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Hepatocyte-like cells from human embryonic stem cells
(ESCs) and induced pluripotent stem cells (iPSCs) are
expected to be a useful source of cells drug discov-
ery. Although we recently reported that hepatic com-
mitment is promoted by transduction of SOX17 and
HEX into human ESC- and iPSC-derived cells, these
hepatocyte-like cells were not sufficiently mature for
drug screening. To promote hepatic maturation, we
utilized transduction of the hepatocyte nuclear factor
4o (HNF4o)) gene, which is known as a master regula-
tor of liver-specific gene expression. Adenovirus vector-
mediated overexpression of HNF4a in hepatoblasts
induced by SOX17 and HEX transduction led to upreg-
ulation of epithelial and mature hepatic markers such
as cytochrome P450 (CYP) enzymes, and promoted
hepatic maturation by activating the mesenchymal-
to-epithelial transition (MET). Thus HNF4a might play
an important role in the hepatic differentiation from
human ESC-derived hepatoblasts by activating the MET.
Furthermore, the hepatocyte like-cells could catalyze the
toxication of several compounds. Our method would be
a valuable tool for the efficient generation of functional
hepatocytes derived from human ESCs and iPSCs, and
the hepatocyte-like cells could be used for predicting
drug toxicity.
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Human embryonic stem cells (ESCs) and induced pluripotent
stem cells (iPSCs) are able to replicate indefinitely and differen-
tiate into most of the body’s cell types.'? They could provide an
unlimited source of cells for various applications. Hepatocyte-
like cells, which are differentiated from human ESCs and iPSCs,

would be useful for basic research, regenerative medicine, and
drug discovery.’ In particular, it is expected that hepatocyte-
like cells will be utilized as a tool for cytotoxicity screening in
the early phase of pharmaceutical development. To catalyze the
toxication of several compounds, hepatocyte-like cells need to
be mature enough to exhibit hepatic functions, including high
activity levels of the cytochrome P450 (CYP) enzymes. Because
the present technology for the generation of hepatocyte-like cells
from human ESCs and iPSCs, which is expected to be utilized
for drug discovery, is not refined enough for this application,
it is necessary to improve the efliciency of hepatic differentia-
tion. Although conventional methods such as growth factor-
mediated hepatic differentiation are useful to recapitulate liver
development, they lead to only a heterogeneous hepatocyte
population.’® Recently, we showed that transcription factors
are (ransiently transduced to promote hepatic differentiation
in addition to the conventional differentiation method which
uses only growth factors.” Ectopic expression of Sry-related
HMG box 17 (SOX17) or hematopoietically expressed homeo-
box (HEX) by adenovirus (Ad) vectors in human ESC-derived
mesendoderm or definitive endoderm (DE) cells markedly
enhances the endoderm differentiation or hepatic commitment,
respectively.”® However, further hepatic maturation is required
for drug screening,.

The transcription factor hepatocyte nuclear factor 4o
(HNF40) is initially expressed in the developing hepatic diver-
ticulum on E8.75,'" and its expression is elevated as the liver
develops. A previous loss-of-function study showed that HNF4a
plays a critical role in liver development; conditional deletion
of HNF4o. in fetal hepatocytes results in the faint expression of
many mature hepatic enzymes and the impairment of normal
liver morphology."" The genome-scale chromatin immunopre-
cipitation assay showed that HNF4o binds to the promoters of
nearly half of the genes expressed in the mouse liver,”” including
cell adhesion and junctional proteins,"” which are important in
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the hepatocyte epithelial structure." In addition, HNF4o. plays a
critical role in hepatic differentiation and in a wide variety of liver
functions, including lipid and glucose metabolism.'>'® Although
HNF4o could promote transdifferentiation into hepatic lincage
from hematopoietic cells,” the function of HNF4o in hepatic
differentiation from human ESCs and iPSCs remains unknown.
A previous study showed that hepatic differentiation from mouse
hepatic progenitor cells is promoted by HNF4a, although many
of the hepatic markers that they examined were target genes of
HNF40.'® They transplanted the HNF4co-overexpressed mouse
hepatic progenitor cells to promote hepatic differentiation, but
they did not examine the markers that relate to hepatic matu-
ration such as CYP enzymes, conjugating enzymes, and hepatic
transporters.

In this study, we examined the role of HNF4at in hepatic dif-
ferentiation from human ESCs and iPSCs. The human ESC- and
iPSC-derived hepatoblasts, which were efficiently generated by
sequential transduction of SOX17 and HEX, were transduced
with HNF4a-expressing Ad vector (Ad-HNF4o), and then the
expression of hepatic markers of the hepatocyte-like cells were
assessed. In addition, we examined whether or not the hepato-
cyte-like cells, which were generated by sequential transduction
of SOX17, HEX, and HNF4a, were able to predict the toxicity of
several compounds.

Stage-specific HNF4o transduction in hepatoblasts
selectively promotes hepatic differentiation

The transcription factor HNF4a plays an important role in both
liver generation'' and hepatic differentiation from human ESCs
and 1PSCs (Supplementary Figure S1). We expected that hepatic
differentiation could be accelerated by HNF4a transduction. To
examine the effect of forced expression of HNF4q in the hepatic
differentiation from human ESC- and iPSC-derived cells, we used a
fiber-modified Ad vector.” Initially, we optimized the time period
for Ad-HNF4o transduction. Human ESC (H9)-derived DE cells
(day 6) (Supplementary Figures §2 and $3a), hepatoblasts (day
9) (Supplementary Figures S2 and $3b), or a heterogeneous
population consisting of hepatoblasts, hepatocytes, and cholangi-
ocytes (day 12) (Supplementary Figures S2 and S3c) were trans-
duced with Ad-HNF4a and then the Ad-HNF4o-transduced
cells were cultured until day 20 of differentiation (Figure 1).
We ascertained the expression of exogenous HNF40t in human
ESC-derived hepatoblasts (day 9) transduced with Ad-HNF4q
(Supplementary Figure S$4). The transduction of Ad-HNF4o
into human ESC-derived hepatoblasts (day 9) led to the highest
expression levels of the hepatocyte markers albumin (ALB)* and
o-1-antitrypsin (Figure 1a). In contrast, the expression levels of
the cholangiocyte markers cytokeratin 7 (CK7)*' and SOX9** were
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1. (a—c) The human ESC (H9)-derived cells, which were

cultured for 6, 9, or 12 days accordmg to the protocol descnbed in Flgure 2a, were transduced with 3,000 vector particles (VP)/cell of Ad-HNF4 ¢
for 1.5 hours and cultured until day 20. The gene expression levels of (a) hepatocyte markers (ALB and «-1-antitrypsin), (b) cholangiocyte markers
(CK7 and SOX9), and (c) pancreas markers (PDX7 and NKX2.2) were examined by real-time RT-PCR on day 0 (human ESCs (hESCs)) or day 20 of
differentiation. The horizontal axis represents the days when the cells were transduced with Ad-HNF4o. On the y-axis, the level of the cells without
Ad-HNF4a transduction on day 20 was taken as 1.0. All data are represented as means + SD (n = 3). ESC, embryonic stem cell; HNF4c, hepatocyte

nuclear factor 4c; RT-PCR, reverse transcription-PCR.
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downregulated in the cells transduced on day 9 as compared with
nontransduced cells (Figure 1b). This might be because hepatic
differentiation was selectively promoted and biliary differen-
tiation was repressed by the transduction of HNF4c in hepato-
blasts. The expression levels of the pancreas markers PDX1* and
NKX2.2* did not make any change in the cells transduced on day
9 as compared with nontransduced cells (Figure 1¢). Interestingly,
the expression levels of the pancreas markers were upregulated,
when Ad-HNF4a transduction was performed into DE cells (day
6) (Figure 1c). These results suggest that HNF4a might promote
not only hepatic differentiation but also pancreatic differentiation,
although the optimal stage of HNF4 transduction for the differ-
entiation of each cell is different. We have confirmed that there
was no difference between nontransduced cells and Ad-LacZ-
transduced cells in the gene expression levels of all the markers
investigated in Figure la-c (data not shown). We also confirmed
that Ad vector-mediated gene expression in the human ESC-
derived hepatoblasts (day 9) continued until day 14 and almost
disappeared on day 18 (Supplementary Figure §5). These results
indicated that the stage-specific HNF40 overexpression in human
ESC-derived hepatoblasts (day 9) was essential for promoting effi-
cient hepatic differentiation.

HNF40 Promotes Hepatic Maturation

Transduction of HNF4q into human ESC- and
iPSC-derived hepatoblasts efficiently promotes
hepatic maturation

From the results of Figure 1, we decided to transduce hepatoblasts
(day 9) with Ad-HNF4a. To determine whether hepatic maturation
is promoted by Ad-HNF4o: transduction, Ad-HNF4o.-transduced
cells were cultured until day 20 of differentiation according to
the schematic protocol described in Figure 2a. After the hepatic
maturation, the morphology of human ESCs was gradually changed
into that of hepatocytes: polygonal with distinct round nuclei
(day 20) (Figure 2b). Interestingly, a portion of the hepatocyte-
like cells, which were ALB*-, CK18!-, CYP2D6-, and CYP3A4>-
positive cells, had double nuclei, which was also observed in
primary human hepatocytes (Figure 2b,c, and Supplementary
Figure S6). We also examined the hepatic gene expression levels
on day 20 of differentiation (Figure 3a,b). The gene expression
analysis of CYPI1A2, CYP2C9, CYP2C19, CYP2D6, CYP3A4, and
CYP7A1* showed higher expression levels in all of Ad-SOX17-,
Ad-HEX-, and Ad-HNF4o-transduced cells (three factors-
transduced cells) as compared with those in both Ad-SOX17- and
Ad-HEX-transduced cells (two factors-transduced cells) on day 20
(Figure 3a). The gene expression level of NADPH-CYP reductase
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(a) The procedure for differentiation of human ESCs

and iPSCs into hepatocytes via DE ceHs and hepatoblasts is presented schematlcally The hESF-DIF medium was supplemented with 10 ug/ml human
recombinantinsulin, 5ug/ml human apotransferrin, 10 umol/l 2-mercaptoethanol, 10 pmol/l ethanolamine, 10 umol/l sodium selenite, and 0.5 mg/ml
fatty-acid-free BSA. The L15 medium was supplemented with 8.3% tryptose phosphate broth, 8.3% FBS, 10umol/l hydrocortisone 21-hemisuccinate,
1 pmol/l insulin, and 25 mmol/l NaHCO,. (b) Sequential morphological changes (day 0-20) of human ESCs (H9) differentiated into hepatocytes via
DE cells and hepatoblasts are shown. Red arrow shows the cells that have double nuclei. (¢) The morphology of primary human hepatocytes is shown.
Bar represents 50pm. BSA, bovine serum albumin; DE, definitive endoderm; ESC, embryonic stem cell; iPSC, induced pluripotent stem cell.
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.. (a,b) The human ESCs were differentiated into

hepatocytes accordmg to the protocol descrrbed in Flgure 2a. On day 20 of dlfferentratlon the gene expression levels of (@) CYP enzymes (CYPTA2,
CYP2C9, CYP2C19, CYP2D6, CYP3A4, and CYP7AT) and (b) POR were examined by real-time RT-PCR in undifferentiated human ESCs (hESCs), the
hepatocyte-like cells, and primary human hepatocytes (PH, hatched bar). On the y-axis, the expression level of primary human hepatocytes, which
were cultured for 48 hours after the cells were plated, was taken as 1.0. (c—e) The hepatocyte-like cells (day 20) were subjected to immunostaining
with (¢) anti-drug-metabolizing enzymes (CYP2D6, CYP3A4, and CYP7A1), (d) anti-hepatic surface protein (ASGR1 and c-Met), and (e) anti-ALB
antibodies, and then the percentage of antigen-positive cells was examined by flow cytometry on day 20 of differentiation. All data are represented
as means + SD (n = 3). ESC, embryonic stem cell; HNF4¢, hepatocyte nuclear factor 4¢; iPSC, induced pluripotent stem cell.

