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By contrast, Tie2 function in BECs has been intensively
analyzed at both developmental and adult stages. In vivo and in
vitro experiments show that Tie2 signaling potently induces
sprouting, chemotaxis, and network formation.>** Furthermore,
the Tie2 ligand Angl is a potent survival factor for BECs under
serum deprivation.?* A role for Tie2 signaling in blood vessel
endothelial survival in vivo has also been illustrated using condi-
tional rescue of Tie2™/~ embryos,? further supporting a role of this
signaling system in endothelial cell survival.

Recently it has been demonstrated in mice that Tie2 is expressed
and functions in lymphatic vessels embryonically*® and in adults.?
Tie2-deficient mice exhibit severe defects in vascular and heart
development and die by E9.5,8 making analysis of the lymphatic
system difficult. Therefore, here we analyzed the function of Tie2
in lymphatic endothelial cells (LECs) and hematopoietic cells as
well as in developing BECs using differentiation of cultured ES
cells. We identify ES cell-derived LECs as well as BECs and
hematopoietic cells, and demonstrate that Tie2 signaling is
essential for development of BECs and LECs, but not for
hematopoietic cells.

Materials and methods

Cell preparation and culture conditions

TT2. E14.3! and R13? ES cells were maintained on mouse embryonic
fibroblast (MEF) feeder cell layers in knockout Dulbecco-modified Eagle
medium (Gibco BRL, Carlsbad. CA) containing 15% fetal bovine serum
(Intergen, Purchase. NY). 100 U/mL leukemia inhibitory factor (LIF:
Chemicon International. Temecula, CA). 0.1 mM nonessential amino acids
(Gibco BRL). 1 mM sodium pyruvate (Gibco BRL), 2 mM L-glutamine
(Gibco BRL). and 100 pM 2-mercaptoethanol (Sigma-Aldrich, St Louis.
MO). After removal of LIF. ES cells were cultured on collagen type IV
plates (Becton Dickinson, San Jose. CA) at I X 10* cells/mL for 2 days.
Cells were then disaggregated by trypsin and seeded on OP9 cells at
1 X 10° cells/mL. After 5 days of culture, OP9 cells were removed from ES
cells through a Sephadex G10 column (Amersham Bioscience, Uppsala,
Sweden), and the ES cells were fractionated by Flk1 and Tie2 expression
using FACSvantage (Becton Dickinson). Sorted cells were seeded on OP9
cells at 1000 to 15 000 cells/mL and cultured in the presence of VEGF-C
(100 ng/mL: R&D Systems, Minneapolis, MN), VEGF-D (100 ng/mL;
R&D Systems), or the caspase inhibitor Z-VAD-fmk (10-100 nM: Calbio-
chem, La Jolla, CA). When indicated, sorted cells were cultured with
recombinant soluble Tie2-Fc fusion protein (30 pg/mL)" or recombinant
soluble CD4-Fc fusion protein (30 wg/mL)."¥

Immunocytochemistry

Immunocytochemistry was performed essentially as described.*? Differenti-
ated ES cells cultured on OP9 cells were fixed with 4% paraformaldehyde at
4°C and stained with a rat monoclonal anti-mouse platelet—endothelial cell
adhesion molecule 1 (PECAM-1) monoclona antibody (mAb) (MEC13.3;
Becton Dickinson) or a rat monoclonal anti-mouse LYVE-1 antibody
(ALY7%) by the indirect immunoperoxidase method using horseradish
peroxidase—conjugated anti-rat 1gG. Peroxidase activity was visualized
using 3,3'-diaminobenzidine (Dojindo. Kumamoto, Japan). To determine
whether Prox-1 was expressed in LYVE-1* cells, we stained cells with
biotinylated ALY7 and anti-Prox-1 antibody (Covance, Berkeley. CA).
LYVE-1 and Prox-1 expression was detected by reacting with Alexa
488—conjugated Streptavidin (Molecular Probes. Eugene, OR) and Alexa
546—conjugated goat anti-rabbit antibody (Molecular Probes), respectively.
For nuclear staining, cells were treated with TOTO3 (Molecular Probes).
Stained cells were visualized by fluorescence microscopy. Stained and
unstained cells were visualized by fluorescent microscopy (IX71) with
either UplanApo 4X/0.13 NA. 10X/0.40 NA, or 20X/0.70 NA objectives
(Olympus, Tokyo, Japan). Images were further processed with Adobe
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Photoshop (Adobe Systems, San Jose. CA). For Dil labeling. 10 pg/mL
Dil-Ac-LDL (Molecular Probes) was added to differentiated ES cells on
OP9 cells and adherent cells were incubated for 4 hours at 37°C. After
removing the media containing Dil-Ac-LDL, cells were washed and stained
with anti-PECAM-1 (FITC-conjugated: Becton Dickinson) or anti-
LYVE-1 (biotin-conjugated) plus FITC-conjugated Streptavidin (Becton
Dickinson). Uptake of Dil-Ac-LDL by blood vessel endothelial cells
(PECAM-17* cells) and lymphatic endothelial cells (LYVE-1* cells) was
visualized using a standard rhodamine excitation emission filter (Olympus,
Tokyo. Japan).

RT-PCR analysis

Total RNA was extracted from cells using RNeasy Kit (Qiagen, Hilder,
Germany). Isolated RNA was reverse-transcribed using an reverse transcrip-
tase (RT) for polymerase chain reaction (PCR) Kit (Clontech, Palo Alto,
CA). ¢cDNAs were amplified using Taq polymerase (TaKaRa, Kyoto,
Japan). Sequences of gene-specific primers for RT-PCR were as follows:
GATA2, §'-(acacaccacccgatacccacctat), 3'-(cctacgecatggeagicaccatget):
SCL, 5'-(cgeggatccacggageggeegeegagegeg), 3'-(cggaatteegegeegeactactt-
tggtgtg); c-myb. 5'-(gacagaagaggaggacagaatca). 3'-(tctcagggtcitegtegt-
tatag); AMLI. 5’'-(ccagcaagetgaggageggeg). 3'-(cggatttgtaaagacggtga);
Tie2, 5'-(ttagttctctgtggagteag), 3'-(aggecctgagticttcacte): FIk1, 5'-(agaacac-
caaaagagaggaacg), 3'-(gcacacaggeagaaaccagtag): VEGFR3, 5'-(gctaccact-
gctactacaag). 3'-(gataatcccagtegaaggtg): Prox]. 5'-(aagtggticageaatticeg),
3'-(tgaccttgtaaatggeette). LYVE], §'-(ttectegectctatttggac), 3'-(tetgtigtet-
gegtttcatee); Pdpn, 5'-(gtgecagtgttgtictgggt), 3'-(tetgttgtetgegtitcatee): Evil,
5'-(aatatgagtcatgecaacee), 3'-(ctiggtgtactgacateate): and GAPDH, 5'-
(aatcccatcaccatetteea). 3'-(ccaggggtcttacteettg).

PCR products were separated on a 1.2% agarose gel and gels were
stained with ethidium bromide.

Quantitative RT-PCR analysis

Total RNA was isolated from 10% cells and cDNA was reverse-transcribed
using Superscript 1l (Invitrogen, Carlsbad, CA) according to the manufac-
turer’s instructions. The expression levels of Angl. Ang2, and Ang3 were
analyzed by quantitative (Q) RT-PCR using a LightCycler instrument
(Roche Diagnostics. Mannheim, Germany) with LightCycler software
version 3.5. cDNA was amplified for Q-PCR using SYBR Green I
(Sigma-Aldrich) to detect PCR product. cDNA (2 pL) was used in a 20-pL
final volume reaction containing 10 pL SYBR Premix Ex Taq (TaKaRa),
0.4 pM Angl forward (5'-GCCTTTGCACTAAAGAAGGTGTTTT-3').
and 0.4 pM Angl reverse (5'-ATACATCCGCACAGTCTCGAAATG-3').
The LightCycler was programmed to run an initial denaturation step at
95°C for 10 seconds followed by 45 cycles of denaturation (95°C for 5
seconds) and extension (60°C for 20 seconds). monitoring the synthesis of
product at the end of the extension step of each cycle. The same conditions
were used with primers Ang2 forward (5'-AGGAGATCAAGGCCTACTGT-
GACA-3") and Ang?2 reverse (5'-GCTCCCGAA GCCCTCTTTG-3"), and Ang3
forward (5'-GTTCCAGGACTGTGCAGAGATCA-3') and Ang3 reverse (5'-
TCTCCATGTCACAGAACACCTTGAG-3"). The Angl. Ang2. and Ang3
values were normalized against mouse f-actin (forward 5'-CAGCCTTCCTTCT-
TGGGTATGG-3"; reverse 5'-CTGTGTTGGCATAGAGGTC TTTACG-3").

Flow cytometric analysis and cell sorting

The following mAbs used for flow cytometry were purchased from Becton
Dickinson: anti-CD34 (RAM34), anti—c-Kit (ACK45), anti-Sca-1 (E13-
161.7), anti-CD45 (30-F11). anti-Flkl (Avasl2al), anti-PECAM-1
(MECI13.3), anti-Mac-1 (M1/70), anti-Gr-1 (RB6-8CS5), and anti~TER-
119. Also used were anti-Tie2 mAb (TEK4)* and anti-LYVE-] mAb
(ALY7).%6 Fluorescence-activated cell sorting (FACS) analysis was per-
formed on a FACSvantage (Becton Dickinson).

