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The molecular and cellular profile of liver cells during early human development is incomplete, complicating the
isolation and study of hepatocytes, cholangiocytes, and hepatic stem cells from the complex amalgam of hepatic
and hematopoietic cells, that is, the fetal liver. Epithelial cell adhesion molecule, CD326, has emerged as a marker
of hepatic stem cells, and lipopolysaccharide receptor CD14 is known to be expressed on adult hepatocytes.
Using flow cytometry, we studied the breadth of CD326 and CD14 expression in midgestation liver. Both CD45þ

hematopoietic and CD45� nonhematopoietic cells expressed CD326. Moreover, diverse cell types expressing
CD326 were revealed among CD45� cells by costaining for CD14. Fluorescence-activated cell sorting was used to
isolate nonhematopoietic cells distinguished by expression of high levels of CD326 and low CD14
(CD326þþCD14lo), which were characterized for gene expression associated with liver development.
CD326þþCD14lo cells expressed the genes albumin, a-fetoprotein, hepatic nuclear factor 3a, prospero-related
homeobox 1, cytochrome P450 3A7, a1-antitrypsin, and transferrin. Proteins expressed included cell-surface
CD24, CD26, CD29, CD34, CD49f, CD243, and CD324 and, in the cytoplasm, cytokeratins-7=8 (CAM 5.2 antigen)
and some cytokeratin-19. Cultured CD326þþCD14lo cells yielded albuminþ hepatocytes, cytokeratin-19þ cho-
langiocytes, and hepatoblasts expressing both markers. Using epifluorescence microscopy we observed CD326
and CD14 expression on fetal hepatocytes comprising the liver parenchyma, as well as on cells associated with
ductal plates and surrounding large vessels. These findings indicate that expression of CD14 and CD326 can be
used to identify functionally distinct subsets of fetal liver cells, including CD326þþCD14lo cells, representing a
mixture of parenchymal cells, cholangiocytes, and hepatoblasts.

Introduction

Study of the liver during fetal development offers a
unique insight into the biology of hepatic stem cells and

progenitors during a period of growth unparalleled in the rest
of ontogeny. The human liver develops in the embryo with an
endodermal outgrowth of primitive foregut in the 3rd to 4th
weeks of gestation [1]. Ductal plates are formed, which are
double-layered cylinders of cells that migrate into surround-
ing mesenchyme to form intrahepatic bile ducts. These ductal
plate cells contain hepatoblasts, bipotent cells that give rise to
both hepatocytes and biliary cells [2]. The degree to which
hepatoblasts represent a hierarchy of precursor cells, includ-
ing stem cells with extensive self-renewal capacity and pro-
genitors committed to differentiation into hepatocytes and
cholangiocytes, is not fully understood. Molecular identifi-
cation of hepatic precursors, especially through character-
ization of cell-surface protein expression, is required to isolate

and study the cells that contribute to the development of the
liver.

CD326 is a promising marker for the identification and
isolation of hepatic precursors. CD326 is a glycoprotein cell-
adhesion molecule that does not belong to any of the 4 major
cell adhesion molecule families, for example, cadherins, se-
lectins, integrins, or the immunoglobulin cell adhesion mol-
ecules [3]. CD326 is known by many names, including the
commonly used epithelial cell adhesion molecule and human
epithelial antigen-125. CD326 is expressed by various cancers
and is associated with cell proliferation and a poor survival
prognosis as its expression is associated with the most ag-
gressive proliferating tumors [4]. Under normal circum-
stances, CD326 is detected in fetal epithelial tissues and in
some adult epithelia. In the adult liver, CD326 is expressed
on biliary cells but not on hepatocytes [4,5]. During fetal
development CD326 is expressed by hepatic precursors. Dan
et al. mechanically isolated progenitor cells, giving rise to
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hepatic colonies in vitro that expressed CD326 [6]. Schmelzer
et al. isolated CD326þ cells using immunomagnetic beads
and differentiated them into albumin (ALB)þ hepatic cells,
suggesting that CD326 is a marker for hepatic stem cells [7].
In the rat, one study suggests that fetal liver (FL) cells ex-
pressing CD326 represent the cell fraction committed to the
biliary lineage [8]. However, more recent results demon-
strated that CD326þ cells isolated from adult rat liver are
bipotential hepatic progenitors that can repopulate injured
liver [9].