(POR)*, which is required for the normal function of CYPs, was
also higher in the three factors-transduced cells (Figure 3b). The
gene expression analysis of ALB, o-1-antitrypsin (o-1-AT), tran-
sthyretin, hepatic conjugating enzymes, hepatic transporters, and
hepatic transcription factors also showed higher expression levels
in the three factors-transduced cells (Supplementary Figures §7
and S8). Moreover, the gene expression levels of these hepatic
markers of three factor-transduced cells were similar to those of
primary human hepatocytes, although the levels depended on the
type of gene (Figure 3a,b, and Supplementary Figures S7 and
$8). To confirm that similar results could be obtained with human
iPSCs, we used three human iPS cell lines (201B7, Dotcom, and
Tic). The gene expression of hepatic markers in human ESC- and
iPSC-derived hepatocytes were analyzed by real-time reverse
transcription-PCR on day 20 of differentiation. Three human
iPS cell lines as well as human ESCs also effectively differentiated
into hepatocytes in response to transduction of the three factors

130

(Supplementary Figure §9). Interestingly, we observed differences
in the hepatic maturation efliciency among the three human iPS
cell lines. That is, two of the human iPS cell lines (Tic and Dotcom)
were more committed to the hepatic lineage than another human
iPS cell line (201B7). Because almost homogeneous hepatocyte-like
cells would be more useful in basic research, regenerative medicine,
and drug discovery, we also examined whether our novel methods
for hepatic maturation could generate a homogeneous hepatocyte
population by flow cytometry analysis (Figure 3c-e). The per-
centages of CYP2D6-, CYP3A4-, and CYP7Al-positive cells were
~80% in the three factors-transduced cells, while they were ~50%
in the two factors-transduced cells (Figure 3c). The percentages
of hepatic surface antigen (asialoglycoprotein receptor 1 (ASGR1]
and met proto-oncogene (c-Met))-positive cells (Figure 3d) and
ALB-positive cells (Figure 3e) were also ~80% in the three fac-
tors-transduced cells. These results indicated that a nearly homo-
geneous population was obtained by our differentiation protocol

www.moleculartherapy.org vol. 20 no. 1 jan. 2012



using the transduction of three functional genes (SOX17, HEX,
and HNF40).

The three factors-transduced cells have characteristics
of functional hepatocytes

The hepatic functions of the hepatocyte-like cells, such as the
uptake of low-density lipoprotein (LDL) and CYP enzymes activ-
ity, of the hepatocyte-like cells were examined on day 20 of dif-
ferentiation. Approximately 87% of the three factors-transduced
cells uptook LDL in the medium, whereas only 44% of the two
factors-transduced cells did so (Figure 4a). The activities of CYP
enzymes of the hepatocyte-like cells were measured according to
the metabolism of the CYP3A4, CYP2C9, or CYP1A2 substrates
(Figure 4b). The metabolites were detected in the three factors-
transduced cells and their activities were higher than those of
the two factors-transduced cells (dimethyl sulfoxide (DMSO)
column). We further tested the induction of CYP3A4, CYP2C9,
and CYP1A2 by chemical stimulation, since CYP3A4, CYP2C9,
and CYP1A2 are the important prevalent CYP isozymes in the
liver and are involved in the metabolism of a significant propor-
tion of the currently available commercial drugs (rifampicin or
omeprazole column). It is well known that CYP3A4 and CYP2C9
can be induced by rifampicin, whereas CYP1A2 can be induced
by omeprazole. The hepatocyte-like cells were treated with either
of these. Although undifferentiated human ESCs responsed to
neither rifampicin nor omeprazole (data not shown), the hepato-
cyte-like cells produced more metabolites in response to chemical
stimulation as well as primary hepatocytes (Figure 4b). The activ-
ity levels of the hepatocyte-like cells as compared with those of
primary human hepatocytes depended on the types of CYP; the
CYP3A4 activity of the hepatocyte-like cells was similar to that of
primary human hepatocytes, whereas the CYP2C9 and CYP1A2
activities of the hepatocyte-like cells were slightly lower than those
of primary human hepatocytes (Figure 3a). These results indi-
cated that high levels of functional CYP enzymes were detectable
in the hepatocyte-like cells.

The metabolism of diverse compounds involving uptake,
conjugation, and the subsequent release of the compounds is
an important function of hepatocytes. Uptake and release of
Indocyanine green (ICG) can often be used to identify hepato-
cytes in ESC differentiation models.”” To investigate this function
in our hepatocyte-like cells, we compared this ability of the three
factors-transduced cells with that of the two factors-transduced
cells on day 20 of differentiation (Figure 4c). The three factors-
transduced cells had more ability to uptake ICG and to excrete ICG
by culturing without ICG for 6 hours. We also examined whether
the hepatocyte-like cells could store glycogen, a characteristic of
functional hepatocytes (Figure 4d). On day 20 of differentiation,
the three factors-transduced cells and the two factors-transduced
cells were stained for cytoplasmic glycogen using the Periodic
Acid-Schiff staining procedure. The three factors-transduced cells
exhibited more abundant storage of glycogen than the two-factors-
transduced cells. These results showed that abundant hepatic func-
tions, such as uptake and excretion of ICG and storage of glycogen,
were obtained by the transduction of three factors.

Many adverse drug reactions are caused by the CYP-dependent
activation of drugs into reactive metabolites.” In order to examine
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metabolism-mediated toxicity and to improve the safety of drug
candidates, primary human hepatocytes are widely used.* Because
primary human hepatocytes have quite different characteristics
among distinct lots and because it is difficult to purchase large
amounts of primary human hepatocytes that have the same char-
acteristics, hepatocyte-like cells are expected to be used for this
purpose. To examine whether our hepatocyte-like cells could be
used to predict metabolism-mediated toxicity, the hepatocyte-
like cells were incubated with four substrates (troglitazone, acet-
aminophen, cyclophosphamide, and carbamazepine), which are
known to generate toxic metabolites by CYP enzymes, and then
the cell viability was measured (Figure 4e). The cell viability of the
two factors plus Ad-LacZ-tansduced cells were higher than that
of the three factors-transduced cells at each different concentra-
tion of four test compounds. These results indicated that the three
factors-transduced cells could more efficiently metabolize the test
compounds and thereby induce higher toxicity than either the two
factors-transduced cells or undifferentiated human ESCs. The cell
viability of the three factors-transduced cells was slightly higher
than that of primary human hepatocytes.

HNF40o promotes hepatic maturation by activating
mesenchymal-to-epithelial transition

HNF40 is known as a dominant regulator of the epithelial
phenotype because its ectopic expression in fibroblasts (such as
NIH 3T3 cells) induces mesenchymal-to-epithelial transition
(MET)!", although it is not known whether HNF40 can promote
MET in hepatic differentiation. Therefore, we examined whether
HNF40 transduction promotes hepatic maturation from hepa-
toblasts by activating MET. To clarify whether MET is activated
by HNF4o transduction, the human ESC-derived hepatoblasts
(day 9) were transduced with Ad-LacZ or Ad-HNF4q, and the
resulting phenotype was analyzed on day 12 of differentiation
(Figure 5). This time, we confirmed that HNF4o transduction
decreased the population of N-cadherin (hepatoblast marker)-
positive cells,” whereas it increased that of ALB (hepatocyte
marker)-positive cells (Figure 5a). The number of CK7 (cholan-
giocyte marker)-positive population did not change (Figure 5a).
To investigate whether these results were attributable to MET, the
alteration of the expression of several mesenchymal and epithe-
lial markers was examined (Figure 5b). The human ESC-derived
hepatoblasts (day 9) were almost homogeneously N-cadherin™
(mesenchymal marker)-positive and E-cadherin'' (epithelial
marker)-negative, demonstrating that human ESC-derived hepa-
toblasts have mesenchymal characteristics (Figure 5a,b). After
HNF40 transduction, the number of E-cadherin-positive cells
was increased and reached ~90% on day 20, whereas that of
N-cadherin-positive cells was decreased and was less than 5% on
day 20 (Supplementary Figure $§10). These results indicated that
MET was promoted by HNF4o transduction in hepatic differen-
tiation from hepatoblasts. Interestingly, the number of growing
cells was decreased by HNF4o. transduction (Figure 5¢), and the
cell growth was delayed by HNF4a transduction (Supplementary
Figure S11). This decrease in the number of growing cells might
have been because the differentiation was promoted by HNF4a
transduction. We also confirmed that MET was promoted by
HNF4o transduction in the gene expression levels (Figure 5d).
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The cell viability is expressed as a percentage of cells treated with solvent only treat: 0.1% DMSO except for carbamazepine: 0.5% DMSO. All data
are represented as means + SD (1 = 3). ESC, embryonic stem cell; DMSO, dimethy! sulfoxide; LDL, low-density lipoprotein.
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5 HN promotes hepatic differentiation by activating MET. Human ESCs were differentiated into hepatoblasts according to the
protoco| descnbed in Flgure 2a, and then transduced with 3,000 VP/ceH of Ad-LacZ or Ad-HNF4o. for 1.5 hours, and finally cultured until day 12 of
differentiation. (a) The hepatoblasts, two factors plus Ad-LacZ-transduced cells (SOX17+HEX+LacZ) (day 12), and the three factors-transduced cells
(SOX17+HEX+HNF40) (day 12) were subjected to immunostaining with anti-N-cadherin, ALB, or CK7 antibodies. The percentage of antigen-positive
cells was measured by flow cytometry. (b) The cells were subjected to immunostaining with anti-N-cadherin (green), E-cadherin (green), or HNF4o.
(red) antibodies on day 9 or day 12 of differentiation. Nuclei were counterstained with DAPI (blue). The bar represents 50 um. Similar results were
obtained in two independent experiments. (c) The cell cycle was examined on day 9 or day 12 of differentiation. The cells were stained with Pyronin
Y (y-axis) and Hoechst 33342 (x-axis) and then analyzed by flow cytometry. The growth fraction of cells is the population of actively dividing cells
(G1/S/G2/M). (d) The expression levels of AFP, PROXT, a-1-antitrypsin, ALB, CK7, SOX9, N-cadherin, Snaill, Ceacam1, E-cadherin, p15, and p21 were
examined by real-time RT-PCR on day 9 or day 12 of differentiation. The expression level of hepatoblasts (day 9) was taken as 1.0. All data are repre-
sented as means + SD (n = 3). (e) The model of efficient hepatic differentiation from human ESCs and iPSCs in this study is summarized. The human
ESCs and iPSCs differentiate into hepatocytes via definitive endoderm and hepatoblasts. At each stage, the differentiation is promoted by stage-
specific transduction of appropriate functional genes. In the last stage of hepatic differentiation, HNF4o transduction provokes hepatic maturation by
activating MET. ESC, embryonic stem cell; HNF4a, hepatocyte nuclear factor 4o; iPSC, induced pluripotent stem cell; MET, mesenchymal-to-epithelial
transition; RT-PCR, reverse transcription-PCR; VP, vector particle.