Progenitor assay by methylcellulose culture

Tie2*Flk1* or Flk1* cells derived from ES cells were embedded in 1 mL
alpha medium containing 1.3% methylceliulose (1500 cp; Sigma-Aldrich).
30% fetal calf serum (FCS), 1% deionized bovine serum albumin (BSA;
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Sigma-Aldrich). 0.1 mM 2-mercapto-ethanol (Sigma-Aldrich), 10 ng/mL
stem cell factor (SCF; PeproTech EC. London. United Kingdom). 10 ng/mL.
recombinant mouse interleukin-3 (IL-3: PeproTech EC). 10 ng/mL recom-
binant human IL-6 (PeproTech EC). and 2 U/mL recombinant human
erythropoietin (Epo: Chugai Pharmaceutical, Tokyo, Japan). Cells were
cultured in a 35-mm culture dish and incubated at 37°C in a humidified
atmosphere with 5% CO,.

Statistics

Data are expressed as means plus or minus standard deviation (SD).
Statistical analysis was conducted using the Student ¢ test. Statistical
significance was defined as a P value less than .05.

Resulis
In vitro differentiation of ES cells

In order to analyze the function of Tie2 in the development of LECs
as well as BECs and hematopoietic cells, we developed a cell
culture system for ES cell differentiation. After removal of LIF,
E14 ES cells were cultured on collagen type IV plates for 2 days to
initiate differentiation to a mesoderm lineage; subsequently, cells
were transferred to OP9 stromal cells. Markers of both endothelial
and hematopoietic cells, Sca-1, c-kit, and CD34, were expressed in
undifferentiated ES cells (Figure 1A). Although 1% of ES cells
expressed Flk1 on collagen plates, Tie2 was not expressed in FIk1*
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Figure 1. Mesodermal differentiation of ES cells on OP9 stromal cells. (A) E14
ES cells were cultured on collagen type |V plates for 2 days, and then all cells were
cultured on OP celis for 9 days. The expression of CD34, c-Kit, Sca-1, CD45, Fik1,
and Tie2 in ES cell-derived cells was analyzed at the indicated time points by flow
cytometry. Stained Tie~’~ cells are represented by purple shaded histograms.
Unstained controls are represented by green lines. The percentages of cells in each
quadrant are indicated. {B) Gene expression of fractionated cells shown in A (R3-R6)
was analyzed by RT-PCR. (C) Fractionated cells (20 000; R3-R6) were cultured on
OP9 cells. On day 7 of culture, hematopoietic clusters (red arrowheads) were
developed only from the R3 fraction. In other fractions (R4-R6) hematopoietic
clusters were not developed, but embryoid body-like colonies (blue arrowheads)
developed from R5 and R6 fractions, Cells were analyzed at low (X 40) magnification.
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cells (data not shown). Following transfer of cells on collagen
plates to OP9 cells, 8% of FIk1* cells expressed Tie2 on day 3 of
culture. Numbers of Tie2™ cells increased until day 5 of culture,
when Tie2 expression was maximal; thereafter, both expression
levels and numbers of Tie2" cells gradually decreased. At day 9 of
culture, cells cocultured with OP9 cells began expressing CD45, a
marker of all hematopoietic cells except mature erythrocytes. Since
Tie2™ cells appeared just before CD45* hematopoietic cells, Tie2*
cells in the Flkl* cell fraction may represent hematopoietic
progenitor cells. We examined other ES strains, such as TT2 and
R1 cells, using the same culture conditions, and confirmed that
these strains showed a similar mesodermal phenotypes as E14 cells
(data not shown).

Development of hematopoietic, lymphatic endothelial, and
blood vessel endothelial cells from Flk1+Tie2+ cells

To analyze the differentiating potential of ES-derived cells, we
fractionated cells on day 5 of culture using Tie2 and Flk1 mAb as
shown in Figure 1A (bottom panel, R1-R4). Expression profiling of
transcription factors specific for hematopoietic or endothelial cells
was undertaken by RT-PCR (Figure 1B). Expression levels of
GATA-2, SCL, and AML-1 in the Tie2*Flk1™* fraction (R3) were
1.7-, 2.5-, and 1.7-fold higher than those in the Tie2'Fik1 ™ fraction
(R4), respectively. In the Flk1~ fraction (R5 and R6), expression
levels of these genes were much lower compared with the
Tie2"Flk1* fraction (R4), suggesting that the Tie2*Flk1* fraction
may contain committed progenitors of hematopoietic and endothe-
lial lineages. Cells (20 000) fractionated by Flk1 and Tie2 expres-
sion were cultured on OP9 cells (Figure 1C), and hematopoietic
clusters formed only from the Tie2*Flk1™* fraction (R3) (Figure
1C, red arrowheads). Hematopoietic clusters were not detected in
Flk1+Tie2~ (R4), Fk1 Tie2* (RS), or Flk1~Tie2~ fractions (R6).
The number of hematopoietic progenitors in each fraction was
estimated by colony-forming assays in methylcellulose culture
(Figure 2A-B). BECs were detected by staining with PECAM-1
mAb (Figure 2C). PECAM-1* endothelial cells were spindle
shaped and took up an acetyl-LDL (Figure 2D). To detect LECs, we
generated a mAD against LYVE-1 (ALY7), a receptor for extracel-
lular matrix glycosaminoglycan. Using this mAb, we detected
LYVE-1* cells on OP9 cells (Figure 2E). These cells also took up
acetyl-LDL (Figure 2F), and 65% of them expressed Tie2 (Figure
21). The lymphatic identity of these cells was further demonstrated
by RT-PCR, using primers specific for LEC-enriched genes,
namely, Pdpn, VEGFR3, and Prox] (Figure 2I). Furthermore,
LYVE-1% cells coexpressed Prox-1 (Figure 2K). The presence of
VEGFR-3 transcripts in these cultures provided the impetus for us
to add the lymphatic growth factors, VEGF-C and VEGF-D. The
addition of these factors resulted in a marked increase in the
number of LYVE-17 cells (Figure 2L) and an increase in the size of
monolayers (VEGF-C, Figure 2G; VEGF-D, Figure 2H). These
findings suggest that LYVE-17 cells derived from ES cell differen-
tiation cultures express many genes that are restricted to or
enriched in LECs.

That Tie2 is required for these cell types is supported by the
more than 10-fold increase in hematopoietic, blood vessel endothe-
lial, and lymphatic endothelial colonies from Tie2*Flk1™ cells
compared with Tie2"Flk1* or Tie2 Flk1~ cell fractions (Table 1).
To determine which cells produce the Tie2 ligands Angl, Ang2,
and Ang3 in order to support Tie2* cells, we performed quantita-
tive expression analysis for Angl, Ang2, and Ang3. As shown in
Figure 2M, OP9 cells and LYVE-1~ ES-derived cells expressed
Angl but not Ang2 or Ang3. Although low expression levels of
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Figure 2. Development of lymphatic endothelial cells from ES cells. The
Tie2*Flk1* fraction of ES cell-derived cells formed erythroid colonies (A} and
granulocyte-macrophage colonies (B) in methylceliulose. Vascular and lymphatic
endothelial cells were stained with PECAM-1 mAb (C) and LYVE-1 mAb (D),
respectively. PECAM-1* cells {green, panel £) and LYVE-1* cells (green, panel F)
took up acetyl-LDL (red, panels E and F). Scale bars, 10 pm. (I) Expression of
LYVE-1 and Tie2 in differentiated cells derived from ES cells on OPQ cells on day 6 of
culture was analyzed by flow cytometry. The percentages of cells in each quadrant
are indicated. {J) Lymphatic-specific genes, Pdpn, VEGFR-3, and Prox-1in LYVE-1+
and LYVE-1- cells were analyzed by RT-PCR. (K) Immunostaining at high magnifica-
tion (X 200) showed that LYVE-1* cells (green) coexpressed Prox-1 (red). TOTO3
(blue) was used to stain nuclei. (L) In the presence of VEGF-C and VEGF-D (100
ng/mL each), the number of LYVE-1* colonies increased to 2 times that of
mock-treated cells. Colonies were also farger in the presence of VEGF-C and
VEGF-D (panels G and H, respectively). Results are expressed as the mean = SD.
(M) OP2 and ES cell-derived LYVE-1- cells expressed Angi. LYVE-t+ cells
expressed low levels of Ang1 and Ang2. Ang1, Ang2, and Ang3 were not detectable in
ES cells and lymphatic precursors (Fik1+ cells derived from ES cells).

Angl and Ang2 were detected in LYVE-1* cells, ES cells and
lymphatic precursor cells (ES cell-derived FlkI* cells) did not
express Ang’s. These results suggest that Angl derived from OP9
cells might affect the growth or survival of Tie2* cells.

Table 1. Frequency of hematopoietic and endothelial progenitors of
differentiated ES cells

Vascular Lymphatic
Erythroid endothelial endothelial
colonies GM colonies colonies colonies
from 30 from 30 000 from 1500 from 2000
000 cells cells cells cells
Tie2+Flki+ 11.3+x64 7 =21 475%53 243+25
Tie2 Flk1* 0 ] 52+ 1.8 0
Tie2*Flki~ o] [ 0 0
Tie2-Flk1- 0 o] 0 o]
Bulk o} 0 27=x15 1306
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Development of hematopoietic and endothelial cells from
Tie2-deficient ES cells