The lipopolysaccharide receptor CD14 is expressed by
a number of cell populations in the liver. CD14 is a well-
recognized marker of monocyte differentiation. Monocytes
and hematopoietic progenitors of all types are found in the
FL throughout much of human gestation [10,11]. Monocytes
are the precursors of tissue macrophages, including Browicz-
Kupffer cells found in the liver, which also express CD14
[12]. CD14 was further shown to be expressed on non-
hematopoietic cell populations in the adult liver such as on
sinusoidal endothelial cells [13] and hepatocytes. CD14 ex-
pression was observed on hepatocytes in adult rats and is
upregulated by LPS treatment in vitro and in vivo [14,15].
Soluble CD14 was further shown to be produced by rat he-
patocytes [14] and is an acute phase protein present in hu-
man serum [16]. Moreover, CD14 expression was observed
on human hepatocytes transplanted into immunodeficient
mice [17–19]. Soluble human CD14 was detected in these
animals, providing proof that adult hepatocytes are a source
of CD14 in acute phase serum [19].

In this study we examined if CD14 is expressed by hepa-
tocytes and their precursors present in the human midgesta-
tion liver. CD14 expression was used to differentiate a
population of hepatic precursors among cells expressing
CD326 that had a protein and gene expression pattern con-
sistent with a hepatocyte and cholangiocyte origin. This study
demonstrates a hitherto unappreciated diversity among
CD326-expressing cells in FL and distinguishes a unique
population of fetal hepatic cells in early human ontogeny.

Materials and Methods

Fetal human tissues and cell isolation

FLs were obtained from elective abortions with the ap-
proval of the Committee for Human Research at the Uni-
versity of California San Francisco and consent of the women
undergoing the abortion. The gestational age of the specimens
was estimated based on foot-length. Midgestation specimens
up to 24 weeks of age were obtained for this study. Tissues
were harvested shortly after termination of the pregnancy and
transported to the laboratory on ice in Hank’s balanced salt
solution (HBSS) supplemented with 100mg=mL gentamicin
and 2.5mg=mL amphotericin B (Invitrogen).

FL cells were isolated by enzymatic digestion of liver
fragments generated by manual dicing using scissors or a
scalpel. Fragments were digested in a volume of 20–30 mL
HBSS with 1.0 mg=mL collagenase enzyme blend (Liberase
CI) and 0.005% DNase (Roche Diagnostic Corporation) for
30 min at 378C with gentle agitation. Digestion was inhibited
with cold fetal bovine serum (FBS) and the cell suspension
gently passed through a wire mesh to disrupt any remaining
large tissue clumps. Erythrocytes were depleted with CD235a

monoclonal antibody (mAb) and immunomagnetic beads as
previously described [11,20]. FL cells were collected, washed
with HBSS, and resuspended in buffer for antibody staining.
The hematopoietic fraction of FL cells was studied for CD326
expression by isolation of CD235a� and CD235aþ light-density
cells as previously reported [20].

FL cells were suspended in blocking buffer consisting of
phosphate-buffered saline (PBS) supplemented with 0.01%
NaN3 (Sigma Chemical Co.) and 5% normal mouse serum
(Gemini-Bio-Products, Inc.) for mAb labeling and isola-
tion by fluorescence-activated cell sorting (FACS). Anti-
bodies used in this study are listed in Supplementary
Table S1 (Supplementary Data are available online at www
.liebertonline.com=scd). Cells were stained with CD45-
fluorescein isothiocyanate, CD14-phycoerythrin (PE), and
CD326-allophycocyanin for �30 min on ice, washed, and
suspended in PBS with 0.3% bovine serum albumin (BSA;
Roche Diagnostic Corporation) and 2 mg=mL propidium
iodide (PI; Invitrogen). Live cells (PI�) were sorted on a
FACSAria flow cytometer (BD Biosciences) using a large
nozzle and low to moderate flow rates.