The gene expression levels of hepatocyte markers (o I-antitrypsin
and ALB)* and epithelial markers (Ceacam 1 and E-cadherin) were
upregulated by HNF4a transduction. On the other hand, the gene
expression levels of hepatoblast markers (AFP and PROX1)*', mes-
enchymal markers (N-cadherin and Snail)**, and cyclin dependent
kinase inhibitor (pI15 and p21)** were downregulated by HNF4a
transduction. HNF4a transduction did not change the expression
levels of cholangiocyte markers (CK7 and SOX9). We conclude
that HNF4a promotes hepatic maturation by activating MET.

This study has two main purposes: the generation of functional
hepatocytes from human ESCs and iPSCs for application to drug
toxicity screening in the early phase of pharmaceutical development

Molecular Therapy vol. 20 no. | jan. 2012

and; elucidation of the HNF4a function in hepatic maturation from
human ESCs. We initially confirmed the importance of transcrip-
tion factor HNF4at in hepatic differentiation from human ESCs by
using a published data set of gene array analysis (Supplementary
Figure S1).* We speculated that HNF4o transduction could
enhance hepatic differentiation from human ESCs and iPSCs,

To generate functional hepatocytes from human ESCs and iPSCs
and to elucidate the function of HNF4c in hepatic differentiation
from human ESCs, we examined the stage-specific roles of HNF4o..
We found that hepatoblast (day 9) stage-specific HNF4qt transduc-
tion promoted hepatic differentiation (Figure 1). Because endog-
enous HNF4a is initially expressed in the hepatoblast,™"” our system
might adequately reflect early embryogenesis. However, HNF4a
transduction at an inappropriate stage (day 6 or day 12) promoted
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bidirectional differentiation; heterogeneous populations, which
contain the hepatocytes and pancreas cells or hepatocytes and cho-
langiocytes, were obtained, respectively (Figure 1), consistent with a
previous report that HNF4a plays an important role not only in the
liver but also in the pancreas.”* Therefore, we concluded that HNF4o
plays a significant stage-specific role in the differentiation of human
ESC- and iPSC-derived hepatoblasts to hepatocytes (Figure 5e).

We found that the expression levels of the hepatic functional
genes were upregulated by HNF4o transduction (Figure 3a,b,
and Supplementary Figures S7 and $8). Although the c/EBPo
and GATA4 expression levels of the three factors-transduced
cells were higher than those of primary human hepatocytes, the
FOXA1, FOXA2, FOXA3, and HNFla, which are known to be
important for hepatic direct reprogramming and hepatic differ-
entiation,”® expression levels of three factors-transduced cells
were slightly lower than those of primary human hepatocytes
(Supplementary Figure S8). Therefore, additional transduction
of FOXAL, FOXA2, FOXA3, and HNF1la might promote further
hepatic maturation. Some previous hepatic differentiation proto-
cols that utilized growth factors without gene transfer led to the
appearance only of heterogeneous hepatocyte populations.* ® The
HNF4o transduction led not only to the upregulation of expres-
sion levels of several hepatic markers but also to an almost homo-
geneous hepatocyte population; the differentiation efficacy based
on CYPs, ASGR1, or ALB expression was ~80% (Figure 3c-e). The
efficient hepatic maturation in this study might be attributable to
the activation of many hepatocyte-associated genes by the trans-
duction of HNF4a, which binds to the promoters of nearly half of
the genes expressed in the liver."* In the later stage of hepatic mat-
uration, hepatocyte-associated genes would be strongly upregu-
lated by endogenous transcription factors but not exogenous
HNF4a because transgene expression by Ad vectors was almost
disappeared on day 18 (Supplementary Figure S5). Another rea-
son for the efficient hepatic maturation would be that sequential
transduction of SOX17, HEX, and HNF4a could mimic hepatic
differentiation in early embryogenesis.

Next, we examined whether or not the hepatocyte-like cells
had hepatic functions. The activity of many kinds of CYPs was
upregulated by HNF4c transduction (Figure 4b). Ad-HNF4o-
transduced cells exhibit many characteristics of hepatocytes:
uptake of LDL, uptake and excretion of ICG, and storage of gly-
cogen (Figure 4a,c,d). Many conventional tests of hepatic char-
acteristics have shown that the hepatocyte-like cells have mature
hepatocyte functions. Furthermore, the hepatocyte-like cells can
catalyze the toxication of several compounds (Figure 4e). Although
the activities to catalyze the toxication of test compounds in pri-
mary human hepatocytes are slightly higher than those in the
hepatocyte-like cells, the handling of primary human hepatocytes
is dithicult for a number of reasons: since their source is limited,
large-scale primary human hepatocytes are difficult to prepare as
a homogencous population. Therefore, the hepatocyte-like cells
derived from human ESCs and iPSCs would be a valuable tool for
predicting drug toxicity. To utilize the hepatocyte-like cells in a
drug toxicity study, further investigation of the drug metabolism
capacity and CYP induction potency will be needed.

We also investigated the mechanisms underlying efficient
hepatic maturation by HNF4o transduction. Although the
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number of cholangiocyte populations did not change by HNF4o
transduction, we found that the number of hepatoblast popula-
tions decreased and that of hepatocyte populations increased,
indicating that HNF4ot promotes selective hepatic differentiation
from hepatoblasts (Figure 5a). As previously reported, HNF4o
regulates the expression of a broad range of genes that code for
cell adhesion molecules,"” extracellular matrix components, and
cytoskeletal proteins, which determine the main morphological
characteristics of epithelial cells."****" In this study, we elucidated
that MET was promoted by HNF4a transduction (Figure 5b,d).
Thus, we conclude that HNF40 overexpression in hepatoblasts
promotes hepalic differentiation by activating MET (Figure 5e).

Using human iPSCs as well as human ESCs, we confirmed
that the stage-specific overexpression of HNF4ot could promote
hepatic maturation (Supplementary Figure $9). Interestingly, the
differentiation efficacies differed among human iPS cell lines: two
of the human iPS cell lines (Dotcom and Tic) were more commit-
ted to the hepatic lineage than another human iPS cell line (201B7)
(Supplementary Figure 87). Therefore, it would be necessary to
select a human iPS cell line that is suitable for hepatic matura-
tion in the case of medical applications, such as drug screening
and liver transplantation. The difference of hepatic differentiation
efficacy among the three iPSC lines might be due to the difler-
ence of epigenetic memory of original cells or the difference of the
inserted position of the foreign genes for the reprogramming,

To control hepatic differentiation mimicking embryogenesis,
we employed Ad vectors, which are one of the most efficient tran-
sient gene delivery vehicles and have been widely used in both
experimental studies and clinical trials.”® We used a fiber-modified
Ad vector containing the EF-1ot promoter and a stretch of lysine
residue (KKKKKKK, K7) peptides in the C-terminal region of
the fiber knob."” The K7 peptide targets heparan sulfates on the
cellular surface, and the fiber-modified Ad vector containing the
K7 peptides was shown to be efficient for transduction into many
kinds of cells including human ESCs and human ESC-derived
cells.”*" Thus, Ad vector-mediated transient gene transfer should
be a powerful tool for regulating cellular differentiation.

In summary, the findings described here demonstrate that
transcription factor HNF4a plays a crucial role in the hepatic
differentiation from human ESC-derived hepatoblasts by activat-
ing MET (Figure 5e). In the present study, both human ESCs and
iPSCs (three lines) were used and all cell lines showed efficient
hepatic maturation, indicating that our protocol would be a uni-
versal tool for cell line-independent differentiation into functional
hepatocytes. Moreover, the hepatocyte-like cells can catalyze the
toxication of several compounds as primary human hepatocytes.
Therefore, our technology, by sequential transduction of SOX17,
HEX, and HNF4c, would be a valuable tool for the efficient gen-
eration of functional hepatocytes derived from human ESCs and
iPSCs, and the hepatocyte-like cells could be used for the predic-
tion of drug toxicity.

\ LA N i A YIS

Human ESC and iPSC culture. A human ES cell line, H9 (WiCell Research
Institute, Madison, HI), was maintained on a feeder layer of mitomycin
C-treated mouse embryonic fibroblasts (Millipore, Billerica, MA) with Repro
Stem (Repro CELL, Tokyo, Japan) supplemented with 5ng/ml fibroblast
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growth factor 2 (FGF2) (Sigma, St Louis, MO). Human ESCs were dissoci-
ated with 0.1 mg/ml dispase (Roche Diagnostics, Indianapolis, IN) into small
clumps and then were subcultured every 4 or 5 days. H9 was used follow-
ing the Guidelines for Derivation and Utilization of Human Embryonic Stem
Cells of the Ministry of Education, Culture, Sports, Science and Technology
of Japan. Two human iP$S cell lines generated from the human embryonic
lung fbroblast cell line MCRS5 were provided from the JCRB Cell Bank (Tic,
JCRB Number: JCRB1331; and -Dotcom, JCRB Number: JCRB1327).*
These human iPS cell lines were maintained on a feeder layer ‘of mitony-
cin C-treated mouse “embryonic fibroblasts with iPSellon (Cardio, Kobe,
Japan) supplememed w1th 10ng/ml FGF2. Anotha ‘human iPS cell line,
201B7, gerierated from human dermal ﬁbloblasts was kindly provided by
DrS. Yanﬂnala (Kvoto Univer: sxty) The htiman iPS cell lme 201B7 was main-
" tained on a feeder layer of mitomycin C-treated mouse embryonic fibroblasts

with Repro Stem (Repro CELL) supplemented with'5 ng/ml FGF2 (Sigma). -

Human iPSCs were dissociated with 0.1 mg/ml dispase (Roche Diagnostics)
into small clumps and were then subcultured every 5 or 6 days.