To clarify the function of Tie2 during hematopoietic and endothe-
lial differentiation from ES cells, the differentiation capacity of
Tie2~"~ ES cells was examined using our culture system. Tie2~/~
ES cells grew normally on MEF feeder layer cells (data not shown),
and differentiated cells grown on OP9 cells were analyzed by flow
cytometry. The frequency of cells expressing FIkI in the Tie2™"~
ES cells was similar to that seen in Tie2*~ cells (Figure 3A).
RT-PCR of RNA from this fraction for expression of the genes
involved in development of hematopoietic and endothelial cells
revealed no remarkable differences between 7ie2™'~ and Tie2 ™/~
cells (Figure 3B). To analyze hematopoietic development of
Tie2™~ ES cells, we calculated the number of hematopoietic
clusters formed on OP9 cells at day 7 of culture. The number and
size of hematopoietic clusters of 7ie2~/~ ES cells were the same as
those of Tie2 ¥/~ cells (Figure 3C, and data not shown). When the
Tie2 ™'~ hematopoietic clusters were transferred to fresh OP9 cells
for an additional week, normal proliferating hematopoietic cells
were detected by flow cytometry. Mature Mac-1-~, Gr-1-, and
Terl19-positive hematopoietic cells were differentiated from
Tie2™'~ ES cells (Figure 3D), and the frequency of mature
hematopoietic cells was similar to that seen in Tie2 "~ cells (data
not shown), suggesting that Tie2 is not essential for development of
hematopoietic cells. By contrast, Tie2™'~ ES cells were severely
defective in forming blood vessel and lymphatic endothelial
colonies on OP9 cells at day 6 of culture. The number of such blood
vessel and lymphatic endothelial colonies was approximately one
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Figure 3. Normal development of hematopoietic cells from Tie2~/~ ES cells. (A)
FACS analysis of the expression of Fikt and Tie2 in Tie2~/~ and Tie2*~ ES
celi-differentiated cells. Red squares show the Fik1* fraction. The percentages of
cells in each quadrant are indicated. (B) Expression of genes associated with
mesoderm in Flk1* cells shown in panel A (red squares) was analyzed by RT-PCR.
{C) Flk1+ cells (20 000) were cultured on OPS cells. The number of hematopoietic
clusters from Tie2*/~ and Tie2~'~ cells at day 7 of culiure was calculated. Results are
expressed as the mean = SD. (D) Tie2~/~ hematopoietic clusters were cuitured for
an additional 7 days on fresh OPS cells. The expression of CD45, Mac-1, Gr-1, and
Ter119 was analyzed by flow cytometry. ES cell-derived hematopoietic cells are
represented by purple shaded histograms; unstained controls, by green lines.

—437—



BLOOD, 1 FEBRUARY 2006 - VOLUME 107, NUMBER 3

A B iaH- "
3 % Tie2 Tie2
5 e
5% &0 % 40
o
£ 40 - -
3 %
28 20
‘c- o
g o .
c Tie2#  Tie2s
20
@
o
H .|
$€15 ]
8%
rE
Eé 10
=
e :
g
0 1.
Tie2#/-
66 3 16
) 16
g =0 3 I
i B
40 2 i1
:’g 8 2 gg10
*
2230 zg10 g-g 8
2% g8 8 22 4
gg 3g e £8
5 B =g 4
- ol 4 S &
o 10 g 2
z = 2 §
- s O [+]

Hock CO4-FeTiad-Fo ttock CD4-Fe Tiod-Fe

#ock CD4-Fe Tie2Fo

Figure 4. Lymphatic and blood vessel endothelial cell development from
Tie2~'~ ES cells. (A) Fiki* cells (2000) were cultured on OP9 cells. At day 7 of
culture, the number of vascular endothelial colonies developed from Tia2*'~ () and
Tie2-/~ (B) ES cells was calculated. (B) Vascular endothelial colonies were stained
with PECAM-1 mAb and analyzed at low (x 40) and high (x 100) magnification. (C)
The number of lymphatic endothelial colonies developed from Tie2*/~ () and
Tiez~'~ (&) ES cells was calculated. (D) Lymphatic endothelial colonies were stained
with LYVE-1 mAb and analyzed at low (X 40) and high (x 100) magnification. Scale
bars in panels B and D, 20 wm. In the presence of Tie2-Fc (30 pg/mL.), the number of
vascular and lymphatic endothelial colonies was decreased (panels E and F,
respectively). (G) Hematopoietic cluster formation was not affected by exogenous
soluble Tie2-Fc (30 ug/mL). Exogenous soluble CD4-Fc (30 pg/mL) served as the
control. Resuilts in panels A, C, and E-G are expressed as the mean = SD.

third that observed from Tie2*'~ cells (Figure 4A-B), and colony
size was smaller than that seen from Tie2*/~ cells (Figure 4C-D).
These results suggest that Tie2 function is required for develop-
ment of BECs and LECs, but not of hematopoietic cells. To confirm
these findings, we added soluble Tie2-Fc fusion protein to the
culture media of wild-type ES cells to block Tie2 signaling. As
shown in Figure 4E-G, the number of vascular and lymphatic
endothelial cell colonies derived from wild-type ES cells in the
presence of soluble Tie2-Fc fusion protein decreased to one half to
one third of the mock-treated cells, while the number of hematopoi-
etic clusters was not affected by soluble Tie2-Fc fusion protein. We
did not detect such inhibition in the presence of soluble CD4-Fc
fusion protein (Figure 4 E-F).

Tie2 signaling is crucial for antiapoptotic signaling in the
development of lymphatic and blood vessel endothelial cells

To further analyze the mechanisms underlying defective proliferation of
BECs and LECs from Tie2™/~ ES cells, we analyzed expression of
blood vessel- and lymphatic-specific markers PECAM-1 and LY VE-1,
respectively, by flow cytometry at days 2, 4, and 6 of culture
(Figure 5A). Cells expressing PECAM-1 and LYVE-1 in Tie2™/~
ES cells decreased over 6 days. PECAM-17 cells in Tie2™'~ cells
were approximately one third the number of those in Tie2*/~ cells
at day 6 of culture, as was the case with LYVE-1* cells (Figure
5B-C). This finding suggested that Tie2~/~-mediated signaling
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protects endothelial cells from cell death. To test this possibility, we
treated Tie2™'~ cells with the caspase inhibitor Z-VAD-fmk. As
shown in Figure 5B and C, lymphatic and blood vessel endothelial
colony formation was rescued in the presence of Z-VAD-fmk in a
dose-dependent fashion. In the presence of 50 nM of Z-VAD-fmk,
the number of lymphatic endothelial colonies from Tie2 ™/~ cells
was rescued to 60% of that from Tie2*~ cells (Figure 50),
although the size of Tie2™/~ lymphatic endothelial colonies re-
mained small (Figure 5D). The formation of blood vessel
endothelial colonies was similar in the presence of Z-VAD-fmk
(50 nM; Figure 5C). These findings suggest that Tie2 signaling
is crucial for LEC and BEC development and mediates antiapop-
totic signaling during ES cell differentiation.

‘Discussion

Although we have demonstrated that Tie2 is expressed in the
vitelline artery,!” the AGM region,* and fetal liver,? the function of
Tie2 in development has not been elucidated. The early death of
Tie2~/~ embryos precludes detailed analysis of the role of Tie2 in
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Figure 5. Tie2 signaling in blood vessels and lymphatic endothelial ceils
protected from apoptosis. (A) Expression of PECAM-1 and LYVE-1 in ES
cell-derived cells was analyzed by flow cytometry at days 2, 4, and 6 of culture. The
percentages of cells in each quadrant are indicated. (B) Addition of the caspase
inhibitor Z-VAD-fmk (50 nM) to the culture media rescued the number of LYVE-1+*
colonies from Tie2-/~ ES celis (B). (C) The number of PECAM-1* colonies from
Tie2~'- ES cells (B) was also rescued in the presence of Z-VAD-fmk (50 nM). Results
are expressed as mean = SD. (D) in the presence of 2-VAD-fmk, the size of Tie2-/~
lymphatic endothelial cells was unchanged, although the number of lymphatic
colonies was partially rescued. Scale bars, 20 pm.
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development of hematopoietic and endothelial lineages. Using an
ES cell differentiation system, we have analyzed the development
of hematopoietic cells as well as BECs and LECs from Tie2 ™/~ ES
cells. At day 8 of culture on OP9 cells, the normal formation of
hematopoietic clusters from Tie2™/~ cells suggests that Tie2
signaling does not contribute to development of hematopoietic
cells from precursors. Furthermore, differentiation of myeloid cells
from Tie2~/~ hematopoietic clusters was normal. These results
indicate that Tie2 is not essential for development of hematopoietic
cells from ES cells. Recently, Puri and Bernstein?! used combined
mosaic analysis to demonstrate that Tie receptors are not required
for differentiation and proliferation of definitive hematopoietic
lineages in the embryo and fetus. Their findings are consistent with
what we show in this study. Although our in vitro differentiation
experiments suggest that Tie2 is not essential for hematopoiesis
during development, Angl/Tie2 signaling in hematopoietic cells
has been reported to function to maintain hematopoietic stem cells
in the bone marrow niche where Angl is expressed by osteo-
blasts.!® Thus Tie2 function in hematopoiesis would seem to be
specific for adult bone marrow.

Although much is known about normal and pathologic develop-
ment of the vascular system, the lack of specific markers has
made it difficult to follow the development of the lymphatic
system. In order to identify LECs, we recently generated a
LEC-specific mAb against LYVE-1.% This mAb allowed us to
detect LECs in mouse embryos at midgestation and purify these
cells. ES cell-derived LYVE-17 cells express LEC-specific genes,
such as Proxl, Pdpn, and VEGFR3, and exhibit Dil-Ac-LDL
uptake. Furthermore, VEGF-C and VEGF-D, lymphatic growth
factors, increased the number of LYVE-1-positive endothelial
colonies from ES cells. These findings indicate that LY VE-17 cells
isolated from these cultures have many characteristics of LECs.
Lymphatic vasculature of the thoracic and abdominal viscera have
been proposed to arise by endothelial spreading from lymph
sacs.®3 This proposal is supported by the finding that budding of
endothelial cells from the veins of Prox-l mutant embryos is
arrested.®!” To clarify the mechanisms of lymphangiogenesis in
vitro, we analyzed the function of Tie2. In this study LECs were
differentiated from ES cell-derived Tie2 *Flk1™ cells, and approxi-
mately 1% of Tie2*Flk1* cells formed lymphatic endothelial
colonies on OP9 cells. Our in vitro differentiation assay allows us
to clarify the mechanisms of LEC development from its precursor.

