h. Immune complexes were
detected by enhanced luminol reagent (Dupont, NEN) as described by the
manufacturer. The blots are representative of at least three independent exper-
iments. Abbreviations: CHO/rCD14, stably transfected rat CD14 CHO cells;
CHO/neo, stably neotransfected CHO cells.

treated rats contained more CD14 than control cells at 12 h
after LPS treatment (Fig. 5A, lanes 1 and 2 versus lanes 3 and
4) when placed in culture. The cells from LPS-treated rats
continued to exhibit higher CD14 levels (Fig. 5A, lanes 5 and
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6 versus lanes 7 and 8) and release more CD14 into the culture
supernatant over time than did the control hepatocytes (Fig.
5B, lanes 1 and 2 versus lanes 3 and 4).

Cloning and sequence analysis of rat hepatocyte CD14
c¢DNA. The human and rodent CD14 cDNA nucleotide se-
quences have been reported by Ferrero and coworkers (14, 15)
and others (42). These clones were isolated from libraries
established from monocytes or macrophages. A partial rat
CD14 cDNA clone isolated from an astrocyte library has been
reported (17), and a full-length CD14 cDNA has been cloned
from rat macrophages (57). In order to determine the molec-
ular identity of the rat hepatocyte CD14, an acute-phase rat
liver cDNA library was screened at high stringency with a
1,043-bp mouse CD14 cDNA NotI fragment. Screenings from
a total of 10° plaques yielded multiple overlapping cDNA
clones. The longest clone contained a 1,591-bp insert. This
fragment contains a 65-bp 5’-untranslated region (5'-UTR), a
1,116-bp entire portion of the protein-coding region, and a
410-bp 3’-UTR. Our rat hepatocyte CD14 sequence from nu-
cleotides 1 to 1508 matched exactly with the published rat
macrophage CD14 cDNA sequence from nucleotides 40 to
1547 (57); therefore, the sequence is not shown here. The
translation initiation site was assigned to the first ATG triplet
at nucleotides 66 to 68 since the initiation codon is flanked by
a sequence (CGACCATGC) which has only one nucleotide
mismatch to the consensus sequence of functional initiation
codon [C(C)A/GCCATGG] defined by Kozak (34). The TAA
termination codon is at position 1181. This open reading frame
could therefore encode a 372-amino-acid primary translation
protein. One copy of the sequence AUUUA, a common
mRNA destabilizing sequence found in many inflammation-
related genes (6), is located within the 3’-UTR. Two putative
polyadenylation signals (AAUAAA) were found at positions
1393 to 1398 and positions 1491 to 1496, respectively, the latter
being followed 7 bp further downstream by the polyadenylate
tail.
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FIG. 5. (A) CD14 protein levels in freshly isolated and cultured hepatocytes. Western blot procedures and abbreviations are as described for Fig. 4. Each group
contains duplicate samples from individual animals. Lanes 1 and 2, freshly isolated control hepatocytes; lanes 3 and 4, freshly isolated hepatocytes from LPS-treated
rats (10 mg/kg, i.p., 12-h treatment); lanes 5 and 6, control hepatocytes plated for 24 h; lanes 7 and 8, cultured hepatocytes from LPS-treated rats (10 mg/kg, i.p., 12-h
treatment) plated for 24 h. (B) CD14 protein levels in hepatocyte culture supernatant. Each group contains duplicate samples from individual animals. Lanes 1 and
2, control hepatocytes plated for 24 h; lanes 3 and 4, cultured hepatocytes from LPS-treated rats (10 mg/kg, i.p., 12-h treatment) plated for 24 h. The data are

representative of three independent experiments.
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FIG. 6. Serum-dependent binding of FITC-LPS to CHO/rCD14 cells. Cells
were stained as described in Materials and Methods and subjected to flow
cytometry analysis. The serum concentrations contained in the binding buffer
and the percentage of FITC-positive cells are shown. The open histogram rep-
resents the FITC-LPS staining. x axis, log fluorescence intensity; y axis, cell
number. No FITC-LPS staining was found in CHO-K1 and CHO/neo cells (data
not shown). The data are representative of at least three independent experi-
ments.