In vitro differentiation. Before the initiation of cellular diﬁeréntiation, the
medium of human ESCs and iPSCs was exchanged for a'defined serum-free
medium, hESF9, aid cultured as we previously reported.* hESF9 consists
of hRESE-GRO medium {Cell Science & Technology Institute, Sendai, Japan)
supplemented with }Oug/ml human recombiniant insulin, 5pg/ml human
apotransferrin, 10umol/1 -mercaptoethanol, 10;Lmol/l ethanolamine,
10pmol/l sodium selenite, oleic acid conjugated with fatty-acid-free bovine
albumin (BSA), 10 ng/ml FGF2, and 100 ng/ ml hepwrm (all from Sigma).
The - dilTerentiation plolocol for the - induction - of DE cells,
hepatoblasts, and hepatocytes was based on our previous report with some
modifications.” Bm.ﬂ), in_mesendoderm. differentiation, human ESCs
and iPSCs were dissociated into single cells-and cultured for 3 days on
Matrigel (Becton, Dickinson and Company, Tokyo, Japan) in hESE-DIF
medium (Cell Science & Technology Institute) supplemented: with 10pg/
mi human recomibinant insulin, 5 tg/ml human apotransferrin; 10 {umol/l
2-metcaptoethanol, 10 pmol/l ethanolamine, 10umol/l sodium selenite,
0.5mg/ml BSA, and 100 ng/ml Activin A (R&D Systems, Minneapolis,
MN). To generate. mesendoderm cells and DE cells, human ESC-derived
cells were tmnsduced with 3,000 vector particles ( VP)/cell of Ad-SOX17 for
1.5 hours on day 3 and cultured until day 6 on Matrigel (BD) in hESE-DIF

medium {Cell Science & Technology Institute) supplemented with 10pg/ -

mlhuman recombinantinsulin, 5 Lg/ml'human apotransferrin, 10 umol/l

2-mer caotoethanol 10pmol/l ethanolamine, 10 pmol/l, sodium selenite, .

0.5 mg;/ ml BSA, and 100 ng/ml Activin'A (R&DSystens). For induction of
heparobhsts, the DE cells were tr fmsduged with 3,000 VP/cell of Ad-HEX
for 1.5 hours on day 6 and cultured for 3 days ona Matx rigel (BD) in hESF-
DIF (Cell Science & Technology Institute) medium qupplemented with

the 10 g/ mlhuman recombinant insulin, 5 ;10/ ml human apotransferrin,

10 pmol/l 2-mer captoeﬂnnol 10 ymol/l ethanolamine; 10 umol/l sodium
selenite, 0.5 mg/ml BSA, 20 ng/ml bone morphogenetic plotem 4 (R&D

Systems), and 20 nvf/m] FGF4 (R&D Systems): In hepatic dlifewnnanon '

hepatoblasts -were tmnsduced with 3,000 VP/cell of ‘Ad-LacZ or Ad:
HNF4o for 1.50r on day 9 and were uultuxed for 11 days on Matrigel
(BD)in L15 medmm (Invitrogen, Carlsbad, CA) supplemented with 8.3%
tryptose phosphate broth (BD), 8.3% fetal bovine serum (Vita, Chiba,
Japan), 10 imol/l. hydrocortisone '21-hemisuccinate (Sigma), 1 mol/l
insulin, 25 mmol/l NaHCO, (Wako, Osaka, Japan), 20 ng/ml hepatocyte
growth factor (R&D Systems), 20 ng/ml Oncostatin M (R&D byﬁtems)
and 107" mol/1 Dex mnethqmne (Sigma).

Ad vectors. Ad vectors were constructed by an improved in vitro ligation
method.** The human HNF4o: gene {accession niimber NM 000457) was
amplified by PCR using primers designed to incorporate the 5" Not [ and
3Xba [ restriction enzyme sites: Fwd 5'-ggcctctagatggaggeagggagaatg-3’

and Rev 5™ mLLgcgoavgagmgcttgctagach 3’ The human HNF4¢ gene
was inserted into pBbI\H (Invitrogen), resulting in pBSKII-HNF4q, and
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then the human HNF4o gene was inserted into pHMEF5,* which contains
the human elongation factor-1et (EF-1¢1) promoter, resulting in pHMEF-
HNF40. The pHMEF-HNF40 was digested with 1-Ceul/PI-Scel and ligated
into I-Ceu I/PI-Scel-digested pAdHM41-K7," resulting in pAd-HNF4c.

- The human EF-To promoter-driven LacZ-, SOX17-, or HEX-expressing

Ad vectors, Ad-LacZ, Ad-SOX17, or Ad-HEX; were constructed previ-

- ously”** Ad-LacZ, Ad-SOX17, Ad-HEX, and Ad-HNF4a, each of which

contains a stretch-of lysine residue (K7) peptides in the C-terminal region
of the fiber'knob for more efficient transduction of human' ESCs, iPSCs,
and DE cells; were generated and purified as described previously” The VP
titer was determined by using a spectrophotometric method.*

LacZ assay. Human ESC- and iPSC-derived cells were transduced with
Ad-LacZ at 3,000 VP/cell for 1.5 hours. ‘After cultaring for the indicated
number of - days, - 5-bromo-4- chloro-3-indolyl B-D- -galactopyranoside
(X-Gal) staining was pextormed as'described pr eviously."

Fiow cytometry. Single-cell suspensions of human ITSCb iPSCs, and their
derivatives were fixed with methanol at 4 °C for 20 minutes and thén incu-
bated with the primary antibody, followed by the secondary antibody.

Flow.cytometry analysis-was: pmformed using a FACS 1. QR Fortessa flow

cytometer (BD) SR o ) v

RNA zsolat:on and reverse transcnptlon PCR Total RNA was isolated
from human ESCs, IPSCb, “md their derivatives using ISOGENE (Nippon
Gene) accor de to the mmuhcturel s instructions. Primary human hepa-
tocytes were purchased from CellzDirect, Durham, NC. complementary
DNA was synthesized using 500 ng of total RNA with a Superscript VILO
cDNA -synthesis - kit - (Invitrogen). Rea]-time .reverse transcription*PCR
was performed with Tagman gene expression assays (Applied Biosystems,
Foster City, CA) or SYBR Premix Ex Taq (TaKaRa) using an ABI PRISM
7000 Sequence Detector (Applied Biosystems). Relative quantification -
was performed qgambt a standard curve and the values were normalized

i agamqt the input determined for the housekeeping gene, glyceraldehyde

3-phosphate dehydrogenase. The primer sequences used in this study are
desa ibed in Suyplementary Table Sl :

lmmunoh:stochemlstry The. deb were fixed with methanol or 4% para-

formaldehyde (Wako). Aftnr blocking with ‘phosphate-buffered. saline
containing 2% BSA (Sigma) and 0.2% Triton X-100 (Sigma), the cells

~were incubated with primary antibody at 4 °C for 16 hours, followed by

incubation with a secondary antibody that was labeled with Alexa Fluor

488 (InVltlogen) or Alexa Fluor 594 (Invitr ogen) at room temperature for

L hour. All the antibodies are listed in Supplementaly Tab}e 82.

Assay for C vp activity. To measure cytochrome P450 oAg’}, 2C9, and 1A2
activity, we performed Lytic assays by using a P450-GloTM CYP3A4

Assay Kit (Plomega Madison, WI). For the CYP3A4 and 7C9 1ct1vzty

assay, undifferentiated huiman ESCS, the hepatocyte- like. cells, and pri-
mary human hepatocytes were treated with rifampicin (Slgma) which

“is the substrate for C YP3 Ad and (,YP7Q9, at a fnal couccmntxon of

25 pmol/l or D\/ISO (0. 1%) for 48 hours. For the CYP1A2 amvxty assay,
undﬂimmmtcd human ESCs, the hepatocyte- like. cells, and primary

. human hepatocytes were treated. with omeprazole (Sigma), which is the
substrate for CYP1A2, at a final concentration of 10 uM-or DMSO.(0.1%)

for 48 hours. We measured the fluorescence activity with a. luminometer
(Lumat LB 9507; Ber thOld Qak Rxdge, T N) wccmdmg to the manufac-
turer’s instructions:

Pyronm Y/HoechstStaining. Human ESC-derived cells were stained with
Hoechst33342 (Sigma) and Pyronin Y (PY) (Sigma) in Dulbecco’s modi-
fied Eagle medium (Wako) supplemented with 0.2 mmol/l HEPES and 5%
FCS (Invitrogen). Samples were then placed on ice for 15 miinutes; and
7-AAD was added to a final concentration of 0.5 mg/ml for exclusion of
dead cells. Fluorescence-activated cell-sorting analysis of these cells was
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performed on a FACS LSR Fortessa flow cytometer (Becton Dickinson)
equipped with a UV-laser.

Cellular uptake and excretion of ICG. ICG (Sigma) was dissolved in
DMSO at 100 mg/ml, then added to a culture medium of the hepatocyte-
like cells to a final concentration of 1 mg/mlon day 20 of differentiation.
After incubation at 37°C for 60 minutes, the medium with ICG was
discarded and the cells were washed with phosphate-buffered saline. The
cellular uptake of ICG was then examined by microscopy. Phosphate-
buffered saline was then replaced by the culture medium and the cells
were incubated at 37 °C for 6 hours. The excretion of ICG was examined
by microscopy.

Periodic Acid-Schiff assay for glycogen. The hepatocyte-like cells were
{ixed with 4% paraformaldehyde and stained using a Periodic Acid-Schiff
staining system (Sigma) on day 20 of differentiation according to the man-
ufactarer’s instructions.

Cell viability tests. Cell viability was assessed by Alamar Blue assay kit
(Invitrogen). After treatment with test compounds” (troglitazone, acet-
aminophen, cyclophosphamide, and carbamazepine) (all from Wako) for 2
days, the culture medium was replaced with 0.5 mg/ml solution of Alamar
Blue in culturing medium and cells were incubated for 3 hours at 37°C.
The supernatants of the cells were measured at a wavelength of 570 nm
with background subtraction at 600 nm in a plate reader. Control refers to
incubations in the absence of test compounds and was considered as 100%
viability value.

Uptake of LDL. The hepatocyte-like cells were cultured with medium con-
taining Alexa-488-labeled LDL (Invitrogen) for 1 hour, and then the cells
that could uptake LDL were assessed by immunohistochemistry and flow
cytometry.