Thus far, Tie2 signaling has been reported to be required for
proper development and function of the vascular system. Mice
lacking Ang2 exhibit lymphatic vessel defects, strongly suggesting
a role of Tie2 signaling in lymphangiogenesis.*’ In this study we
have shown that LECs and BECs can be differentiated from
Tie2*Flk1™* cells, and that 65% of LYVE-1* LECs express Tie2.
To analyze the function of Tie2 in the development of lymphatic
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endothelial cells, we performed FACS analysis and immunocyto-
chemistry during differentiation of Tie2~/~ ES cells. FACS analysis
revealed that Tie2~'~ cells expressing LY VE-1 decreased over time
as did PECAM-1* BECs. Treatment with a caspase inhibitor,
which specifically inhibits apoptosis, partially rescued defective
formation of lymphatic and blood vessel endothelial colonies from
Tie2™'~ cells, suggesting that both endothelial cells undergo
apoptosis in the absence of Tie2 signaling. Although Tie2 signaling
contributed to the survival of both LECs and BECs on OP9 cells,
treatment with the caspase inhibitor did not affect the size of
Tie2~"~ colonies. Based on these findings, we propose that Tie2
cooperates with other signaling pathways involved in growth.
Although we do not identify these pathways, OP9 cells are known
to secrete several growth factors, including VEGF-C and VEGF-
D.3¥ FACS analysis also revealed that at day 2 of culture, the
frequency of LYVE-1* and PECAM-1* cells derived from Tie2~/~
cells was comparable with frequencies seen in Tie2™~ cells,
suggesting that lymphatic and blood vessel endothelial precursors
develop normally from 7Tie2™/~ cells. A gene expression study
clearly showed that expression levels of Prox-1 in lymphatic precursors
(the Flk1+ cell fraction) of Tie2™/~ cells were comparable with those
seen in Tie2*'™ cells, suggesting that Tie2 deficiency does not affect
Prox-1 expression. These findings suggest that Tie2 is not essential for
development of lymphatic and blood vessel endothelial precursors,
although both types of endothelial cells from Tie2™'~ cells undergo
apoptosis due to lack of Tie2 signaling.

Regarding vascular endothelial cells, in vivo study has shown
that mice lacking Angl and Tie2 develop a fairly normal primary
vasculature, but that this vasculature fails to undergo further
normal remodeling.?®¥4" We have demonstrated that lymphatic
endothelial cells express Tie2 in both embryonic and adult settings,
and that the activation of Tie2 signaling by Angl stimulates both in
vivo lymphatic angiogenesis in mouse cornea and in vitro colony
formation of lymphatic endothelial cells.?® Data from both in vitro
ES cell differentiation and in vivo embryonic development suggest
that Ang/Tie2 signaling may contribute to regulation of lymphatic
vessel formation in the development of lymphatic vessels.

In summary, our results derived from induction studies of ES
cells have revealed that Tie2 is expressed in the precursors of
mesodermal lineages, hematopoietic cells, and endothelial cells.
We have also shown that Tie2 is not essential for development of
hematopoietic cells, but that it plays an important role in antiapo-
ptotic signaling in lymphatic arid blood vessel development.
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STEM CELLS IN HEMATOLOGY

Loss of Tie2 receptor compromises embryonic stem cell-derived endothelial but
not hematopoietic cell survival

Isao Hamaguchi, Tohru Morisada, Masaki Azuma, Kyoko Murakami, Madoka Kuramitsu, Takuo Mizukami, Kazuyuki Ohbo,
Kazunari Yamaguchi, Yuichi Oike, Daniel J. Dumont, and Toshio Suda

Tie2 is a receptor-type tyrosine kinase
expressed on hematopoietic stem cells
and endothelial cells. We used cultured
embryonic stem (ES) cells to determine
the function of Tie2 during early vascular
development and hematopoiesis. Upon
differentiation, the ES cell-derived
Tie2*Flk1* fraction was enriched for he-
matopoietic and endothelial progenitor
cells. To investigate lymphatic differentia-
tion, we used a monoclonal antibody

against LYVE-1 and found that LYVE-1+
cells derived from Tie2+Fiki* cells pos-
sessed various characteristics of lym-
phatic endothelial cells. To determine
whether Tie2 played a role in this pro-
cess, we analyzed differentiation of
Tiez~/~ ES cells. Although the initial num-
bers of LYVE-1* and PECAM-1+ cells de-
rived from Tie2~/~ cells did not vary sig-
nificantly, the number of both decreased
dramatically upon extended culturing.

Such decreases were rescued by treat-
ment with a caspase inhibitor, suggesting
that reductions were due to apoptosis as a
consequence of a lack of Tie2 signaling.
Interestingly, Tie2~'~ ES cells did not show
measurable defects in development of the
hematopoietic system, suggesting that Tie2
is not essential for hematopoietic cell devel-
opment. (Blood. 2006;107:1207-1213)

© 2006 by The American Society of Hematology

Introduction

A close cell lineage relationship between hematopoietic and
endothelial cells has long been recognized.!* During embryogen-
esis, both cell types emerge in the yolk sac, and primitive
erythrocytes differentiate juxtaposed to endothelial precursors
by embryonic day 7.5 (E7.5).% In the mouse embryo, Tie2* cells
in the aorta-gonad-mesonephros (AGM) region generate both
blood and endothelial cells.* From studies of embryonic stem
(ES) cell differentiation, vascular endothelial growth factor
(VEGF)-responsive bipotent precursors of hematopoietic and
endothelial cells, known as hemangioblasts, have been identi-
fied. Hemangioblast-derived endothelial cells form vascular
vessels through vasculogenesis and angiogenesis. Lymphatic
development starts when a subset of vascular endothelial cells of
the cardinal vein commit to a lymphatic lineage and sprout to
form the primary lymph sacs at around E9 or 10.%7 Mouse
molecular genetic experiments indicate that Prox-1 (a ho-
meobox transcription factor) and the VEGF receptor 3
(VEGFR-3) are crucial for the commitment of endothelial cells
to a lymphatic lineage.?!” Since lymphatic vessel-specific
molecules are being identified, the molecular mechanisms
underlying development of lymphatic cells as well as vascular
and hematopoietic cells can now be analyzed.

Many studies report that expression of FIkI is crucial for early
establishment of endothelial and hematopoietic lineages and per-
haps for their common progenitor.*!-!2 FIK1 encodes a receptor

tyrosine kinase for the vascular endothelial growth factor family of
ligands.!* Single Flk1* cells from embryoid bodies can give rise to
blast colonies (blast lymphocyte colony-forming cells [BL-CFCs]),
which produce both hematopoietic and endothelial cells in vitro.’
Loss of Flk1 in mice results in selective defects in generating both
blood and blood-vessel endothelial cells (BECs).!! In addition to
Flk1, Fitl and Tie2 tyrosine kinases are also expressed in immature
hematopoietic cells and BECs.!+!7

The expression pattern of Tie2 suggests a function in both
vascular endothelial and hematopoietic cells. Recently we deter-
mined the function of Angl/Tie2 signaling, which maintains
long-term repopulating hematopoietic stem cells in the bone
marrow niche, suggesting that Tie2 signaling is crucial for adult
bone marrow hematopoiesis.' In the mouse vitelline artery at E9.5,
Tie2* hematopoietic cells aggregate and adhere to endothelial
cells.! In vitro culture of Tie2* cells isolated from the AGM region
generates both blood and endothelial cells.* In fetal liver, the Tie2*
fraction contains an enriched fraction of long-term repopulating
cells.” Based on these findings, Tie2 signaling was thought to
regulate embryonic development and differentiation of hematopoi-
etic cells. However, more recently, Puri and Berstein have demon-
strated that Tie2 is dispensable for embryonic hematopoiesis using
ES cell mouse chimeras.?! This finding suggests that Tie2 function
in developmental hematopoiesis differs from its role in bone
marrow hematopoiesis.
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By contrast, Tie2 function in BECs has been intensively
analyzed at both developmental and adult stages. In vivo and in
vitro experiments show that Tie2 signaling potently induces
sprouting, chemotaxis, and network formation.”* Furthermore,
the Tie2 ligand Angl is a potent survival factor for BECs under
serum deprivation.? A role for Tie2 signaling in blood vessel
endothelial survival in vivo has also been illustrated using condi-
tional rescue of Tie2~/~ embryos,> further supporting a role of this
signaling system in endothelial cell survival.

Recently it has been demonstrated in mice that Tie2 is expressed
and functions in lymphatic vessels embryonically®® and in adults.”
Tie2-deficient mice exhibit severe defects in vascular and heart
development and die by E9.5,%2 making analysis of the lymphatic
system difficult. Therefore, here we analyzed the function of Tie2
in lymphatic endothelial cells (LECs) and hematopoietic cells as
well as in developing BECs using differentiation of cultured ES
cells. We identify ES cell-derived LECs as well as BECs and
hematopoietic cells, and demonstrate that Tie2 signaling is
essential for development of BECs and LECs, but not for
hematopoietic cells.

Materials and methods

Cell preparation and culture conditions

TT2.% E14.% and R132 ES cells were maintained on mouse embryonic
fibroblast (MEF) feeder cell layers in knockout Dulbecco-modified Eagle
medium (Gibco BRL. Carlsbad. CA) containing 15% fetal bovine serum
(Intergen. Purchase. NY). 100 U/mL leukemia inhibitory factor (LIF:
Chemicon International, Temecula. CA), 0.1 mM nonessential amino acids
(Gibco BRL), 1 mM sodium pyruvate (Gibco BRL). 2 mM L-glutamine
(Gibco BRL), and 100 uM 2-mercaptoethanol (Sigma-Aldrich, St Louis.
MO). After removal of LIF. ES cells were cultured on collagen type 1V
plates (Becton Dickinson. San Jose, CA) at 1 X 10* cells/mL for 2 days.
Cells were then disaggregated by trypsin and seeded on OP9 cells at
1 X 10° cells/mL. After 5 days of culture, OP9 cells were removed from ES
cells through a Sephadex G10 column (Amersham Bioscience. Uppsala.
Sweden). and the ES cells were fractionated by Flk1 and Tie2 expression
using FACSvantage (Becton Dickinson). Sorted cells were seeded on OP9
cells at 1000 to 15 000 cells/mL and cultured in the presence of VEGF-C
(100 ng/mL: R&D Systems, Minneapolis, MN), VEGF-D (100 ng/mL:
R&D Systems). or the caspase inhibitor Z-VAD-fmk (10-100 nM; Calbio-
chem. La Jolla, CA). When indicated, sorted cells were cultured with
recombinant soluble Tie2-Fc fusion protein (30 wg/mL)"? or recombinant
soluble CD4-Fc fusion protein (30 pg/mL)."