The deduced amino acid sequence contains five putative
N-glycosylation sites conforming to the canonical Asn-X-Ser
sequence and a hydrophobic region preceded by a potential
cleavage site (data not shown). The rat CD14 cDNA encodes
a polypeptide that is similar to that of mouse CD14 (GenBank
access number M34510), showing 81.8% amino acid sequence
identity. Alignment of the amino acid sequences of rat and
human CD14 (GenBank access number X06882) reveals
62.8% homology. We also screened a cDNA library derived
from cytokine-stimulated, purified human hepatocytes (19).
Two of eleven positive clones were sequenced. Sequence align-
ment (data not shown) showed near identity (96%) to the
published human monocyte CD14 (14). Taken together, these
data strongly suggest that hepatocytes express a CD14 that is
identical to macrophages.

Functional analysis of the cloned rat CD14 c¢cDNA. Func-
tional analysis of expressed rat CD14 protein was examined.
The 1,591-bp full-length rat CD14 cDNA was inserted down-
stream of the cytomegalovirus promoter in a pcDNA3 vector
(Invitrogen, San Diego, Calif.) and used to transfect CHO cells
that lack CD14 expression by Northern blot analysis (data not
shown). Stably transfected cell lines were established by G418
selection and limiting dilution. One clone (CHO/rCD14) was
selected, and Northern blot analysis showed abundant CD14
mRNA expression (data not shown). The CHO/rCD14 cells
also showed strong binding by G5A10, a hamster anti-mouse
CD14 monoclonal antibody, by flow cytometry analysis (35a).
FITC-LPS binding assay exhibited a marked enhancement of
LPS binding to the CD14-transfected cells, and serum was a
limiting factor for FITC-LPS binding (Fig. 6). The binding
could be inhibited by an excess of nonlabeled LPS (Fig. 7).

U3: 063097006 \FL1-H\FL1-Height U31 863097006 \FL1-H\FL1-Height
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FIG. 7. Competition of FITC-LPS binding to CHO/rCD14 cells by excess of
native-form LPS. The binding buffer is PBS with 10% CS and 0.1% sodium azide.
The fold excess of native-form LPS added in the binding buffer and the respec-
tive percentage of FITC-positive cells are shown. The open histogram represents
the FITC-LPS staining. x axis, log fluorescence intensity; y axis, cell number. The
data are representative of three independent experiments.

These observations are consistent with the LPS binding char-
acteristics of membrane-bound CD14 (32, 59).

It has been previously shown that transfection of human or
mouse CD14 cDNA into CHO cells renders the cells respon-
sive to LPS for nuclear translocation of NF-«kB (9, 21, 67). As
shown in Fig. 8, the CHO/rCD14 cells responded to LPS at
concentrations as low as 1 ng/ml in the presence of serum and
30 pg/ml in the absence of serum. Thus, rat CD14 mediates
serum-dependent responses to LPS in a way similar to that
reported for human and mouse CD14 (8, 21, 48). The response
could be detected by as early as 30 min and peaked at 60 min
(data not shown). The specificity of NF-kB-shifted bands was
confirmed by cold and mutant oligonucleotide competitions.
Supershift assay with specific NF-kB subunit antibody indi-
cated that this DNA-protein binding complex contains at least
p50 NF-kB subunits.

The increase in hepatocyte CD14 mRNA levels by LPS in
vivo is regulated at the transcriptional level. To determine
whether transcription plays a role in the large increase in CD14
expression in hepatocytes by LPS in vivo, nuclei were isolated
from hepatocytes of control and LPS-treated rats for the nu-
clear run-on assay. The elongated nascent RNA was hybridized
to a plasmid containing CD14 cDNA immobilized to mem-
brane. Plasmid containing B-actin cDNA and the vector pBlue-
script were included as internal controls. The transcription
rates of CD14 were normalized to that of B-actin. As indicated
in Fig. 9, basal CD14 transcription was observed in nuclei from
control hepatocytes. However, in the nuclei of hepatocytes
isolated from LPS-treated rats, the transcription rates for
CD14 were increased by 3.2- and 2.6-fold at 1.5 and 3.0 h,
respectively (P < 0.05). After 6 h of LPS treatment the level of
transcription for CD14 had decreased, and at 24 h it had
returned almost to basal levels (data not shown). Thus, the
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FIG. 8. NF-kB activation by LPS in CHO/rCD14 cells in serum and serum-
free conditions. The experiment was carried out as described in Materials and
Methods. Cells were treated with different doses of LPS prior to nuclear protein
extraction. The doses of LPS for treatment are indicated, except in CHO/neo
cells (0.1 pg/ml). Abbreviations: CHO/neo, stably neotransfected CHO cells; p65
Ab, anti-NF-«B p65 subunit antibody; p5S0 Ab, anti-NF-«kB p65 subunit antibody.
The data are representative of two independent experiments.