Primary human hepatocytes. Cryopreserved human hepatocytes were
purchased from CellzDirect (lot Hu8072). The vials of hepatocytes were
rapidly thawed in a shaking water bath at 37 °C; the contents of the vial were
emptied into prewarmed Cryopreserved Hepatocyte Recovery Medium
(CellzDirect) and the suspension was centrifuged at 100g for 10 minutes
at room temperature. The hepatocytes were seeded at 1.25 x 10° cells/cm’
in hepatocyte culture medium (Lonza, Walkersville, MD) containing
10% FCS (GIBCO-BRL) onto type I collagen-coated 12-well plates. The
medium was replaced with hepatocyte culture medium containing 10%
FCS (GIBCO-BRL) 6 hours after seeding. The hepatocytes, which were
cultured 48 hours after plating the cells, were used in the experiments.

A

Figure $1. Genome-wide screening of transcription factors involved
in hepatic differentiation emphasizes the importance of the transcrip-
tion factor HNF4o.

Figure $2. Summary of specific markers for DE cells, hepatoblasts,
hepatocytes, cholangiocytes, and pancreas cells.

Figure $3. The formation of DE cells, hepatoblasts, hepatocytes, and
cholangiocytes from human ESCs.

Figure 54. Overexpression of HNF4o mRNA in hepatoblasts by Ad-
HNF4o transduction.

Figure $5. Time course of LacZ expression in hepatoblasts transduced
with Ad-LacZ.

Figure $6. The morphology of the hepatocyte-like cells.

Figure S7. Upregulation of the expression levels of conjugating en-
zymes and hepatic transporters by HNF4¢ transduction.

Figure $8. Upregulation of the expression levels of hepatic transcrip-
tion factors by HNF4 transduction.

Figure $9. Generation of hepatocytes from various human ES or iPS
cell lines.

Figure $10. Promotion of MET by HNF4o. transduction.
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Figure $11. Arrest of cell growth by HNF4« transduction.
Table $1. List of Tagman probes and primers used in this study.
Table $2. List of antibodies used in this study.
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Dendritic cell (DC)-specific intercellular adhesion molecule-
3-grabbing non-integrin (DC-SIGN) is a type Il transmembrane
C-type lectin expressed on DCs such as myeloid DCs and mono-
cyte-derived DCs (MoDCs). Recently, we have reported that
DC-SIGN interacts with carcinoembryonic antigen (CEA)
expressed on colorectal carcinoma cells. CEA is one of the most
widely used tumor markers for gastrointestinal cancers such as
colorectal cancer. On the other hand, other groups have
reported that the level of Mac-2-binding protein (Mac-2BP)
increases in patients with pancreatic, breast, and lung cancers,
virus infections such as human immunodeficiency virus and
hepatitis C virus, and autoimmune diseases. Here, we first iden-
tified Mac-2BP expressed on several colorectal carcinoma cell
lines as a novel DC-SIGN ligand through affinity chromatogra-
phy and mass spectrometry. Interestingly, we found that DC-
SIGN selectively recognizes Mac-2BP derived from some colo-
rectal carcinomas but not from the other ones. Furthermore, we
found that the a1-3,4-fucose moieties of Le glycans expressed
on DC-SIGN-binding Mac-2BP were important for recognition.
DC-SIGN-dependent cellular interactions between immature
MoDCs and colorectal carcinoma cells significantly inhibited
MoDC functional maturation, suggesting that Mac-2BP may
provide a tolerogenic microenvironment for colorectal carci-
noma cells through DC-SIGN-dependent recognition. Impor-
tantly, Mac-2BP was detected as a predominant DC-SIGN
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ligand expressed on some primary colorectal cancer tissues
from certain parts of patients in comparison with CEA from
other parts, suggesting that DC-SIGN-binding Mac-2BP bear-
ing tumor-associated Le glycans may become a novel potential
colorectal cancer biomarker for some patients instead of CEA.

Dendritic cells (DCs)* play a critical role in initiating adaptive
immunity by uptaking foreign antigens at the periphery, under-
going maturation during migration to lymph nodes and pre-
senting antigen-derived peptides to naive T cells (1, 2). For
effective recognition of antigens, DCs exploit a wide range of
pattern recognition receptors such as Toll-like receptors and
C-type lectins (3—5). DC-specitic intercellular adhesion mole-
cule-3-grabbing non-integrin (DC-SIGN; CD209) is a type II
transmembrane C-type lectin expressed on myeloid DCs in the
dermis, mucosae, lymph nodes, and monocyte-derived DCs
(MoDCs) (6, 7). DC-SIGN binds to “self” glycan ligands found
on human cells and to “foreign” glycans of bacterial or parasitic
pathogens, and specifically recognizes glycoconjugates con-
taining mannose (Man), fucose (Fuc), and nonsialylated Lewis
(Le)*/Le® epitope structures in a Ca® " -dependent manner (8).
Through recognition of these glycans, DC-SIGN functions as
an adhesion receptor and mediates the binding and internaliza-
tion of foreign pathogens such as viruses (human immunodetfi-
ciency virus and hepatitis C virus), yeasts, bacteria (Mycobacte-
rivm tuberculosis), and parasites (3).

Recently, we and another group (9, 10) found that DC-SIGN
recognizes colorectal carcinoma cells through carcinoembry-
onic antigen (CEA). DC-SIGN-binding CEA contained tumor-
associated Le glycans, which were important for cellular inter-
actions between DCs and colorectal carcinoma cells in situ. It is
evident that the expression of CEA is limited and can be

* The abbreviations used are: DC, dendritic cell; DC-SIGN, DC-specific intercel-
lularadhesion molecule-3-grabbing non-integrin; rhDC-SIGN-Fc, recombi-
nant human DC-SIGN-human IgG-Fc fusion protein; pAb, polyclonal Ab;
Mac-2BP, Mac-2-binding protein; CEA, carcinoembryonic antigen; MoDC,
monocyte-derived DG Le, Lewis; PHA, phytohaemagglutinin; AAL, Aleuria
aurantia agglutinin; PNGase, peptide N-glycosidase; M-CSF, macrophage
colony-stimulating factor.
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detected only in cancer and embryonic tissues. This glycopro-
tein is one of the most widely used tumor markers for gastroin-
testinal cancers such as colorectal carcinomas. However, its
sensitivity and specificity are not high, particularly for early
stages of the disease such as Dukes A or B stages. Based on our
studies, we hypothesized that DC-SIGN may also be involved in
the recognition of other glycoproteins, as novel potential bio-
markers, expressed on colorectal cancers.

In this study, we first identified Mac-2-binding protein (Mac-

2BP) expressed on colorectal carcinoma cells as a novel DC-
SIGN ligand through affinity chromatography and mass spec-
trometry. Mac-2BP, also known as 90K or galectin-3BP, is a
secretory glycoprotein expressed on various normal epithelial
cells and in human bodily fluids. It has been reported that the
level of Mac-2BP increases in patients with pancreatic, breast,
and lung cancer, virus infections such as acquired immunode-
ficiency syndrome and hepatitis C, and autoimmune diseases
(11). However, most of the immunological significance of Mac-
2BP on colorectal carcinomas remains unknown.

In addition, we found that DC-SIGN-dependent cellular
interactions between immature MoDCs and colorectal carci-
noma cells mainly expressing Mac-2BP were able to signifi-
cantly inhibit LPS-induced MoDC functional maturation. Fur-
thermore, we also detected Mac-2BP as a predominant
DC-SIGN ligand expressed on some primary colorectal cancer
tissues from certain parts of patients in comparison with CEA
from the other parts. Therefore, we suggest that Mac-2BP car-
rying fucosylated glycans may become a novel potential colo-
rectal cancer biomarker for some CEA-low or -negative colo-
rectal cancer patients, and the novel function of DC-SIGN may,
at lcast in part, underlie for its potential use as a novel diagnos-
tic sensor for some colorectal cancer patients through recogni-
tion of CEA and Mac-2BP.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Recombinant human DC-SIGN-
human IgG-Fc fusion protein (rhDC-SIGN-Fc), anti-human
DC-SIGN mAb, and anti-Mac-2BP polyclonal antibody (pAb)
were purchased from R&D Systems (Minneapolis, MN). Anti-
Mac-2BP mAb was from Bender Medsystems (Burlingame,
CA). Anti-Le?, Le®, and CEA mAbs were from Abcam (Cam-
bridge, MA). Anti-human CD83 and CD86 mAbs were from
BD Biosciences. Alexa Fluor 488- or 546-conjugated secondary
antibodies were from Invitrogen. HRP-conjugated anti-FLAG
antibody and Ultrapure lipopolysaccharide from Escherichia
coli 0111:B4 were from Sigma-Aldrich. Anti-human DC-SIGN
pAb (C-20) was from Santa Cruz Biotechnology (Santa Cruz,
CA). All chemicals for gel electrophoresis and Western blotting
were purchased from Nacalai Tesque, ATTO Corp. (Tokyo,
Japan), Bio-Rad, Thermo Fisher Scientific (Waltham, MA), or
Invitrogen.

Cell Lines, Cell Culture, and Immature MoDCs and Matura-
tion of Immature MoDCs—Human colon tumor cell lines
COLO205 and SW1116 and human hepatoma cell line HLF
were cultured as described previously (10). All of the cell lines
were obtained from ATCC. DC-SIGN-expressing HLF cells
(HLF-DC-SIGN) were generated by transfection of the
pcDNA3-DC-SIGN plasmid (10) with Lipofectamine 2000 rea-
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gent (Invitrogen), and then selection was performed in com-
plete medium containing 1 mg/ml G418 (Invitrogen) for stable
transfectants. Isolation of human peripheral blood mononu-
clear cells from healthy donors, positive selection of CD14™"
cells, induction of immature MoDCs, and maturation of
MoDCs were conducted as described previously (10) in accord-
ance with the Declaration of Helsinki. DC maturation was con-
firmed by expression of CD83, a DC-specific maturation
marker, and CD86, a costimulatory molecule, on mature but
not immature DCs.

Cellular Adhesion Assay—HLF-DC-SIGN or HLF cells were
incubated into confluent culture at 37 °C in 96-well plates and
then COLO205 cells, which had been prelabeled with the green
fluorescent dye calcein-AM (Invitrogen), were added onto the
wells and incubated for 1 h. After unbound cells were removed
with wash buffer (0.5% BSA, 150 mm NaCl, 20 mm Tris/HCl (pH
7.5), and 1 mm CaCl,), cells on the plates were lysed with lysis
buffer (20 mm Tris/HCI (pH 7.5), and 0.1% SDS) and analyzed
by fluorometry at 488 nm. Population of adhered COLO205
cells was calculated as the percentage of maximal binding,
which was determined by the lysed total amount of added cal-
cein-AM-labeled cells (100% adhesions).

ELISA Analysis—For analysis of DC-SIGN binding to pro-
teins secreted by HLF, COLO205, or SW1116 cells, culture
supernatants were mixed with coating buffer (Na,CO, buffer,
pH 9.6) and then coated onto NUNC maxisorp 96-well plates
(Nalge Nunc) overnight at 4 °C. Mannan was used as a positive
control. Then, the plates were blocked with 3% BSA in coating
bufter for 1 h at room temperature, washed with TBS (pH 7.6)
containing 0.05% Tween 20, and then incubated with 0.4 pg/ml
rthDC-SIGN-FLAG in 1% BSA in TBS (pH 7.6) containing 5 mm
CaCl, for 1 h at room temperature. After the plates had been
washed, HRP-conjugated anti-FLAG mAb was added, followed
by incubation for 1 h.