Phenotypic analyses

Freshly isolated cells or cells harvested after culture were
analyzed for antigen expression using an LSR II flow cyt-
ometer (BD Biosciences). Cell-surface staining was per-
formed as previously described [20]. Cytoplasmic staining
was performed using Fix and Perm reagents (Invitrogen).
Cells were first labeled with a fixable violet-fluorescent re-
active dye (LIVE=DEAD Fixable Dead Cell Stain Kits; In-
vitrogen), and then cell surface staining was performed
before cell fixation and permeabilization for cytoplasmic
staining. Analyses of flow cytometric data were performed
only on live cells using an electronic gate to identify PI� or
violet dye� events using FlowJo software (Tree Star, Inc.).

Quantitative real-time reverse-transcriptase
polymerase chain reaction analysis

Total RNA was isolated by RNeasy mini kit (QIAGEN).
The iScripttm cDNA Synthesis kit (Bio-Rad Laboratories Inc.)
was used for synthesis of cDNA. Quantitative polymerase
chain reaction (qPCR) was performed by the ABI Prism 7500
sequence detection system (Applied Biosystems) using SYBR
Green I DNA-binding dye. Human 18S mRNA gene was
used as endogenous control. Primers are listed in Supple-
mentary Table S2. Samples were run in triplicate 15 mL re-
action volumes. The size of product was verified by gel
electrophoresis. Results were obtained as threshold cycle
(CT) values. Expression levels were calculated using the DCT
method. The values were calculated as the mean values of 3
independent measurements, and the expression levels of
mRNA in all samples were defined as a ratio to 18S mRNA
gene expression. The significance of differences in the levels
of gene expression measured by qPCR was determined using
the nonparametric 2-tailed Mann–Whitney U-test.

Cell culture

Cells were cultured in William’s E medium supplemented
as described [21] with 5% FBS (Gemini-Bio-Products) and
20 ng=mL epidermal growth factor (R&D Systems, Inc.) in
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24-well collagen-coated plates (Biocoat� BD Labware) for 3
weeks. The fresh medium was added weekly. Cells were
collected for RNA isolation or fixed for immunofluorescence
staining after 3 weeks.

Immunofluorescence staining
for epifluorescence microscopy

Small pieces of FL were fixed in 10% formalin overnight,
washed in PBS, passed through sucrose gradient, and em-
bedded into optimal cutting temperature (OCT) medium.
About 5mm cryostat sections were generated for staining.
Cultured cells were fixed with 4% formaldehyde, washed in
PBS with 0.1% BSA, and permealized in 0.3% Triton in PBS
with 10% FBS and 0.1% BSA.

Sample slides were incubated with primary antibodies for
1 h at room temperature, washed with 0.1% BSA in PBS
thrice, and then incubated with the appropriate secondary
antibodies. Samples were covered with ProLong� Gold an-
tifade reagent with 40,6-diamidino-2-phenylindole (Invitro-
gen). Images were analyzed with a Leica CTR6500 (Leica
Microsystems). Colocalization analysis was performed using
software In Vivo (Media Cybernetics, Inc.)

Results

Expression of CD326 by hematopoietic cells
in the FL

Analysis of midgestation liver indicated CD326 expression
on CD45þ hematopoietic cells, although no CD326 expres-
sion was observed on adult peripheral blood cells (data not
shown). Two different isolation procedures were used to
prepare FLs for flow cytometric analyses. First, enzymatic
digestion and erythrocyte depletion was used to isolate
CD235a� FL cells of which 17% of CD45þ cells expressed
CD326 (Fig. 1A). Second, light-density CD45þ FL cells had
an even higher level of CD326 expression (Fig. 1B). Analyses
of different hematopoietic lineages, found among the light-
density FL cells, indicated that CD326-expressing cells
included subsets of CD235aþ immature erythrocytes, CD3þ

T-cells, CD56þ natural killer cells, CD19þ B-cells, CD14þ

monocyte=macrophages, CD15þ granulocytes, CD33þ mye-
loid and progenitor cells, and CD34þ hematopoietic precur-
sors (Fig. 1C–J, respectively), thus indicating widespread
expression of CD326 by the hematopoietic fraction of the FL.