Immunocytochemistry

Immunocytochemistry was performed essentially as described.? Differenti-
ated ES cells cultured on OP9 cells were fixed with 4% paraformaldehyde at
4°C and stained with a rat monoclonal anti-mouse platelet-endothelial cell
adhesion molecule 1 (PECAM-1) monoclona antibody (mAb) (MEC13.3:
Becton Dickinson) or a rat monoclonal anti-mouse LYVE-1 antibody
(ALY7%) by the indirect immunoperoxidase method using horseradish
peroxidase—conjugated anti-rat IgG. Peroxidase activity was visualized
using 3.3'-diaminobenzidine (Dojindo, Kumamoto, Japan). To determine
whether Prox-1 was expressed in LYVE-1% cells, we stained cells with
biotinylated ALY7 and anti-Prox-1 antibody (Covance. Berkeley. CA).
LYVE-1 and Prox-1 expression was detected by reacting with Alexa
488-conjugated Streptavidin (Molecular Probes. Eugene. OR) and Alexa
546-conjugated goat anti-rabbit antibody (Molecular Probes). respectively.
For nuclear staining, cells were treated with TOTO3 (Molecular Probes).
Stained cells were visualized by fluorescence microscopy. Stained and
unstained cells were visualized by fluorescent microscopy (IX71) with
either UplanApo 4X/0.13 NA, 10X/0.40 NA, or 20X/0.70 NA objectives
(Olympus, Tokyo, Japan). Images were further processed with Adobe
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Photoshop (Adobe Systems. San Jose. CA). For Dil labeling. 10 ng/mL
Dil-Ac-LDL (Molecular Probes) was added to differentiated ES cells on
OP9 cells and adherent cells were incubated for 4 hours at 37°C. After
removing the media containing Dil-Ac-LDL. cells were washed and stained
with anti-PECAM-1 (FITC-conjugated: Becton Dickinson) or anti-
LYVE-1 (biotin-conjugated) plus FITC-conjugated Streptavidin (Becton
Dickinson). Uptake of Dil-Ac-LDL by blood vessel endothelial cells
(PECAM-1* cells) and lymphatic endothelial cells (LYVE-17 cells) was
visualized using a standard rhodamine excitation emission filter (Olympus.
Tokyo. Japan).

RT-PCR analysis

Total RNA was extracted from cells using RNeasy Kit (Qiagen. Hilder.
Germany). Isolated RNA was reverse-transcribed using an reverse transcrip-
tase (RT) for polymerase chain reaction (PCR) Kit (Clontech. Palo Alto.
CA). ¢cDNAs were amplified using Tag polymerase (TaKaRa. Kyoto.
Japan). Sequences of gene-specific primers for RT-PCR were as follows:
GATA2, 5'-(acacaccacccgatacccacctat). 3'-(cctacgecatggeagtcaccatget):
SCL, 5'-(cgeggatccacggageggecgeegagegeg). 3'-(cggaattecgegeegeactactt-
tggtgtg); c-myb. 5'-(gacagaagaggaggacagaatca). 3'-(tctcagggtettegtegt-
tatag): AMLI. 5'-(ccagcaagetgaggageggeg), 3'-(cggattigtaaagacggtga):
Tie2. 5'-(ttagticteigtggagteag). 3'-(aggecctgagttcticacte): Fik1. 5'-(agaacac-
caaaagagaggaacg). 3'-(gcacacaggeagaaaccagtag): VEGFR3. 5'-(gctaccact-
gctactacaag). 3'-(gataatcccagtegaaggtg): Prox]. 5'-(aagtggticagcaatttccg).
3'-(1gaccttgtaaatggeette): LYVEL, 5'-(ttcctegectetatttggac). 3'-(tetgigtet-
gegtttcatee): Pdpn, 5'-(gtgecagtgttgtictgggt). 3'-(tetgtigtetgegtticatee); Evil.
5'-(aatatgagtcatgccaacee). 3'-(cttggtgtactgacatcate): and GAPDH. 5'-
(aatcccatcaccatcetteca), 3'-(ccaggggtettactecttg).

PCR products were separated on a 1.2% agarose gel and gels were
stained with ethidium bromide.

Quantitative RT-PCR analysis

Total RNA was isolated from 10* cells and cDNA was reverse-transcribed
using Superscript HI (Invitrogen. Carlsbad. CA) according to the manufac-
turer’s instructions, The expression levels of Angl. Ang2. and Ang3 were
analyzed by quantitative (Q) RT-PCR using a LightCycler instrument
(Roche Diagnostics. Mannheim, Germany) with LightCycler software
version 3.5. ¢cDNA was amplified for Q-PCR using SYBR Green I
(Sigma-Aldrich) to detect PCR product. cDNA (2 pL) was used in a 20-uL
final volume reaction containing 10 pL SYBR Premix Ex Taq (TaKaRa).
0.4 pM Angl forward (5'-GCCTTTGCACTAAAGAAGGTGTTTT-3"),
and 0.4 uM Angl reverse (5'-ATACATCCGCACAGTCTCGAAATG-3").
The LightCycler was programmed to run an initial denaturation step at
95°C for 10 seconds followed by 45 cycles of denaturation (95°C for 5
seconds) and extension (60°C for 20 seconds). monitoring the synthesis of
product at the end of the extension step of each cycle. The same conditions
were used with primers Ang2 forward (5'-AGGAGATCAAGGCCTACTGT-
GACA-3") and Ang?2 reverse (5'-GCTCCCGAA GCCCTCTTTG-3"). and Ang3
forward (5'-GTTCCAGGACTGTGCAGAGATCA-3") and Ang3 reverse (5'-
TCTCCATGTCACAGAACACCTTGAG-3'). The Angl. Ang2. and Ang3
values were normalized against mouse B-actin (forward 5'-CAGCCTTCCTTCT-
TGGGTATGG-3'; reverse 5'-CTGTGTTGGCATAGAGGTC TTTACG-3").

Flow cytometric analysis and cell sorting

The following mAbs used for flow cytometry were purchased from Becton
Dickinson: anti-CD34 (RAM34), anti-c-Kit (ACK45). anti-Sca-1 (E13-
161.7), anti-CD45 (30-F11). anti-Flk1 (Avasl2al). anti-PECAM-1
(MEC13.3), anti-Mac-1 (M1/70). anti-Gr-1 (RB6-8C5). and anti-TER-
119. Also used were anti-Tie2 mAb (TEK4)* and anti-LYVE-1 mAb
(ALY7).%¢ Fluorescence-activated cell sorting (FACS) analysis was per-
formed on a FACSvantage (Becton Dickinson).

Progenitor assay by methylcellulose culture

Tie2*Flk1* or Flk1* cells derived from ES cells were embedded in I mL
alpha medium containing 1.3% methylcellulose (1500 cp: Sigma-Aldrich),
30% fetal calf serum (FCS). 1% deionized bovine serum albumin (BSA:
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Sigma-Aldrich). 0.1 mM 2-mercapto-ethanol (Sigma-Aldrich). 10 ng/mL
stem cell factor (SCF: PeproTech EC. London. United Kingdom). 10 ng/mL
recombinant mouse interleukin-3 (IL-3: PeproTech EC). 10 ng/mL recom-
binant human IL-6 (PeproTech EC). and 2 U/mL recombinant human
erythropoietin (Epo: Chugai Pharmaceutical. Tokyo. Japan). Cells were
cultured in a 35-mm culture dish and incubated at 37°C in a humidified
atmosphere with 5% CO..

Statistics

Data are expressed as means plus or minus standard deviation (SD).
Statistical analysis was conducted using the Student ¢ test. Statistical
significance was defined as a P value less than .05,

Resulis
In vitro differentiation of ES cells

In order to analyze the function of Tie2 in the development of LECs
as well as BECs and hematopoietic cells, we developed a cell
culture system for ES cell differentiation. After removal of LIF,
E14 ES cells were cultured on collagen type IV plates for 2 days to
initiate differentiation to a mesoderm lineage; subsequently, cells
were transferred to OP9 stromal cells. Markers of both endothelial
and hematopoietic cells, Sca-1, c-kit, and CD34, were expressed in
undifferentiated ES cells (Figure 1A). Although 1% of ES cells
expressed Flk1 on collagen plates, Tie2 was not expressed in Flk1*
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Figure 1. Mesodermal differentiation of ES cells on OP9 stromal cells. (A) E14
ES cells were cultured on collagen type [V plates for 2 days, and then all cells were
cultured on OP9 cells for 9 days. The expression of CD34, ¢-Kit, Sca-1, CD45, Flk1,
and Tie2 in ES cell-derived cells was analyzed at the indicated time points by flow
cytometry. Stained Tie™’~ cells are represented by purple shaded histograms.
Unstained controls are represented by green lines. The percentages of cells in each
quadrant are indicated. (B) Gene expression of fractionated cells shown in A (R3-R6)
was analyzed by RT-PCR. (C) Fractionated cells (20 000; R3-R6) were cultured on
OPg cells. On day 7 of culture, hematopoietic clusters (red arrowheads) were
developed only from the R3 fraction. In other fractions (R4-R6) hematopoietic
clusters were not developed, but embryoid body-like colonies (blue arrowheads)
developed from R5 and R6 fractions. Cells were analyzed at low (x40) magnification.
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cells (data not shown). Following transfer of cells on collagen
plates to OP9 cells, 8% of Flk17 cells expressed Tie2 on day 3 of
culture. Numbers of Tie2* cells increased until day 5 of culture,
when Tie2 expression was maximal; thereafter, both expression
levels and numbers of Tie2* cells gradually decreased. At day 9 of
culture, cells cocultured with OP9 cells began expressing CD45, a
marker of all hematopoietic cells except mature erythrocytes. Since
Tie2 " cells appeared just before CD45* hematopoietic cells, Tie2*
cells in the Flkl* cell fraction may represent hematopoietic
progenitor cells. We examined other ES strains, such as TT2 and
R1 cells, using the same culture conditions, and confirmed that
these strains showed a similar mesodermal phenotypes as E14 cells
(data not shown).