upregulation of CD14 mRNA levels during endotoxemia in-
volves increased transcription.

IL-1 and TNF-o upregulate CD14 expression in hepato-
cytes in vitro. It is well known that LPS elicits the synthesis of
cytokines such as IL-1, TNF, and IL-6, as well as other inflam-
matory mediators that are known to regulate the hepatic acute-
phase response (33, 44). To determine whether CD14 expres-
sion is regulated by cytokines in vitro, cultured hepatocytes
were exposed to various cytokines. The CD14 mRNA levels
were examined by Northern blot analysis at 12 h (initial results
showed maximal induction was at 12 h; data not shown). As
shown in Fig. 10, cultured rat hepatocytes expressed basal
levels of a 1.6-kb CD14 mRNA transcript. IL-18 caused a
3.3-fold increase in the CD14 mRNA levels compared to the
control. IL-18 combined with TNF-« caused a greater increase
in CD14 mRNA accumulation (4.7-fold increase) than did
IL-1B alone, although TNF-a alone did not significantly in-
crease the CD14 mRNA levels. When IFN-y was combined
with IL-18 or IL-1B-TNF-qa, the CD14 mRNA levels were
reduced. IL-6 has been reported to be a strong inducer of many
acute-phase reactants (44); however, either alone or combined
with other cytokines, IL-6 did not affect the accumulation of
CD14 mRNA in cultured hepatocytes (data not shown),
whereas IFN-y or LPS alone had negligible effects in vitro.

IL-18 and TNF-a contribute to increased hepatic CD14
expression in vivo. To establish the involvement of IL-1B
and/or TNF-a in the upregulation of hepatic CD14 in vivo
during endotoxemia, experiments were carried out with IL-1ra
or rsSTNF-RI to block IL-1B or TNF-q, respectively. The doses
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FIG. 9. Nuclear run-on assay in hepatocyte nuclei from LPS-treated rats.
Nuclei from control or LPS-injected rats were incubated with [a->*P]JUTP to
elongate the nascent RNA. The elongated nascent RNA was hybridized to
plasmid containing CD14 ¢cDNA immobilized to GeneScreen plus membrane
(Dupont, NEN) by a slot-blot apparatus (5 pg/per slot). Equivalent counts per
minute of 3?P-labeled nuclear RNA probe per milliliter were added to each
membrane. Plasmid containing -actin cDNA and empty vector pBluescript were
included as the internal controls. The CD14 transcription rates were quantitated
with a PhosphorImager and normalized to that of B-actin. Each column repre-
sents the mean * the SE of duplicate samples (*, P < 0.05 versus control).

Normal

and methods of administration of IL-1ra and rsTNF-RI have
proven to be maximally efficacious for preventing mortality in
rats during endotoxemia (51). Northern blot analysis was per-
formed to measure the hepatic CD14 mRNA levels in rats
treated with LPS plus IL-1ra, rsTNF-RI, or both in vivo. As
shown in Fig. 11, animals treated with LPS and IL-1ra or with
LPS and rsTNF-RI exhibited a 20% decrease (P < 0.05) in
hepatic CD14 mRNA levels compared to rats given LPS alone
6 h previously. LPS plus both IL-1ra and rsTNF-RI showed a
further decrease (50%, P < 0.05) in hepatic CD14 mRNA
levels, implicating both IL-1 and TNF in the upregulation of
hepatic CD14 mRNA during endotoxemia.