CD14 and CD326 expression by nonhematopoietic
cells in the FL

Expression of CD14 and CD326 was studied in a 4-color
staining of CD235a� FL cells (Fig. 2A). Distinct populations
of cells distinguished by their levels of CD14 and CD326
expression were evident among CD45� FL cells (Fig. 2A).
Four subpopulations were defined that differed in size and
cellular complexity as indicated by their forward and side
light-scatter profiles. Cells expressing the highest levels of
CD326, referred to as CD326þþCD14lo cells, are among the
largest cells in the FL. A second population of cells was de-
fined by higher levels of CD14 with some of these cells ex-
pressing CD326 (CD14þþCD326þ=� cells). Low levels of
CD326 expression were also observed on a subset that did
not express CD14 (CD326loCD14� cells). Lastly, a fraction of

cells remained that did not express any detectable CD14 or
CD326, referred to as CD14�CD326� cells.

Expression of CD14 by CD326þþCD14lo cells was evident
when compared to CD45�CD326þþ cells stained with IgG2a-
PE (Fig. 2B). However, CD14 expression was not readily
observed by these cells using a less-sensitive staining with
fluorescein isothiocyanate-labeled mAb (data not shown).
Therefore, CD14 expression was confirmed by specifically
blocking staining using a different clone of unlabeled-mAb
recognizing CD14, clone RPA-M1. Blocking with unlabeled
anti-CD4 mAb (clone RPA-T4) had no effect on CD14-PE
staining. CD14 gene expression was also measured by qPCR
(Fig. 2C). Not surprisingly, the highest levels of CD14 gene
expression were detected in CD14þþCD326þ=� cells and the
least expression level was observed in CD326loCD14� cells.
CD14 gene expression was observed in CD326þþCD14lo cells
at a 10th the levels of CD14þþCD326þ=� cells (P¼ 0.053) but
at 6.8-fold higher than observed from CD326loCD14� cells
(P¼ 0.007). These findings indicate a low level CD14 gene
and protein expression by CD326þþCD14lo cells.

Analysis of CD326 gene expression (Fig. 2C) unexpectedly
indicated the highest level of expression by CD326loCD14�

cells rather than CD326þþCD14lo cells (P¼ 0.008). This sug-
gested the possibility that the high levels of CD326 protein
expression measured by flow cytometry on CD326þþCD14lo

cells was in part due to the high autofluorescence displayed
by these large cells. However, when background levels of
fluorescence were used to calculate a signal:noise ratio,
CD326þþCD14lo cells displayed an *2-fold higher level of
CD326 expression than CD326loCD14� cells (Fig. 2D).
Thus, the levels of gene expression did not correlate with
cell-surface CD326 expression between these 2 sets of FL
cells, a phenomenon that although not typical is also not
unusual [22].

CD326þþCD14lo cells express the highest levels
of hepatocyte-associated genes and proteins

We analyzed gene expression among 4 cell populations
isolated by FACS, based on their levels of CD14 and CD326
expression, to determine which population contains hepa-
tocytes, cholangiocytes, and their precursors (Fig. 3). Pre-
liminary studies indicated no hepatocyte-associated gene
expression among CD14�CD326� cells (data not shown);
thus, we did not further isolate these cells for the analyses
shown in Fig. 3. Instead, we chose to differentially sort
CD14þþ cells based on CD326 expression.

CD326þþCD14lo cells expressed the highest levels of genes
associated with hepatocytes (Fig. 3): a1-antitrypsin (AAT), a-
fetoprotein (AFP), ALB, c-Met, cytochrome P450 3A7
(Cyp3A7) [23], hepatic nuclear factor 3a (HNF3a) [24], pros-
pero-related homeobox 1 (Prox1) [25], and transferrin (TF).
These cells also expressed the greatest amount of gene
transcript for the biliary and hepatoblast marker cytokeratin
(CK)-19.