For analysis of DC-SIGN binding to Mac-2BP secreted by
human hepatoma and colorectal carcinoma cell lines, 1 ug/ml
anti-Mac-2BP pAbs were precoated onto 96-well plates over-
night at 4 °C. After blocking, culture supernatants of HepG2,
HLE, COLO205, LS180, or SW1116 cells were added, followed
by incubation for 1 h at room temperature. DC-SIGN binding
was assayed using rhDC-SIGN-FLAG, as described above.

For quantitative kinetic data of association between
DC-SIGN and Mac-2BP, 5 ng/well of Mac-2BP captured onto
plates were reacted for 2 h with different concentrations
(0.063—8.000 nm) of rhDC-SIGN-FLAG in the presence of 5
mM CaCl,. Quantitative kinetic data (K, app and B, ) were
calculated based on the amounts of total and unbound rhDC-
SIGN-FLAG using a nonlinear regression model by GraphPad
Prism software (version 4.0c). DC-SIGN was regarded as a
tetramer.

For determination of the glycan profile of COLO205-derived
Mac-2BP, anti-Mac-2BP pAb was precoated onto 96-well
plates overnight at 4 °C. After blocking, culture supernatants of
HLF or COLO205 cells were added, followed by incubation for
1 h at room temperature. Then the captured Mac-2BP was
incubated with biotin-conjugated plant lectins (phytohe-
meagglutinin (PHA)-L4, Lycopersicon esculentum agglutinin,
and Aleuria aurantia agglutinin (AAL)), followed by incuba-
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tion with HRP-conjugated avidin. After development, binding
was quantitated by measuring the absorbance at 450 nm using a
Multilabel Counter (PerkinElmer Life Sciences) in accordance
with the manufacturer’s instructions. All experiments were
performed in triplicate and were repeated a minimum of three
times.

Preparation of Membrane Fractions, Affinity Chromatogra-
phy, and Mass Spectrometry—Affinity sepharoses were pre-
pared using Seize X Protein G Immunoprecipitation kit
(Thermo Fisher Scientific). According to the manufacturer’s
instructions, rhDC-SIGN-Fc and hIgG-Fc proteins were
immobilized to Protein G-Sepharose using the cross-linker di-
succinimidyl suberate. Cells were homogenized in homogeni-
zation buffer (10 mm Tris/HCl (pH 7.6), 0.5 mm MgCl,, and
protease inhibitor mixture), and then tonicity was restored into
150 mm NaCl. The homogenate was centrifuged at 500 X g for
5 min at 4 °C to remove cell debris and nuclei. The supernatant
was supplemented with EDTA to 5 mm and then centrifuged at
150,000 X g for 45 min at 4 °C. The resulting total membrane
pellet was solubilized with lysis buffer (150 mm NaCl, 20 mm
Tris/HCl (pH 7.5), L mM EDTA, 1% Triton X-100, and protease
inhibitor mixture) for 60 min at 4 "C and then centrifuged at
10,000 X g for 60 min at 4 °C. The supernatant was saved as the
solubilized COLO205 membrane proteins and was applied to a
rhDC-SIGN-Fc or hlgG-Fc affinity column. After the column
had been washed with TBS buffer (pH 7.5) containing 5 mm
CaCl, and 0.1% Triton X-100, the proteins bound to the col-
umn were eluted with TBS buffer (pH 7.5) containing 10 mm
EDTA and 0.1% Triton X-100. The EDTA-eluted fractions
were buffer-exchanged, applied again to the same column and
then eluted with TBS buffer (pH 7.5) containing 50 mm Man.
The secondly eluted proteins were resolved on a 5-20% Tris/
HCl gradient gel (ATTO Corporation) and then stained with a
silver staining kit (Wako Pure Chemical Industries). Bands
were excised from the gel and subjected to in-gel digestion. The
peptides released from the gel were subjected to LC/MS/MS
with a linear ion trap mass spectrometer (LTQ, Thermo Fisher
Scientific) interfaced on-line with a nano HPLC (Paradigm,
Michrom BioResources, Auburn, CA). The cluents consisted of
H,O containing 2% CH;CN and 0.1% formic acid (Pump A),
and 90% CH,CN and 0.1% formic acid (Pump B), and the pep-
tides were eluted with a linear gradient of 5— 80% from Pump B.
Data-dependent MS/MS acquisition was performed for the
most intense ions as precursors. Proteins were identified by
searching the Swiss-Prot Homo sapiens and NCBInr database
(human) using the Mascot search engine (Matrixscience, Lon-
don, UK) and Bioworks search engine (Thermo Fisher Scien-
tific), respectively.

Ligand Precipitation, Immunoprecipitation, and Immurno-
blotting—Solubilized membrane proteins from HLF,
COLO205, and SW1116 cells were prepared as described
above, and used as ligand precipitation, immunoprecipitation,
and immunoblot samples. To identify the proteins carrying
DC-SIGN carbohydrate ligands on colorectal carcinomas, pre-
cipitation was performed using rhDC-SIGN-Fc- or rhIgG-Fe-
Protein G beads, and the bound proteins were eluted with
EDTA as immunoblot samples. The samples were resolved on
5-20% gradient SDS-PAGE gels (ATTO Corp.) and then trans-
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ferred to nitrocellulose membranes, followed by immunoblot
detection with specific antibodies. For visualization, a Super-
Signal West Pico.Chemiluminescent kit (Thermo Fisher Scien-
tific) was used with HRP-conjugated anti-mouse or anti-goat
IgG. The amounts of SDS-PAGE loading proteins from HLF,
COLO205, and SW1116 cells were adjusted on the basis of cell
numbers, and we confirmed by Bradford method that whole
membrane lysates contained 15-20 ug/lane and culture super-
natant contained 27-32 pg/lanc of comparable proteins (data
not shown).

Glycan Digestion Assay—For peptide-N-glycosidase (PNGase)
F treatment, membrane proteins prepared from COLO205
cells, as described above, were adjusted to 10 mm EDTA, 0.1%
SDS, and 0.1% Nonidet P-40 and then incubated overnight with
or without PNGase F at 37 °C. After replacement in Hepes
butter (pH 7.5)-0.15 M NaCl by ultrafiltration, DC-SIGN ligands
were precipitated with rhDC-SIGN-Fc, followed by SDS-PAGE
and immunoblotting with anti-Mac-2BP pAb. For a1-3,4-fuco-
sidase treatment, a membrane pellet of COLO205 cells pre-
pared as described above was suspended in 20 mm KH, PO, (pH
5.0) buffer containing 1% Nonidet P-40, followed by incubation
overnight with or without a1-3,4-fucosidase at 37 °C, and then
ligand precipitation with rhDC-SIGN-Fc, anti-Le* or -Le®
mAb, SDS-PAGE, and immunoblotting with anti-Mac-2BP
pAb.

MoDC Functional Maturation—To determine the effect of a
MoDC-COLO205-cocultured supernatant on LPS-induced
functional maturation of MoDCs, immature MoDCs were
incubated in a MoDC-cultured or MoDC-SW1116-cocultured
supernatant for 3 days in the presence of I1.-4 (500 units/ml),
GM-CSF (800 units/ml), and LPS (1 ng/ml). Supernatant of
MoDC, which cultured in the presence of anti-DC-SIGN pAb,
was used as a control. Cultures were replenished with fresh
supernatant on the second day. The effect on MoDC functional
maturation was determined by cell-surface expression of CD83,
a DC-specific maturation marker, and CD86, a costimulatory
molecule on mature DCs, using FACS Calibur™, and the
mean fluorescent intensity was calculated with CELLQUEST
software' ™ (BD Biosciences). All experiments were performed
in triplicate and were repeated a minimum of three times.

Histochemistry—Clinical colorectal cancer tissue specimens
were purchased from SuperBioChips Laboratories (Seoul,
Korea), or obtained from Shiga University of Medical Science
with informed consent. This project was approved by the ethics
committee of Shiga University of Medical Science. Following
deparaffinization and hydration of paratfin-embedded tissue
sections, antigen retrieval was performed by steaming in citrate
buffer (pH 6.0). After blocking with 1% BSA, the slides were
incubated with 1 ug/ml of anti-Mac-2BP pAb followed by
Alexa Fluor 546-conjugated secondary Ab (for anti-Mac-2BP
staining), anti-CEA mAb (1:50) followed by Alexa Fluor 488-
conjugated secondary Ab (for anti-CEA staining), and/or 1
pg/ml of allophycocyanin-conjugated thDC-SIGN-FLAG (for
direct thDC-SIGN staining, donor 1) or rhDC-SIGN-FLAG fol-
lowed by anti-FLAG mAb and Alexa Fluor 488-conjugated sec-
ondary Ab (for indirect thDC-SIGN staining, donor 2), and
then washed and mounted. To observe the expression of DC-
SIGN ligands on COLO205 cells, cells were stained with 1
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ug/ml of rhDC-SIGN-allophycocyanin and anti-Mac-2BP pAb,
followed by Alexa Fluor 488-conjugated secondary Ab in the
presence of CaCl, or EDTA. To investigate cellular interactions
between immature MoDCs and COLO205 cells, cells were
coincubated for 1 h at 37 °C and then stained with 1 pg/ml of
anti-DC-SIGN mAb and anti-Mac-2BP pAb or anti-Le” mAD,
followed by Alexa Fluor 488- and 546-conjugated secondary
Abs. The cellular interactions were visualized by laser confocal
microscopy.

Statistical Analysis—The results are expressed as the
means * S.D. of data obtained in three experiments performed
in triplicate. Statistical significance was determined by means
of Student’s t test.

RESULTS

DC-SIGN-mediated Cellular Adhesions and Mac-2BP Iden-
tified as a Novel DC-SIGN Ligand on Colorectal Carcinoma
Cells—To determine whether or not DC-SIGN-expressing cells
interact with human colorectal carcinoma cells, we coincu-
bated cither human hepatoma HLF cells or DC-SIGN-express-
ing HLF (HLF-DC-SIGN) cells with COLO205 cells. As shown
in Fig. 14, COLO205 cells significantly bound to HLF-DC-
SIGN cells compared with control HLF cells, indicating that
DC-SIGN is sufficiently involved in the cellular adhesions
through interaction with DC-SIGN ligands expressed on
COLO205 cells.