Development of hematopoietic, lymphatic endothelial, and
blood vessel endothelial cells from Flk1*Tie2* cells

To analyze the differentiating potential of ES-derived cells, we
fractionated cells on day 5 of culture using Tie2 and Flkl mAb as
shown in Figure 1A (bottom panel, R1-R4). Expression profiling of
transcription factors specific for hematopoietic or endothelial cells
was undertaken by RT-PCR (Figure 1B). Expression levels of
GATA-2, SCL, and AML-1 in the Tie2*Flk1* fraction (R3) were
1.7-, 2.5-, and 1.7-fold higher than those in the Tie2'Flk1* fraction
(R4), respectively. In the Flk1~ fraction (RS and R6), expression
levels of these genes were much lower compared with the
Tie2 " Flk1* fraction (R4), suggesting that the Tie2*FIk1* fraction
may contain committed progenitors of hematopoietic and endothe-
lial lineages. Cells (20 000) fractionated by Flk1 and Tie2 expres-
sion were cultured on OP9 cells (Figure 1C), and hematopoietic
clusters formed only from the Tie2*Flk1* fraction (R3) (Figure
1C, red arrowheads). Hematopoietic clusters were not detected in
Flk1*Tie2” (R4), FIk1-Tie2* (RS). or FIk1~Tie2~ fractions (R6).
The number of hematopoietic progenitors in each fraction was
estimated by colony-forming assays in methylcellulose culture
(Figure 2A-B). BECs were detected by staining with PECAM-1
mAb (Figure 2C). PECAM-1* endothelial cells were spindle
shaped and took up an acetyl-LDL (Figure 2D). To detect LECs, we
generated a mADb against LYVE-1 (ALY7), a receptor for extracel-
lular matrix glycosaminoglycan. Using this mAb, we detected
LYVE-1* cells on OP9 cells (Figure 2E). These cells also took up
acetyl-LDL (Figure 2F), and 65% of them expressed Tie2 (Figure
21). The lymphatic identity of these cells was further demonstrated
by RT-PCR, using primers specific for LEC-enriched genes,
namely, Pdpn, VEGFR3, and Prox] (Figure 2J). Furthermore,
LYVE-17 cells coexpressed Prox-1 (Figure 2K). The presence of
VEGFR-3 transcripts in these cultures provided the impetus for us
to add the lymphatic growth factors, VEGF-C and VEGF-D. The
addition of these factors resulted in a marked increase in the
number of LYVE-17 cells (Figure 2L) and an increase in the size of
monolayers (VEGF-C, Figure 2G; VEGF-D, Figure 2H). These
findings suggest that LYVE-17 cells derived from ES cell differen-
tiation cultures express many genes that are restricted to or
enriched in LECs.

That Tie2 is required for these cell types is supported by the
more than 10-fold increase in hematopoietic, blood vessel endothe-
lial, and lymphatic endothelial colonies from Tie2*Flk1* cells
compared with Tie2~Flkl* or Tie2~Flk1~ cell fractions (Table 1).
To determine which cells produce the Tie2 ligands Angl, Ang2,
and Ang3 in order to support Tie2* cells, we performed quantita-
tive expression analysis for Angl, Ang2, and Ang3. As shown in
Figure 2M, OP9 cells and LYVE-1~ ES-derived cells expressed
Angl but not Ang2 or Ang3. Although low expression levels of
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Figure 2. Development of lymphatic endothelial cells from ES cells. The
Tie2*Flk1* fraction of ES cell-derived cells formed erythroid colonies (A) and
granulocyte-macrophage colonies (B) in methylcellulose. Vascular and lymphatic
endothelial cells were stained with PECAM-1 mAb (C) and LYVE-1 mAb (D),
respectively. PECAM-1* cells (green, panel E) and LYVE-1* cells (green, panel F)
took up acetyl-LDL (red, panels E and F). Scale bars, 10 pm. (I} Expression of
LYVE-1 and Tie2 in differentiated cells derived from ES cells on OP9 cells on day 6 of
culture was analyzed by flow cytometry. The percentages of cells in each quadrant
are indicated. (J) Lymphatic-specific genes, Pdpn, VEGFR-3, and Prox-1in LYVE-1*
and LYVE-1- cells were analyzed by RT-PCR. (K) Immunostaining at high magnifica-
tion (x 200) showed that LYVE-1* cells (green) coexpressed Prox-1 (red). TOTO3
(blue) was used to stain nuclei. (L) in the presence of VEGF-C and VEGF-D (100
ng/mL each), the number of LYVE-1+* colonies increased to 2 times that of
mock-treated celis. Colonies were also larger in the presence of VEGF-C and
VEGF-D {panels G and H, respectively). Results are expressed as the mean * SD.
(M) OP9 and ES cell-derived LYVE-1- cells expressed Angi. LYVE-1+* cells
expressed low levels of Ang1 and Ang2. Ang1, Ang2, and Ang3 were not detectable in
ES celis and lymphatic precursors (Flk1* cells derived from ES cells).

Angl and Ang2 were detected in LYVE-1* cells, ES cells and
lymphatic precursor cells (ES cell-derived Flk1* cells) did not
express Ang’s. These results suggest that Angl derived from OP9
cells might affect the growth or survival of Tie2* cells.

Table 1. Frequency of hematopoietic and endothelial progenitors of
differentiated ES celis

Vascular Lymphatic
Erythroid endothelial endothelial
colonies GM colonies colonies colonies
from 30 from 30 000 from 1500 from 2000
000 cells cells cells cells
Tie2*Flkt* 11364 1.7 %241 475+ 53 24325
Tie2~Flki+ 0 0 52+18 0
Tie2*Fik1~ 0 o] 0 0
Tie2 Flkt- 0 0 0 0
Bulk 0 0 27%15 13+06

BLOOD, 1 FEBRUARY 2006 « VOLUME 107, NUMBER 3

Development of hematopoietic and endothelial cells from
Tie2-deficient ES cells

To clarify the function of Tie2 during hematopoietic and endothe-
lial differentiation from ES cells, the differentiation capacity of
Tie2~'~ ES cells was examined using our culture system. Tie2 ™/~
ES cells grew normally on MEF feeder layer cells (data not shown),
and differentiated cells grown on OP9 cells were analyzed by flow
cytometry. The frequency of cells expressing Flk1 in the Tie2 /'~
ES cells was similar to that seen in Tie2*/~ cells (Figure 3A).
RT-PCR of RNA from this fraction for expression of the genes
involved in development of hematopoietic and endothelial cells
revealed no remarkable differences between Tie2*/~ and Tie2 '~
cells (Figure 3B). To analyze hematopoietic development of
Tie2~'~ ES cells, we calculated the number of hematopoietic
clusters formed on OP9 cells at day 7 of culture. The number and
size of hematopoietic clusters of Tie2™/~ ES cells were the same as
those of Tie2 '~ cells (Figure 3C, and data not shown). When the
Tie2~/~ hematopoietic clusters were transferred to fresh OP9 cells
for an additional week, normal proliferating hematopoietic cells
were detected by flow cytometry. Mature Mac-i—, Gr-1-, and
Ter119-positive hematopoietic cells were differentiated from
Tie2™/~ ES cells (Figure 3D), and the frequency of mature
hematopoietic cells was similar to that seen in Tie2 ¥/~ cells (data
not shown), suggesting that Tie2 is not essential for development of
hematopoietic cells. By contrast, Tie2~/~ ES cells were severely
defective in forming blood vessel and lymphatic endothelial
colonies on OP9 cells at day 6 of culture. The number of such blood
vessel and lymphatic endothelial colonies was approximately one
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Figure 3. Normal development of hematopoietic cells from Tie2~/~ ES celis. (A}
FACS analysis of the expression of Flk1 and Tie2 in Tie2~'~ and Tie2*~ ES
cell-differentiated cells. Red squares show the Fik1+ fraction. The percentages of
cells in each quadrant are indicated. (B) Expression of genes asscciated with
mesoderm in Flk1* cells shown in panel A (red squares) was analyzed by RT-PCR.
(C) Flk1+ cells {20 000) were cultured on OP9 cells. The number of hematopoietic
clusters from Tie2*/~ and Tie2~'~ cells at day 7 of culture was calculated. Results are
expressed as the mean = SD. (D) Tie2~'~ hematopoietic clusters were cultured for
an additional 7 days on fresh OP9 cells. The expression of CD45, Mac-1, Gr-1, and
Ter119 was analyzed by flow cytometry. ES cell-derived hematopoietic cells are
represented by purple shaded histograms; unstained controls, by green lines.
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Figure 4. Lymphatic and blood vessel endothelial cell development from
Tiez-~ ES cells. (A) Fik1* cells (2000) were cultured on OP9 cells. At day 7 of
culture, the number of vascular endothelial colonies developed from Tie2*/~ ({J) and
Tie2-I- ES cells was calculated. (B) Vascular endothelial colonies were stained
with PECAM-1 mAb and analyzed at low (X 40) and high (X 100) magnification. (C}
The number of lymphatic endothelial colonies developed from Tie2*~ () and
Tie2~'~ (@) ES cells was calculated. (D) Lymphatic endothelial colonies were stained
with LYVE-1 mAb and analyzed at low (x 40) and high (x 100) magnification. Scale
bars in panels B and D, 20 um. In the presence of Tie2-Fc (30 wg/mL), the number of
vascular and lymphatic endothelial colonies was decreased (panels £ and F,
respectively). (G) Hematopoietic cluster formation was not affected by exogenous
soluble Tie2-Fc¢ (30 pg/mL). Exogenous soluble CD4-Fc (30 wg/mL) served as the
control. Results in panels A, C, and E-G are expressed as the mean =+ SD.