CD14þþ cells, whether expressing CD326 or not, ex-
pressed high levels of the gene coding for CD31 (platelet
endothelial cell adhesion molecule-1). We believe that these
cells are primarily comprised of sinusoidal endothelial cells
and have found no conclusive evidence that they con-
tain hepatocytes, biliary cells, or their precursors (work in
progress). CD326loCD14� cells also did not express any

HEPATIC PROGENITORS IN HUMAN FETUS 1249



FIG. 1. Expression of CD326 by hematopoietic cells. CD326 is expressed on CD45þ cells isolated from a 23 weeks’ gestation
FL by enzymatic digestion and erythrocyte (CD235a) depletion (A). CD326 expression is observed on hematopoietic cells
enriched by density centrifugation of 20 weeks’ gestation FL cells to remove hepatic parenchymal cells (B). Analyses of
CD326 expression on different hematopoietic lineages isolated from a 21 weeks’ gestation FL are shown in (C–J). Light-
density erythroid precursors are shown in (C). Erythroblasts were depleted using immunomagnetic bead depletion to enrich
leukocytes in for analysis (D–J). Leukocytes and erythroid precursors were further enriched in the analyses by electronic
gating based on their characteristic forward and side light-scatter as well as their characteristic level of CD45 PE-Cy7
expression (not shown). Note, CD15 expression is shown only on high side scatter cells (granulocytes), whereas CD14 and
CD33 expression levels are shown for both low and high scatter cells. In all analyses, dead cells were excluded based on
positive PI staining. FL, fetal liver; PE, phycoerythrin; PI, propidium iodide.

FIG. 2. Expression of CD14 and CD326 on nonhematopoietic FL cells. Antigen expression was analyzed on 23 weeks’
gestation CD235a� FL cells (A). Viable (PI�) nonhematopoietic cells (CD45�) were analyzed for CD14 and CD326 expression
by sequential electronic gating, using gates 1 and 2 as shown. The flow of electronic gating of the data is shown using arrows.
Differences in the size and complexity of the 4 cell populations defined by CD14 and CD326 expression (center plot) are
indicated by their respective light-scatter profiles. Expression of CD14 on CD326þþ cells was confirmed by specific blocking
of CD14-PE binding by unconjugated anti-CD14 mAb (B). Relative levels of CD14, CD45, and CD326 mRNA expression
determined by quantitative polymerase chain reaction analyses of samples collected from n¼ 2–10 (CD14) and n¼ 3–11
(CD326 and CD45) sorted tissues. Data are shown as the mean� standard error (C). Signal-to-noise ratios of CD326 ex-
pression are compared among the 3 cell populations (D). Mean fluorescence intensity for CD326-allophycocyanin (signal) and
IgG1-allophycocyanin (noise) staining was determined on PI�CD45� cells also gated based on the light-scatter characteristics
of each cell population as indicated by gates 3, 4, and 5 shown in the light-scatter plots in (A). mAb, monoclonal antibody.

‰
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significant amounts of hepatocyte-associated genes. Ongoing
work in our laboratory suggests that CD326loCD14� cells are
a heterogeneous population of cells containing immature
erythrocytes and mesenchymal=fibroblast-like cells. In sum-
mary, these gene expression data indicate that fetal hepato-
cytes, cholangiocytes, and their precursors are likely found
among CD326þþCD14lo cells.

Flow cytometric analyses were performed to confirm ex-
pression of hepatocyte-associated markers and examine the
diversity of cell types represented by CD326þþCD14lo cells.
Cytoplasmic staining yielded low but detectable levels of
ALB among CD326þþCD14lo cells (Fig. 4A). The mAb
CAM5.2, which binds CK7 and CK8, also bound the majority
of these cells but few other CD45� cells. Low expression of
the cholangiocyte and hepatoblast marker CK19 was de-
tected on freshly isolated cells, consistent with low expres-
sion of CK19 mRNA by freshly isolated cells measured by

qPCR analyses (Fig. 3). Staining of FL sections revealed that
CK19þ cells were concentrated in ductal plates and around
blood vessels on cells that expressed high levels of CD326
(Fig. 5N). CK19 gene expression notably increased after cul-
ture (Figs. 6 and 7). Similar results were obtained for another
cholangiocyte marker, CK7.