To completely isolate DC-SIGN ligands expressed on
COLO205, the ligand glycoproteins from solubilized mem-
brane fractions were purified by an affinity column of recombi-
nant human DC-SIGN-Fc¢ (thDC-SIGN-Fc) and then analyzed
by nano-LC/MS/MS, as described under “Experimental Proce-
dures.” The two major silver-stained bands, which were inde-
pendent of the Fc portion of the DC-SIGN-Fc¢ chimeric protein,
indicated by the arrows (Fig. 1B) from thDC-SIGN-Fc¢ column
were identified as matured and degraded Mac-2BP, respec-
tively (Fig. 1C).

On the other hand, we previously identified CEA as the main
DC-SIGN ligand expressed on SW1116 cells, another human
colorectal carcinoma cell line. Therefore, we compared the
expression levels of Mac-2BP and CEA between COLO205 and
SW1116 cells by confocal microscopy. As shown in Fig. 1D, the
cell-surface expression of Mac-2BP was markedly higher on
COLO205 than SW1116 cells. In contrast, CEA could hardly be
detected on COLO205 cells compared with its abundant
expression on SW1116 cells.

Next, to confirm the interaction of DC-SIGN with Mac-2BP
in vitro, DC-SIGN ligands puritied from COLO205, SW1116,
and human hepatoma HLF cells were immunoblotted with
anti-Mac-2BP pAb (Fig. 1E) or anti-CEA mAb (Fig. 1F). The
results showed that COLO205-derived Mac-2BP, but not HLF
or SWI1116-derived Mac-2BP, apparently interacted with
rthDC-SIGN (Fig. 1E). In contrast, we observed high-level
expression of CEA on SW 1116 cells and its distinct association
with rthDC-SIGN (Fig. 1F), whereas we could not detect any
association of COLO205-derived CEA with thDC-SIGN. Con-
focal microscopy also showed that Mac-2BP (green) was sub-
stantially colocalized with allophycocyanin-fluoresceinated
thDC-SIGN (red) on COLO205 cells in a Ca®"-dependent
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manner (Fig. 1G). These findings indicated that Mac-2BP is a
novel DC-SIGN ligand expressed on colorectal carcinoma cells
and that DC-SIGN selectively interacts with Mac-2BP
expressed on particular carcinoma cells as opposed to CEA.

DC-SIGN Binds to Mac-2BP Secreted by Several Colorectal
Carcinoma Cell Lines—Mac-2BP and CEA were known origi-
nally as secretory proteins. Therefore, we examined whether or
not DC-SIGN ligands existed in COLO205-, SW1116-, or HLF-
cultured supernatants. As shown in Fig. 2A, ELISA analysis
revealed that DC-SIGN ligand glycoproteins could be detected
ina Ca®*"-dependent manner in both COLO205- and SW1116-
cultured supernatants, but not in a HLF-cultured supernatant.

Next, to verify that DC-SIGN interacts with secrcted CEA
and Mac-2BP, purified DC-SIGN ligands from HLE-,
COLO205-, and SW1116-cultured supernatants were immu-
noblotted with anti-Mac-2BP pAb and anti-CEA mAb, respec-
tively. Interestingly, only Mac-2BP secreted by COLO205 cells,
but not by HLF or SW1116 cells, interacted with rhDC-SIGN
(Fig. 2B). On the other hand, CEA, which can interact with
DC-SIGN, was only observed in the SW1116-cultured super-
natant (Fig. 2C). Moreover, we investigated the interaction of
DC-SIGN with Mac-2BP secreted by several other human hep-
atoma and colorectal carcinoma cell lines (Fig. 2D). The ELISA
data showed that the human hepatoma HepG2 and HLF, and
human colorectal carcinoma COLO205, LS180, and SW1l16
cell lines all apparently expressed Mac-2BP (Fig. 2D, upper pan-
el); however, only the COLO205- and LS180-derived Mac-2BP
had the ability to interact with thDC-SIGN (lower panel), indi-
cating that parts of colorectal carcinomas can secrete
DC-SIGN-recognizing Mac-2BP. These results also suggest
that distinct glycoforms of Mac-2BP exist in different colorectal
carcinomas.

DC-SIGN Binds to Mac-2BP from Colorectal Carcinoma
Cells in Ca”*-dependent and Dose-dependent Manners—To
quantitatively characterize the direct association between DC-
SIGN and COLO205-derived Mac-2BP, we performed ELISA
experiments. As shown in Fig. 34, the interactions were moni-
tored as the changes in the ELISA responses, and the Ca®"
chelator EDTA completely blocked the interactions, suggesting
that DC-SIGN directly binds to glycans on Mac-2BP in a dose-
dependent manner, and the interaction occurs in a Ca®"-de-
pendent manner and the CRD of DC-SIGN mediates the

binding.
Morcover, their aftinity level was shown to be extremely high
when the apparent dissociation constant (K, app = 2.50

(+£0.66)) was calculated by fitting a curve using nonlincar
regression model (Fig. 3B). Thesc results suggest the potential
physiological interaction between DC-SIGN and Mac-2BP in
the colon microenvironment.

DC-SIGN Recognizes Fucose Residues of Le N-Glycans on
Mac-2BP from Colorectal Carcinoma Cells—To determine
whether or not interaction of Mac-2BP with DC-SIGN is N-gly-
can-dependent, Mac-2BP purified from COLO205 cells was
treated with PNGasc F and then precipitated with thDC-SIGN.
Fig. 44 shows that the Mac-2BP band shifted from 90 to 65 kDa
on PNGase F treatment and that the PNGase F-treated form
had completely lost the ability to bind rhDC-SIGN, indicating
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FIGURE 1. Identification of Mac-2BP expressed on colorectal carcinomas as a novel ligand for DC-SIGN. A, DC-SIGN-mediated cellular adhesions with
COLO205 cells. HLF or HLF-DC-SIGN cells bound with calcein-AM-labeled COLO205 cells were lysed and analyzed by fluorometry at 488 nm. The relative
adhesions are shown. Error bars indicate S.D. (n = 3). B, purification of DC-SIGN ligands expressed on COLO205 cells. DC-SIGN ligands were purified with a
DC-SIGN affinity column and then detected by silver staining. The arrowheads indicate the elution positions of the purified DC-SIGN ligands. The molecular
mass markers are shown on the /eft. C, identification of DC-SIGN novei ligands by MS. The purified DC-SIGN ligand bands were analyzed by MS. The identified
peptides are shown in green (upper band) or red (lower band), respectively. D, confocal microscopic images of the expressions of Mac-2BP and CEA on COLO205
and SW1116 cells. Cells were stained with anti-Mac-2BP pAb oranti-CEA mAb (green). Nomarski images are shown on the right. £ and F, ligand precipitation (LP)
analysis of the interaction of DC-SIGN with CEA or Mac-2BP. Solubilized membrane proteins of HLF, COLO205, and SW1116 cells were precipitated with
rhDC-SIGN-Fc or higG-Fc, and then EDTA-eluted DC-SIGN ligands were detected by immunoblotting using anti-Mac-2BP pAb (£) or anti-CEA mAb (F). G,
confocal microscopicimages of the interactions between DC-SIGN and Mac-2BP on COLO205 cells. The cells were costained with anti-Mac-2BP pAb (green) and
rhDC-SIGN-allophycocyanin (red) in the presence of CaCl, or EDTA.
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FIGURE 2. Culture supernatants derived from colorectal carcinoma cells
contain secreted Mac-2BP that can be recognized by DC-SIGN. A, culture
supernatant of colorectal carcinoma cells contain DC-SIGN-ligands. Total cul-
ture supernatant proteins from HLF, COLO205, and SW1116 cells, coated onto
plates, were detected with rhDC-SIGN in the presence of 5 mm CaCl, or EDTA.
Mannan was used as a positive control for DC-SIGN binding. Error bars indi-
cate S.D. (n = 3).Band C, DC-SIGN interacts selectively with COLO205-derived
Mac-2BP or SW1116-derived CEA contained in culture supernatants. A total cul-
ture supernatant and purified DC-SIGN ligands from HLF, COLO205, or SW1116
cells were immunoblotted with anti-Mac-2BP pAb or anti-CEA mAb. D, colorectal
carcinoma cells secrete Mac-2BP that can be recognized by DC-SIGN. Mac-2BPs
from human hepatoma HepG2 and HLF and colorectal carcinoma COLO205,
LS180, and SW1116 cells were captured with anti-Mac-2BP pAb and then
detected with anti-Mac-2BP mAb (upper panel) or with rhDC-SIGN-FLAG (lower
panel), respectively. Error bars indicate S.D. (n = 3).
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FIGURE 3. Biochemical analysis of the interaction between DC-SIGN and
Mac-2BP. A, DC-SIGN-dependent interaction with COLO205-derived Mac-
2BP. Mac-2BP, captured with anti-Mac-2BP pAb onto plates, was detected
with different concentrations of rhDC-SIGN-FLAG in the presence of 5 mm
CaCl, or EDTA. Error bars indicate S.D. {n = 3). B, quantitative kinetic analysis
for association between DC-SIGN and Mac-2BP. The apparent (app.) dissoci-
ation constant (K, app.) and B, were calculated based on the amounts of
total and unbound rhDC-SIGN-FLAG using a nonlinear regression model.

that the N-glycans on Mac-2BP mediate the interaction with
DC-SIGN.

We next examined whether or not DC-SIGN-binding Mac-
2BP expresses characteristic glycans by ELISA involving com-
monly used plant lectins (Fig. 4B). Well-coated Mac-2BP was
incubated with three plant lectins, PHA-L4, Lycopersicon
esculentumn agglutinin, and AAL, respectively. Lycopersicon
esculentum agglutinin, which predominantly recognizes
polylactosamine glycans, exhibited a high degree of binding to
HLEF-derived Mac-2BP and a low degree of binding to
COLO205-derived Mac-2BP. Whereas PHA-L4, which recog-
nizes B1-6 branched GIcNAc glycans, exhibited almost the
same degree of binding to HLF- and COLO205-derived Mac-
2BPs, suggesting that 31-6 branched GlcNAc glycans are not
the direct moieties for DC-SIGN binding. Interestingly, fucose-
binding AAL lectin exhibited much stronger affinity with
COLO205-derived than HLE-derived Mac-2BP.