third that observed from Tie2*/~ cells (Figure 4A-B), and colony
size was smaller than that seen from Tie2%/~ cells (Figure 4C-D).
These results suggest that Tie2 function is required for develop-
ment of BECs and LECs, but not of hematopoietic cells. To confirm
these findings, we added soluble Tie2-Fc fusion protein to the
culture media of wild-type ES cells to block Tie2 signaling. As
shown in Figure 4E-G, the number of vascular and lymphatic
endothelial cell colonies derived from wild-type ES cells in the
presence of soluble Tie2-Fc fusion protein decreased to one half to
one third of the mock-treated cells, while the number of hematopoi-
etic clusters was not affected by soluble Tie2-Fc fusion protein. We
did not detect such inhibition in the presence of soluble CD4-F¢
fusion protein (Figure 4 E-F).

Tie2 signaling is crucial for antiapoptotic signaling in the
development of lymphatic and blood vessel endothelial cells

To further analyze the mechanisms underlying defective proliferation of
BECs and LECs from 7Tie2™/~ ES cells, we analyzed expression of
blood vessel- and lymphatic-specific markers PECAM-1 and LY VE-1,
respectively, by flow cytometry at days 2, 4, and 6 of culture
(Figure 5A). Cells expressing PECAM-1 and LYVE-I in Tie2™/~
ES cells decreased over 6 days. PECAM-1% cells in Tie2™' cells
were approximately one third the number of those in Tie2*/~ cells
at day 6 of culture. as was the case with LYVE-1* cells (Figure
5B-C). This finding suggested that Tie2™/~-mediated signaling
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protects endothelial cells from cell death. To test this possibility, we
treated Tje2™/~ cells with the caspase inhibitor Z-VAD-fmk. As
shown in Figure 5B and C, lymphatic and blood vessel endothelial
colony formation was rescued in the presence of Z-VAD-fmk in a
dose-dependent fashion. In the presence of 50 nM of Z-VAD-fmk,
the number of lymphatic endothelial colonies from Tie2™/~ cells
was rescued to 60% of that from Tie2*/~ cells (Figure 5C),
although the size of Tie2™/~ lymphatic endothelial colonies re-
mained small (Figure 5D). The formation of blood vessel
endothelial colonies was similar in the presence of Z-VAD-fmk
(50 nM; Figure 5C). These findings suggest that Tie2 signaling
is crucial for LEC and BEC development and mediates antiapop-
totic signaling during ES cell differentiation.

Discussion

Although we have demonstrated that Tie2 is expressed in the
vitelline artery,!” the AGM region,?* and fetal liver,? the function of
Tie2 in development has not been clucidated. The early death of
Tie2~/~ embryos precludes detailed analysis of the role of Tie2 in
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Figure 5. Tie2 signaling in blood vessels and lymphatic endothelial cells
protected from apoptosis. (A} Expression of PECAM-1 and LYVE-1 in ES
cell-derived cells was analyzed by flow cytometry at days 2, 4, and 6 of culture. The
percentages of cells in each quadrant are indicated. (B) Addition of the caspase
inhibitor Z-VAD-fmk (50 nM) to the culture media rescued the number of LYVE-1+
colonies from Tie2-/~ ES cells {&). (C) The number of PECAM-1* colonies from
Tie2~"~ ES cells () was also rescued in the presence of Z-VAD-fmk (50 nM). Resuits
are expressed as mean = SD. (D) In the presence of Z-VAD-fmk, the size of Tie2-'~
lymphatic endothelial cells was unchanged, although the number of lymphatic
colonies was partially rescued. Scale bars, 20 um.
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development of hematopoietic and endothelial lineages. Using an
ES cell differentiation system, we have analyzed the development

of hematopoietic cells as well as BECs and LECs from Tie2~/~ ES |

cells. At day 8 of culture on OP9 cells, the normal formation of
hematopoietic clusters from Tie2™/~ cells suggests that Tie2
signaling does not contribute to development of hematopoietic
cells from precursors. Furthermore, differentiation of myeloid cells
from Tie2™'~ hematopoietic clusters was normal. These results
indicate that Tie2 is not essential for development of hematopoietic
cells from ES cells. Recently, Puri and Bernstein?! used combined
mosaic analysis to demonstrate that Tie receptors are not required
for differentiation and proliferation of definitive hematopoietic
lineages in the embryo and fetus. Their findings are consistent with
what we show in this study. Although our in vitro differentiation
experiments suggest that Tie2 is not essential for hematopoiesis
during development, Angl/Tie2 signaling in hematopoietic cells
has been reported to function to maintain hematopoietic stem cells
in the bone marrow niche where Angl is expressed by osteo-
blasts.!® Thus Tie2 function in hematopoiesis would seem to be
specific for adult bone marrow.

Although much is known about normal and pathologic develop-
ment of the vascular system,* the lack of specific markers has
made it difficult to follow the development of the lymphatic
system. In order to identify LECs, we recently generated a
LEC-specific mAb against LYVE-1.2¢ This mAb allowed us to
detect LECs in mouse embryos at midgestation and purify these
cells. ES cell-derived LYVE-1" cells express LEC-specific genes,
such as Proxl, Pdpn, and VEGFR3, and exhibit Dil-Ac-LDL
uptake. Furthermore, VEGF-C and VEGF-D, lymphatic growth
factors, increased the number of LYVE-1-positive endothelial
colonies from ES cells. These findings indicate that LYVE-1" cells
isolated from these cultures have many characteristics of LECs.
Lymphatic vasculature of the thoracic and abdominal viscera have
been proposed to arise by endothelial spreading from lymph
sacs.53¢ This proposal is supported by the finding that budding of
endothelial cells from the veins of Prox-1 mutant embryos is
arrested.”!° To clarify the mechanisms of lymphangiogenesis in
vitro, we analyzed the function of Tie2. In this study LECs were
differentiated from ES cell-derived Tie2 *Flk1* cells, and approxi-
mately 1% of Tie2"Fikl* cells formed lymphatic endothelial
colonies on OP9 cells. Our in vitro differentiation assay allows us
to clarify the mechanisms of LEC development from its precursor.

Thus far, Tie2 signaling has been reported to be required for
proper development and function of the vascular system. Mice
lacking Ang2 exhibit lymphatic vessel defects, strongly suggesting
a role of Tie2 signaling in lymphangiogenesis.’? In this study we
have shown that LECs and BECs can be differentiated from
Tie2*FIk1* cells, and that 65% of LYVE-1" LECs express Tie2.
To analyze the function of Tie2 in the development of lymphatic
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endothelial cells, we performed FACS analysis and immunocyto-
chemistry during differentiation of Tie2 ™/~ ES cells. FACS analysis
revealed that Tie2~/~ cells expressing LY VE-1 decreased over time
as did PECAM-1* BECs. Treatment with a caspase inhibitor,
which specifically inhibits apoptosis, partially rescued defective
formation of lymphatic and blood vessel endothelial colonies from
Tie2™/~ cells, suggesting that both endothelial cells undergo
apoptosis in the absence of Tie2 signaling. Although Tie2 signaling
contributed to the survival of both LECs and BECs on OP9 cells,
treatment with the caspase inhibitor did not affect the size of
Tie2™/~ colonies. Based on these findings, we propose that Tie2
cooperates with other signaling pathways involved in growth.
Although we do not identify these pathways, OP9 cells are known
to secrete several growth factors, including VEGF-C and VEGF-
D.*® FACS analysis also revealed that at day 2 of culture, the
frequency of LYVE-17 and PECAM-17 cells derived from Tie2 /'~
cells was comparable with frequencies seen in Tie2™/~ cells,
suggesting that lymphatic and blood vessel endothelial precursors
develop normally from Tie2™/~ cells. A gene expression study
clearly showed that expression levels of Prox-1 in lymphatic precursors
(the Flk1+ cell fraction) of Tie2™/~ cells were comparable with those
seen in Tie2*'~ cells, suggesting that Tie2 deficiency does not affect
Prox-1 expression. These findings suggest that Tie2 is not essential for
development of lymphatic and blood vessel endothelial precursors,
although both types of endothelial cells from 7Tie2™'~ cells undergo
apoptosis due to lack of Tie2 signaling.

Regarding vascular endothelial cells, in vivo study has shown
that mice lacking Ang! and Tie2 develop a fairly normal primary
vasculature, but that this vasculature fails to undergo further
normal remodeling.?®3%% We have demonstrated that lymphatic
endothelial cells express Tie2 in both embryonic and adult settings,
and that the activation of Tie2 signaling by Angl stimulates both in
vivo lymphatic angiogenesis in mouse cornea and in vitro colony
formation of lymphatic endothelial cells.?® Data from both in vitro
ES cell differentiation and in vivo embryonic development suggest
that Ang/Tie2 signaling may contribute to regulation of lymphatic
vessel formation in the development of lymphatic vessels.