Analysis of cell surface antigen expression revealed a
pattern of antigen expression by CD326þþCD14lo cells that is
mostly consistent with a parenchymal cell phenotype (Fig.
4B). CD326þþCD14lo cells are the major nonhematopoietic
cell population in the FL expressing heat-stable antigen
(CD24), a6 integrin (CD49f), P-glycoprotein (CD243), and E-
cadherin (CD324). Additionally, these cells expressed CD9,
CD13, dipeptidyl peptidase IV (CD26), and b1 integrin
(CD29), although CD26 and CD29 were widely expressed by
different populations of FL cells and were not specific for
CD326þþCD14lo cells (data not shown). Variable levels of

FIG. 3. Gene expression profile of 4 sorted cell populations. Relative levels of gene expression were measured by quanti-
tative polymerase chain reaction analyses. Cells were isolated by fluorescence-activated cell sorting based on their expression
of CD14 and CD326 as shown in the zebra plot from livers ranging in gestational age from 19 to 24 weeks. Data represent the
mean� standard error from 7 experiments.
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FIG. 4. Flow cytometric analysis of surface and cytoplasmic antigens on CD326þþCD14lo cells. Cytoplasmic antigen ex-
pression on viable CD45� FL cells is shown in (A). Fluorescein isothiocyanate-labeled cytoplasmic staining is shown together
with cell-surface CD326 expression. Representative cell-surface expression of antigens stained with PE-labeled mAb on
PI�CD45�CD326þþCD14lo FL cells is shown in (B). Expression of the indicated antigens is shown using filled histograms,
whereas staining with the corresponding isotype control antibody is shown using an unfilled histogram. The mean per-
centage expression level of the indicated antigen and number of experiments performed are shown for gated CD326þþCD14lo

cells.
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FIG. 5. Immunolocalization
of CD326þþ=þ cell subsets in
FL. FL fixed and frozen sec-
tions of 21 weeks’ gestation
age were stained with mAbs
against CD326 (green, all
panels but E and H) and CD14
(C, E, F, H, and I), CD29 ( J),
CD49f (K), CD34 (L), CD90
(M), CK19 (N), and CK7=8
(O) shown in red. 40,6-Diami-
dino-2-phenylindole staining
of nuclei is shown in blue
(B, F, I, J, and L). Note strong
expression of CD326 around a
ductal plate (DP) seen at 100�
magnification (A), including
in bile duct (BD) cells seen in
(A) and in (B) at 630�magni-
fication. CD326 and CD14
coexpression (yellow) in the
parenchyma and around blood
vessels is seen at 100� mag-
nification (C). Higher magni-
fication of CD326 and CD14
expression is seen in (D–F)
(200�) and (G–I) (400�). In
these 6 panels, CD326 expres-
sion is shown by itself in the
right column and CD14 ex-
pression is shown in the center
column. Merged photomicro-
graphs with 40,6-diamidino-
2-phenylindole staining are
shown in (F) and (I). CD29 and
CD326 are coexpressed by
most cells in parenchyma ( J,
200�) though some cells
around blood vessels express
only one marker. CD49f is
coexpressed on CD326 posi-
tive cells in the parenchyma
and with low-intensity on
CD326bright cells (K, 100�).
CD34 strongly marks endo-
thelial cells and some CD326
positive parenchymal cells
(L, 200�). CD90 is found
mostly on vascular cells (M, 200�). CK19 is expressed around DPs but not around central vein (CV) (N, 100�). CK7=8 is
coexpressed with CD326 around blood vessels and in the parenchyma (O, 200�).

FIG. 6. Morphology and marker ex-
pression on cultured CD326þþCD14lo

cells. Cultured CD326þþCD14lo cells
form a layer of polygonal cells (A) and
express high levels of albumin (green)
or=and CK19 (red) (B).
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CD34, TF receptor (CD71), and nerve-growth factor receptor
(CD271) expression suggest some degree of diversity among
CD326þþCD14lo cells.

Localization by immunofluorescence
of CD326þþCD14lo cells in the FL

CD326 staining of FL sections indicated widespread but
weak expression by parenchymal cells (Fig. 5). At least 3
types of cells expressing CD326 could be distinguished by
their location within the FL. Strong expression was observed
on cholangiocytes forming bile ducts (Fig. 5A, B) and on cells
surrounding blood vessels and ductal plates (Fig. 5A, J–O).
We refer to these cells as CD326bright cells to distinguish them
from the CD326þþ cell population defined by flow cytome-
try. Parenchymal hepatocytes also expressed CD326 (Fig. 5C,
D, G), but at a lower intensity.