DISCUSSION

CD14 as a key LPS signaling molecule has been well docu-
mented in vitro in many cell systems (1, 38, 59, 63). In vivo
experimental data have begun to accumulate, defining the crit-
ical role of CD14 in the host response to LPS. Transgenic mice
that overexpress human CD14 on bone marrow-derived cells
are highly sensitive to LPS (16), providing in vivo evidence that
endogenous overexpression of CD14 can enhance LPS-in-
duced activation. Conversely, CD14 knockout mice are at least
10 times less sensitive to LPS with regard to both lethality and
TNF and IL-6 production (25). The 20-fold upregulation of
hepatocyte CD14 mRNA and the significant increase in CD14
protein expression and release during endotoxemia suggest
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FIG. 10. Effects of cytokines on steady-state CD14 mRNA levels in cultured
rat hepatocytes. Hepatocyte isolation and Northern blot analysis were carried
out as described in Materials and Methods. Rat primary hepatocytes were incu-
bated with single or combined cytokines (500 U/ml) for 12 h. The levels of CD14
mRNA were normalized to 18S rRNA and expressed as the fold increase over
the control. Each column represents the mean = the SE of three independent
experiments (*, P < 0.05 versus control).

that hepatic CD14 expression is part of the systemic response
to infection.

In the studies reported here, we examined rat hepatocyte
CD14 expression and regulation both in vivo and in vitro. We
also cloned a full-length rat hepatic CD14 cDNA. Our findings
demonstrate the following. (i) Isolated rat hepatocytes express
basal levels of CD14 mRNA, and that expression is markedly
upregulated during endotoxemia. (ii) In situ hybridization with
riboprobe for rat CD14 identified CD14 mRNA in cultured
hepatocytes and parenchymal liver cells in whole-liver sections.
(iif) Both whole liver and plasma display an LPS-dependent
increase in CD14 protein levels that correlates with the in-
creases in hepatocyte CD14 expression. (iv) Hepatocytes from
LPS-treated animals contain more CD14 and release more
sCD14 in culture than do control hepatocytes. (v) CD14
mRNA upregulation includes increased transcription. (vi) The
cloned full-length rat hepatocyte CD14 cDNA has a sequence
identical to that of the rat macrophage CD14 and encodes a
functional cell surface LPS recognition molecule. (vii) Both in
vitro and in vivo data indicate that IL-1B and/or TNF-« regu-
late the expression of CD14 mRNA in hepatocytes. CD14 and
LBP are the two key LPS recognition and signaling molecules,
and production of LBP by primary hepatocytes has been well
characterized both by us (18, 56, 61) and by others (47). Our
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FIG. 11. In vivo experiments with IL-1B and TNF-a antagonists. Rats were
injected with either saline (vehicle), LPS (10 mg/kg, i.v.), LPS plus IL-1ra (IL-1ra
100 mg/kg, s.c., at time 0 and then every 6 h), LPS plus rsSTNF-RI (rsTNF-RI, 1.5
mg/kg, iv., at time 0), or LPS plus IL-1ra plus sSTNF-RI. Total RNA was
extracted from the liver 6 h later and Northern blot analysis was performed for
CD14 mRNA. The levels of CD14 mRNA were normalized to 18S rRNA and
presented as the fold increase over the control. Each column represents the
mean = the SE of four animals in each group (*, P < 0.05 versus the control; #,
P < 0.05 versus the LPS group).

data indicate that hepatocytes also express CD14, raising the
possibility that hepatocytes are a source of CD14 protein dur-
ing endotoxemia.

Although liver is a potentially important source for elevated
sCD14 in plasma during endotoxemia, there are limited re-
ports concerning the expression of CD14 in the liver. Matsuura
et al. (41) reported a time- and dose-dependent induction of
CD14 mRNA in mouse liver after LPS administration. Fearns
et al. (11) demonstrated that extramyeloid expression of CD14
took place in selected organs, including the liver, and that
plasma CD14 levels are elevated during endotoxemia. We ver-
ified these previous findings by showing that hepatocyte CD14
mRNA and protein expression is increased during endotox-
emia by using isolated purified hepatocytes. Resident Kupffer
cells (3, 30, 41), as well as polymorphonuclear monocytes (28,
62) that accumulate in the liver during endotoxemia, represent
potential sources of CD14 in whole liver. Our purified hepa-
tocyte preparations contained less than 2% contaminating
cells. Thus, it is unlikely that these small numbers of cells
contribute a significant level of mRNA or protein. Further-
more, we used in situ hybridization to definitively localize
CD14 mRNA to hepatocytes in vitro and in vivo (Fig. 3).