AAL lectin exhibits a high affinity for a-fucosyl residues in
the cores of N-linked glycans and Le glycans such as Le?, Le®,
Le*, Le?, sialyl-Le*, and sialyl-Le™. Because DC-SIGN exhibits
the highest affinity to Le glycans, but not to sialylated Le gly-
cans, we hypothesized that fucose residues on Le glycans may
directly mediate the interaction between DC-SIGN and
COLO205-derived Mac-2BP. To prove this, we treated Mac-
2BP with a1-3,4-fucosidase, an enzyme that specifically cleaves
al-3,4-bound fucose of Le®, Le®, Le*, and Le”. As shown in Fig.
4C, the defucosylated Mac-2BP had almost completely lost the
ability to interact with DC-SIGN. Confocal microscopy also
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FIGURE 4. Fucose residues of colorectal carcinoma-associated Lewis N-gly-
cans expressed on COLO205-derived Mac-2BP are essential for DC-SIGN
binding. A, N-glycans of COLO205-derived Mac-2BP are essential for DC-SIGN
binding. COLO205 membrane proteins were incubated with or without PNGase
F, and then total membrane proteins (left) and subsequently purified DC-SIGN-
ligands (right) were immunoblotted with anti-Mac-2BP pAb. B, determination for
the Mac-2BP glycan profile by ELISA. COLO205-derived Mac-2BP glycoproteins
captured with pre-coated anti-Mac-2BP pAb were detected with biotinylated
plant lectin PHA-L4 (left), Lycopersicon esculentum agglutinin (LEA, middle), or AAL
(right). Goat IgG was used as an isotype control for anti-Mac-2BP capture pAb.
Detection levels for HLF-derived Mac-2BP were arbitrarily set at 1. Error bars indi-
cate S.D. (n = 3). C, DC-SIGN recognizes the fucose residues of Le glycans
expressed on COLO205-derived Mac-2BP. COLO205 membrane proteins were
incubated with or without «1-3 4-fucosidase and then precipitated with rhDC-
SIGN-Fc, anti-Le® or -Le® mAb, followed by immunoblotting with anti-Mac-2BP
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FIGURE 5. DC-SIGN mediates interaction between MoDCs and COL0O205
cells. A, DC-SIGN-dependent cellular adhesions between MoDCs and
COLO205 cells. MoDCs only (left) or MoDCs plus COLO205 cells in the pres-
ence (right) or absence (middle) of anti-human DC-SIGN pAb were cultured
and visualized by phase-contrast microscopy. B, confocal microscopicimages
of MoDC-COLO205 cellular interactions mediated by DC-SIGN and Mac-2B8P.
MoDCs were cocultured with COLO205 cells. After fixation, cells were stained
with anti-human DC-SIGN mAb (green) and anti-Mac-BP pAb or anti-Le® mAb
(red).

showed that Mac-2BP (red) significantly expresses Le® glycans
(green) on COLO205 cells (Fig. 4D). These results suggest that
DC-SIGN is selective in its recognition of specific types of fuco-
sylated N-glycans and that these N-glycans expressed on DC-
SIGN-binding Mac-2BP are important for the interaction.
DC-SIGN Mediates Cellular Adhesion between Immature
MoDCs and COLO205 Cells—Next, to determine whether or
not immature DCs interact with COLO205 cells through DC-
SIGN, we prepared MoDCs from human peripheral blood
monocytes and cocultured them with COLO205 cells. As
shown in Fig. 54, MoDCs were found to stably adhere to
COLO205 cells and to form large agglutinations when they
were cocultured (middle), compared with a MoDC culture con-
trol (left). The addition of anti-DC-SIGN pAb partially blocked
the MoDC-COLO205 interactions and agglutinations (right),
indicating that DC-SIGN mediated the interactions and agglu-
tinations. Furthermore, confocal microscopy demonstrated
that immature MoDCs expressed a remarkable level of DC-
SIGN (green) at the points of contact with COLO205 ccells

pAb. /P, immunoprecipitation. D, confocal microscopic image of Le® expres-
sion on COLO205-derived Mac-2BP. The cells were costained with anti-Le®
mAb (green) and anti-Mac-2BP pAb (red). Staining without primary Abs was
performed as a negative control. LP, ligand precipitation.
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FIGURE 6. A COLO205-MoDC coculture-derived supernatant suppresses
the functional maturation of MoDCs. A, flow cytometry analysis of CD83
and CD86 expressions. Immature MoDCs were incubated with a MoDC-cul-
tured or COLO205-MoDC-cocultured supernatant (Sup.) for 3 days in the pres-
ence of IL-4, GM-CSF, and LPS (1 ng/ml), and the cultures were replenished
with fresh supernatant on the second day. Supernatant of MoDCs, which
cultured in the presence of anti-DC-SIGN pAb, was used as a control. The
effect on MoDC functional maturation was determined as MoDC surface
expression of CD83 and CD86 determined by flow cytometry. B, the relative
expression levels of CD83 and CD86. The inhibition of MoDC functional mat-
uration was measured as the percentage of mean fluorescent intensity (=
S.E.) of incubation with MoDC-cultured supernatant. All experiments were
performed in triplicate and were repeated a minimum of three times.

expressing both Mac-2BP (upper) and Le® (lower, red) (Fig. 5B).
These results, also considering the results of Fig. 4, C and D,
suggest that Mac-2BP carrying Le® glycans is involved in the
association between MoDCs and colorectal cancer cells 7 situ.

DC-SIGN-mediated Cellular Adhesion between Immature
MoDCs and COLO20S Cells Attenuates MoDC Maturation—We
previously demonstrated that the MoDC-SW1116 adhesion
mediated by the glycosylation-dependent interactions between
DC-SIGN and CEA resulted in dystunctional MoDCs (9, 10).
To determine whether or not this observation is also caused by
the DC-SIGN-Mac-2BP interaction, we examined the effect of
MoDC-COLO205 coculture condition on MoDC functional
maturation. A coculture-derived supernatant was prepared
from cocultures of COLO205 carcinoma cells and MoDCs after
LPS stimulation. The addition of the MoDC-COLO205 cocul-
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ture-derived supernatant to a new MoDC culture led to inhibi-
tion of maturation marker CD83 and activation marker CD86
expression compared with a MoDC culture-derived control
supernatant (Fig. 6, A and B), suggesting that interaction
between MoDCs and COLO205 cells causes suppression of
L.PS-induced functional maturation of MoDCs. Direct stimula-
tion of MoDC with anti-DC-SIGN pAb also significantly sup-
pressed MoDC maturation, suggesting that the DC-SIGN sig-
naling cascade is sufficiently involved in MoDC maturation
pathways. Collectively, our results indicate that the DC-SIGN-
dependent interaction with COLO205-derived Mac-2BP as
well as that with SW1116-derived CEA induces cellular adhe-
sion between MoDCs and colorectal carcinoma cells, which
impairs MoDC functional maturation.

Mac-2BP Is a Major DC-SIGN Ligand in Some Primary Colo-
rectal Carcinoma Tissues—To determine whether or not DC-
SIGN recognizes Mac-2BP in situ, human normal and malig-
nant colon tissues from the same patients were double stained
with thDC-SIGN and anti-Mac-2BP pAb (Fig. 7A4). As reported
previously (12), Mac-2BP expression in malignant tissues was
high in about half of the patients at mucosal epithelia compared
with in normal tissues. Moreover, the staining pattern in the
thDC-SIGN markedly overlapped that of the Mac-2BP in the
malignant epithelia (Fig. 74), indicating that Mac-2BP, as a
novel DC-SIGN ligand, is highly expressed on primary cancer
colon epithelia, and implying that DC-SIGN is involved in the
association between DCs and colorectal cancer cells in situ
through recognition of these cancer-related Le glycan ligands.

We and another group (9, 10) have recently reported that
DC-SIGN recognizes CEA expressed in colorectal cancer tis-
sues of patients. Therefore, to next examine the differences in
expression pattern of and association with rhDC-SIGN
between CEA and Mac-2BP, we performed triple staining with
rhDC-SIGN, anti-Mac-2BP pAb, and anti-CEA mAb. In con-
trast to the CEA localization limited on the apical face of cancer
epithelia, Mac-2BP expression exhibited a more diffuse pattern
on both the apical and basolateral faces of epithelia in malig-
nant colorectal cancer tissues, and little expression of either
CEA or Mac-2BP was observed in colorectal normal tissues
(Fig. 7B). Additionally, as shown in Fig. 7B, colorectal cancer
patients could be divided into Mac-2BP"'8"/CEA™E" (cancer 1),
Mac-2BP'*"/CEA"#" (cancer 2 and 3), Mac-2BP"'*®"/CEA'"™
(cancer 4 and 5), and Mac-2BP'*¥/CEA!®" (data not shown)
groups based on the distinct expression patterns of CEA and
Mac-2BP together with the DC-SIGN recognition model. The
profiles of Mac-2BP/CEA expression pattern-based groups
were shown in Table 1. These results indicate that Mac-2BP
may become a novel potential colorectal cancer biomarker for
some patients with CEA-low or -negative colorectal cancer.

DISCUSSION

During the neoplastic process in colon tissues, genetic or
epigenetic gene alteration often accompanies changes in cell-
surface glycans. Glycosylation changes during malignant trans-
formation lead to tumor-specific carbohydrate structures that
interact with C-type lectins on dendritic cells. In general, these
changes have been associated with a poor prognosis, as they are
linked to the aggressiveness and metastatic capacity of tumors.
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FIGURE 7. Mac-2BP expressed on colorectal cancer cells is a major target for DC-SIGN in situ. A, DC-SIGN recognizes colorectal carcinoma-derived Mac-2BP
in situ. Primary colorectal cancer and normal colon tissues of donor 1 (SuperBioChips Laboratories) and donor 2 (Shiga University of Medical Science) were
stained with rhDC-SIGN (green) and anti-Mac-2BP pAb (red). B, expressions of CEA and Mac-2BP in colorectal tumor tissues (SuperBioChips Laboratories). Triple
staining of primary colorectal cancer and normal colon tissues with anti-CEA mADb (green), anti-Mac-2BP pAb (red), and rhDC-SIGN-allophycocyanin (blue). All

samples were examined by confocal microscopy.

Good examples of heavily glycosylated tumor antigens are CEA
and CEACAM1 (13-19), which can be secreted or expressed by
colon cancer cells. Because the function of dendritic cells may
be dependent on their binding properties as to self-antigens and
pathogens, it is essential to obtain a detailed insight into the
carbohydrate-binding properties of DC-SIGN.

Previous research indicated that tumor cells with their sur-
face decorated with B1-6-branched N-linked oligosaccharides
acquire invasiveness and metastatic potential through a change
in the affinity level to the extracellular microenvironment (20,
21). Mac-2BP expressed on colorectal carcinoma cells was ini-
tially identified as a 1.-PHA-recognized major glycoprotein
bearing from p1-6

B
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branched N-linked oligosaccharides (22, 23). In this study, we
have firstly identified Mac-2BP on colorectal carcinoma cells as
a novel ligand for C-type lectin DC-SIGN and demonstrated
the Ca*"-dependent interaction of thDC-SIGN with Mac-2BP
from colorectal carcinoma COLO205 cells. Generally, DC-SIGN
exhibits dual specificities for high-mannose as well as Le-type gly-
cans (8, 24, 25). Foreign antigens recognized by DC-SIGN have
both types of glycans. Whereas, so far, most endogenous ligands
for DC-SIGN have been found to carry only Le-type glycans. Here
we showed that specific removal of Le glycans on Mac-2BP by
al-3,4-tucosidase abrogated these interactions, indicating that the
tucose moieties of Le glycans are required for the interactions. We
also observed that DC-SIGN ligands are highly expressed with Le
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