Our goal was to compare the phenotypic profile of cells
expressing CD326 detected by immunofluorescence micros-
copy and by flow cytometry to understand their relationship
and location within the FL. Accordingly, CD14 expression
was analyzed on FL sections and was weakly expressed by
most parenchymal cells (Fig. 5C, E, H). The CD326bright cells
in ductal plates and in the perivascular areas also expressed
CD14. Thus, it is likely that these CD326bright cells are con-
tained within the CD326þþCD14lo cell population defined by
flow cytometry, but that CD326þþCD14lo cells also comprise
the FL parenchyma. Fluorescence detected by flow cytome-
try is represented on a logarithmic scale and that the levels of
CD326 expression can vary about 10-fold among cells in the
CD326þþCD14lo population.

The link between CD326þþCD14lo cells and CD326-
expressing cells in FL sections was further examined using
antigens identified as markers of CD326þþCD14lo cells.
CD29 was expressed by multiple cell types, including
CD326bright cells and parenchymal cells (Fig. 5J). CD49f and

CD326 coexpression was also observed in parenchyma (Fig.
5K). CD34 coexpression with CD326 was seen in liver sec-
tions (Fig. 5L), revealing that some parenchymal cells were
positive for both these markers, but CD326bright cells ex-
pressed mostly low or undetectable levels of CD34. These
results are in agreement with the variable levels of CD34
expression observed on CD326þþCD14lo cells by flow cy-
tometry. CD90 stained only a few parenchymal cells, but
appeared to stain endothelial cells, including cells adjacent to
CD326bright cells (Fig. 5M). CK19 expression was not detected
in the parenchyma but was expressed in some CD326bright

cells in ductal plates and around some small vessels but not
central veins (Fig. 5N). This suggests that CD326bright cells
around central veins and in ductal plates might have dif-
ferent developmental potentials. CK7=8, the CAM5.2 anti-
gen, was coexpressed with CD326 in parenchymal cells as
well as around perivascular CD326bright cells (Fig. 5O). To-
gether, these data indicate that CD326þþCD14lo cells not
only comprise the FL parenchyma but also contain different
subsets of perivascular and biliary CD326bright cells.

Heterogeneity of cell types observed in cultures
of CD326þþCD14lo cells

Two types of cells were observed in cultures of
CD326þþCD14lo cells: large polygonal cells with a complex
cytoplasm and small cells (Fig. 6A). Cultured cells expressed
ALB and CK19, revealing cells positive for either or both
markers (Fig. 6B). The small cells tended to express com-
paratively more ALB, whereas the larger cells exhibited more
CK19 staining. CD326þþCD14lo cells continued to express
approximately the same mRNA levels of AAT, CD326, c-Met,
Cyp3A7, and HNF3a after 3 weeks of culture as before culture
(Fig. 7). AFP, ALB, Prox1, and TF expression decreased with
culture. CK19 and CK7 expression was notably increased
with culture.

Discussion

CD326 is of interest as a marker of liver progenitors and
stem cells and has been used to positively select fetal hepatic
precursor [7]. We sought to better understand the diversity
of CD326 expression on freshly isolated cells from mid-
gestation human FL. Among the cells that expressed CD326
were CD45þ hematopoietic cells representing multiple line-
ages. Moreover, 3 CD45� cell populations expressed CD326
as distinguished by CD14 expression. We demonstrate for
the first time that this protein, CD14, is expressed by human
fetal hepatocytes extending the findings that CD14 is ex-
pressed by adult hepatocytes in rodents and humans [14–19].
CD326þþCD14lo cells expressed both genes and cell surface
antigens associated with mature hepatocytes.