Soluble CD14 has been found to bind LPS with high affinity
and mediates activation in many CD14-negative cells (20, 27,
39, 46). Indirect evidence for sCD14’s participation in sepsis
comes from studies showing that plasma CD14 levels are sig-
nificantly elevated during gram-negative sepsis (25, 37), gram-
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positive sepsis (5), trauma, or burns (35). Levels of sCD14 in
plasma, which ranged from 3 to 5 pg/ml (5, 22), are increased
during sepsis by 45 to 75% over those for normal controls and
nonseptic patients. Thus, sSCD14 fits the criteria for an acute-
phase reactant. A significant feature of many acute-phase pro-
teins is that their genes are usually regulated by cytokines and
other mediators. The best-characterized cytokines and other
mediators are IL-1, TNF, IL-6, leukemia inhibitory factor, and
IL-11, with IL-1 and TNF typically inducing a similar spectrum
of changes (2, 7). Both our in vitro and our in vivo data indicate
that hepatocyte CD14 mRNA is upregulated effectively by
IL-1B and/or TNF-a (Fig. 10 and 11), which is consistent with
many other genes of acute-phase proteins. The in vivo results
cannot prove that IL-18 and TNF-« directly act upon hepato-
cytes but only that these cytokines directly or indirectly partic-
ipate in the upregulation of CD14. IL-1p and/or TNF-«a did
directly increase hepatocyte CD14 mRNA levels in vitro at the
doses and time point (12 h) chosen. The changes in steady-
state mRNA in vitro were not of the same magnitude as that
seen with LPS treatment in vivo. Whether this was due to
suboptimal conditions in vitro is unknown. The roles of IL-1
and TNF in the upregulation of CD14 mRNA in the liver and
kidney have also been demonstrated by studies from Fearns
and coworkers (12, 13) and Takakuwa et al. (58).

Although we do not provide direct evidence here that sCD14
in plasma originates from mCD14 on hepatocytes during en-
dotoxemia, our data (Fig. 4) clearly demonstrate that there is
a correlated expression of CD14 in the liver and plasma in a
time-dependent manner, raising the possibility that the liver is
an important source for elevated plasma CD14 levels during
endotoxemia. Fearns and Loskutoff (12) observed that in a
murine endotoxemic model increases in plasma CD14 levels
occurred at times when the epithelial CD14 expression was
maximal. Their data support the idea that hepatocytes and
tubular epithelium may contribute to the pool of sCD14 in the
plasma after LPS stimulation. Our data (Fig. 5A) indicate that
hepatocytes from LPS-treated animals express higher amounts
of mCD14 and, most importantly, release more sCD14 (Fig.
5B).

Up to 80% of injected LPS concentrates in the liver within
20 to 30 min (50), and within hours LPS can be found in the
bile (40). Recent studies have shown that LPS can be found in
hepatocytes just 5 min following an intraportal endotoxin in-
jection (43). Although some of the LPS clearly interacts with
the Kupffer cells and endothelial cells (41), there is also strong
evidence that hepatocytes can directly respond to LPS (45, 61).
Whether hepatocyte CD14 contributes to this interaction is
unclear. However, it is interesting to note that the hepatocytes
close to the portal triad showed greater CD14 mRNA expres-
sion by in situ hybridization. These cells would be exposed first
to LPS entering the liver, where either mCD14 on the cells or
sCD14 released by the cells would interact with the endotoxin,
thus facilitating uptake or initiation with other cell types. An-
other possibility would be that the hepatocytes in the peripor-
tal regions have a higher LPS elimination rate than the central
regions. Studies are underway to determine how hepatocyte
CD14 is processed.
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