Specifically, CD326þþCD14lo cells expressed a number of
genes associated with functional hepatocytes: ALB, AFP,
c-Met, HNF3a, Prox1, Cyp3A7, AAT, and TF. Cultured
CD326þþCD14lo cells also expressed these genes although
the levels for some declined in culture. Antigen expression
revealed similarities with adult hepatocytes, including ex-
pression of CD9 [26], CD13 [27], and CD26 [28]. Most
CD326þþCD14lo cells also expressed CD24, which is ex-
pressed by human hepatocellular carcinomas [29] and by rat
oval cells [9]. The integrins CD29 and CD49f, which as

FIG. 7. Changes in mRNA expression by CD326þþCD14lo

cells after 3 weeks of culture. The dashed line at 108 repre-
sents no change in expression; higher values reflect increased
expression compared to mRNA levels in freshly isolated
cells. Results are shown as the mean� standard error of 4
independent experiments.
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heterodimers can bind laminin and are found on murine
hepatic progenitors [30,31], were both highly expressed by
CD326þþCD14lo cells. Additionally, CD243, CD324, and cy-
toplasmic CK7=8 were primarily expressed by CD326þþ

CD14lo cells, and further helped to define these cells as a
distinct cell population in the FL. The ATP-dependent efflux
pump CD243 is expressed by proliferating hepatocytes and
hepatic neoplasms [32] and it was previously observed to be
expressed on the canalicular membrane of FL hepatocytes and
on the apical membrane of cholangiocytes [33]. The adhesion
molecule CD324 has been identified as a marker of fetal he-
patocytes in mice [34]. Taken together, these findings establish
CD326þþCD14lo cells as the population of FL cells containing
the bulk of fetal parenchymal hepatocytes.

Despite the evidence that CD326þþCD14lo cells are a lar-
gely homogeneous population of cells, we did uncover in-
dications for a diversity of cell types and gene expression
within this cell population. At least 3 cell populations ex-
hibited clear CD326 expression in liver sections that appear
all to be contained within the CD326þþCD14lo cell popula-
tion. Two types of CD326bright cells were identified by epi-
fluorescence microscopy, cholangiocytes lining bile ducts
and perivascular CD326bright cells. The latter population can
be further divided into cells in close contact with endothelial
cells and those separate from the endothelial cells by sur-
rounding perivascular mesenchyme. The third population of
cells represented by CD326þþCD14lo cells comprises the
parenchyma. The evidence for all these populations being
represented by CD326þþCD14lo cells is coexpression of CD14,
CD34, CD49f, and CK7=8 detected by both flow cytometry
and epifluorescence microscopy on CD326-expressing cells.
Additionally, the published findings of parenchymal and
cholangiocyte expression of CD243 further support this
conclusion [33].

Variable levels of CD34, CD271, and CK19 expression
suggest heterogeneity among CD326þþCD14lo cells. CD34
coexpression with CD326 appeared highest on parenchymal
cells, although not all parenchymal cells appeared to express
CD34, which matches the results using flow cytometry that
found only about a fifth of CD326þþCD14lo cells expressed
CD34. CK19 was clearly expressed on only a subpopulation
of CD326bright cells associated with ductal plates. These
CK19þCD326bright cells are likely to represent previously
described ductal plate hepatoblasts [35]. CK19 expression
was notably increased upon culture, suggesting caution in
using this marker as an indicator of hepatoblast potential on
cultured cells.

Schmelzer et al. isolated cells expressing CD326 using
immunomagnetic beads [7]. Although they did not observe
any CD14 expression, it is, nonetheless, likely that
CD326þþCD14lo cells were among the cells isolated by these
investigators and shown to contain hepatic progenitors and
likely stem cells. Our cultured CD326þþCD14lo cells pro-
duced different cells expressing CK19 and ALB or both
markers, which likely resulted from the growth of cho-
langiocytes, hepatocytes, and their progenitors, all residing
among CD326þþCD14lo cells.
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growth and identification of colony-forming cells with ery-
throid, myeloid, dendritic cell and NK-cell potential from
human fetal liver. Biol Proced Online 4:10–23.

21. Lázaro CA, EJ Croager, C Mitchell, JS Campbell, C Yu, J
Foraker, JA Rhim, GC Yeoh and N Fausto. (2003). Establish-
ment, characterization, and long-term maintenance of cul-
tures of human fetal hepatocytes. Hepatology 38:1095–1106.
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