In summary, our results derived from induction studies of ES
cells have revealed that Tie2 is expressed in the precursors of
mesodermal lineages, hematopoietic cells, and endothelial cells.
We have also shown that Tie2 is not essential for development of
hematopoietic cells, but that it plays an important role in antiapo-
ptotic signaling in lymphatic and blood vessel development.
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Abstract. It is known that hepatitis C virus (HCV) particles
are spherical, 55-65 nm particles with fine surface projections
of about 6 nm in length and with a 30-35 nm inner core. We
have reported that free HCV particles labeled with gold
particles specific to the HCV El glycoprotein are located in
1.14-1.16 g/ml fractions from plasma samples with high
HCV RNA titers after sucrose density gradient centrifugation.
However, the morphology of the HCV E2 glycoprotein on
the virion has not yet been elucidated. To visualize HCV E2
localization on the virion, we used the same plasma samples
where HCV particles were clearly shown. An indirect
immunogold electron microscopic study was carried out
using monoclonal and polyclonal anti-HCV E2 antibodies.
HCV-like particles specifically reacted with the anti-HCV E2
antibodies. Moreover, to evaluate the localization of the
HCV E1 and E2 glycoproteins on the virion surface, an
immunogold electron microscopic study using double
labeling with anti-HCV EI antibodies and anti-HCV E2
antibodies was also performed. These particles also
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specifically reacted with both anti-E1 and E2 antibodies. This
is the first report showing the presence of both HCV El1 and
E2 glycoproteins on HCV virion surface in human plasma
samples.

Introduction

Hepatitis C virus (HCV) is the main causative agent of non-A
non-B hepatitis. It is estimated that 170 million individuals are
infected with HCV worldwide (1). HCV is a hepatotropic,
enveloped RNA virus that belongs to the genus Hepacivirus
of the Flaviviridae family (2), and it is the leading cause of
acute hepatitis, chronic hepatitis, liver cirrhosis and hepato-
cellular carcinoma in humans (1,3-6). The HCV genome is a
positive-stranded RNA of 9.6 kb containing a single open
reading frame and two untranslated regions (7-9). It encodes
a polyprotein of 3010 amino acids, which is cleaved into
single proteins by a host signal peptidase in the structural
region and by HCV-encoded proteases in the nonstructural
region. Structural components include the capsid protein and
the envelope glycoproteins E1 and E2. The nonstructural
components include NS2, NS3, NS4A, NS4B, NS5A and
NS5B. The NS2, NS3, and NS 4A proteins function as
proteases, the NS3 protein as helicase, and the NS5B protein
as RNA-dependent RNA polymerase (1).

HCV E1 and E2 glycoproteins are possible virion envelope
glycoproteins, and their molecular weights are 35 and 70 kDa,
respectively (10,11). The comparison of HCV genome
structure with flaviviruses suggests that HCV E1 (gp35) and
E2 (gp70) glycoproteins interact forming heterodimer
complexes as the basic subunit of the HCV virion envelope
(11,12). However, this has not been confirmed morpho-
logically. We previously demonstrated that HCV particles
are spherical, 55-65 nm particles with fine surface
projections of about 6 nm in length and with a 30-35 nm
inner core by immunoelectron microscopic study using anti-
HCV E1 antibodies (13-17). Free HCV particles were found
in 1.14-1.16 g/ml fractions after sucrose density gradient
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Figure 1. HCV-RNA titers in fractions from samples A and B obtained by
sucrose density gradient centrifugation. HCV RNA ftiters (@) and buoyant
densities (o) are shown: (A) sample A, (B) sample B. Arrows indicate the
fractions (1.14-1.16 g/ml) in which HCV particles were successfully
detected by immunogold EM using rabbit anti-HCV E1 polyclonal antibody
(RR2).

centrifugation. However, the morphology of the HCV E2
glycoprotein on the virion has not as yet been elucidated.

In this study, we carried out indirect immunogold electron
microscopy (EM) in order to evaluate the localization of the
HCV El and E2 glycoproteins on the surface of HCV particles
isolated from plasma samples with high HCV RNA titers.

Materials and methods

Virus samples. Plasma samples where HCV particles were
clearly shown, were used to determine the HCV E2
localization on HCV particles. HCV particle isolation and
indirect immunogold EM were performed as previously
described (13). In brief, virus samples from HCV RNA-rich
plasma sample A [alanine aminotransferase (ALT): 10° IU/l,
HCV RNA: genotype 1b (18), 4x107 copies/ml] and B (ALT:
10° 1U/1, genotype 1b, 5x107 copies/ml), and anti-HCV-
negative plasma sample C (ALT: 121 TU/l) and D (ALT: 87
1U/1) were prepared as follows: 100 ml of plasma were
centrifuged at 75000 g for 6 h at 4°C and the suspension of
the pellet was centrifuged again at 150000 g for 2.5 h at 4°C.
A 1000-fold concentrated suspension of the sample was
layered on a 20-60% (w/w) continuous sucrose density
gradient in TNE buffer (50 mM Tris-HCI, pH 7.5, 100 mM
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NaCl, 1 mM EDTA), and centrifuged at 100000 g for 16 h at
4°C. Sucrose fractions (500 ul) were collected from the tube
bottom, and the sucrose densities were measured with an
Abbé refractometer. The distribution of HCV RNA titers was
determined using competitive polymerase chain reaction
(PCR) (19,20). HCV RNA titers in fractions from samples A
and B obtained by sucrose density gradient centrifugation
were previously described (13,17). The density at which the
highest HCV RNA titers (sample A, 5x108 copies/ml; sample
B, 5x107 copies/ml) were found was 1.14-1.17 g/ml for
sample A and 1.12-1.14 g/ml for sample B (Fig. 1). For
preparing a 1000-fold concentrated virus sample, each
sucrose fraction was diluted in 12 ml of PBS (pH 7.4), and
spun down at 150000 g for 2.5 h at 4°C. The pellets were then
suspended in 100 ul of PBS. The fractions (1.14-1.16 g/ml)
in which HCV particles were successfully detected by
immunogold EM using rabbit anti-HCV E1 polyclonal
antibody (13) were used for virus sampling.

Rabbit polyclonal and mouse monoclonal antibodies to HCV
E2 glycoprotein. The rabbit polyclonal anti-HCV E2 antibody
(RR6) was prepared and characterized as follows. The putative
E2 gene of HCV genotype 1b (nucleotide position 1068-2430)
(8,10) was cloned under the control of the ATL-P7.5 hybrid
promoter of the vaccinia virus vector pSFB4 (21), and allowed
to recombine with the Liter strain of vaccinia virus to give a
vector recombinant vaccinia virus (RVV). Rabbits were
infected intradermally with 10% p.fu. of RVV and 2 months
later were boosted twice with the purified putative E2 glyco-
protein. Putative HCV E2 glycoprotein was expressed by
RVV and purified by lentil lectin column chromatography
and affinity chromatography using an anti-E2 monoclonal
antibody. Mouse monoclonal antibodies (747, 843, 1518,
1671, and 1864) against the putative HCV {genotype 1b (17)]
E2 glycoprotein were prepared by immunization of mice
with purified recombinant E2 glycoprotein (gp70) expressed
by RVV. The antibody RR6 and the monoclonal antibodies
were screened by enzyme-linked immunosorbent assay
(ELISA) using synthetic peptides and purified recombinant
protein, indirect immunofluorescence assay (IFA) using
RVV- and baculovirus-infected (22) rabbit kidney cells, and
Western blot analysis (WB) using purified E2 protein region
of HCV genotype 1b as antigens (8). The epitope of mono-
clonal antibodies was mapped using residues of 20 synthetic
peptides whose adjacent peptides overlap by 10 amino acids
corresponding to the amino acid sequence reported by Kato
et al (7). The characteristics of anti-HCV E2 antibodies used
as the primary antibody of the indirect immunogold reaction
were determined (Table I). The antibody RR6 and the mono-
clonal antibodies reacted specifically with the putative HCV
E2 glycoprotein, but it did not react with the putative HCV
core, E1, or NS2 proteins. Specificity was determined by
using primary antibodies from pre-immune normal rabbit
serum, serum from a rabbit infected with the Lister strain of
vaccinia virus and monoclonal antibody specific to human
blood type A antigen as negative controls, or by omitting the
use of the primary antibody.

Rabbit polyclonal and mouse monoclonal antibodies to HCV
EI glycoprotein. The rabbit polyclonal antibody (RR2) and
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Table I. Characteristics of polyclonal and monoclonal antibodies to the putative HCV E2 glycoprotein.
Antibody ELISA® IFA® WBe Epitope?
titer titer titer (amino acid position)®
Polyclonal
RR6 108 =103 =10?
Monoclonal
747 <0.1 pg/ml <10 pg/ml < 1 pg/ml 520-540
843 <0.1 pg/ml <10 pg/m <10 pg/ml 520-540
1518 <0.1 pg/ml <10 pg/ml <10 pg/ml 450-470
1671 <0.1 pg/ml <10 pg/ml <10 pg/ml 640-660
1864 <0.1 pg/ml <0 pg/ml <1 pg/ml 450-470

*Carried out using synthetic peptides and purified recombinant HCV E2 glycoproteins. "Performed using recombinant vaccinia virus- and
baculovirus-infected cells. *Western blot analysis, using purified recombinant glycoproteins from the putative E2 glycoprotein region of HCV
genotype 1b. “Mapped using 20-amino acid oligopeptides, each overlapping the adjacent oligopeptide by 10 amino acids. *Kato er al (7).

mouse monoclonal antibodies (159, 260, 305 and 1905) to the
HCV El glycoprotein were described previously (13).

Electron microscopy and immunogold electron microscopy.
For conventional EM, 3 ul of each virus sample was applied
to formvar-coated and carbon-vaporized grids and then
negatively stained with 2% phosphotungstic acid, pH 6.5.
The grid was examined under a Hitachi H-800 electron
microscope operated at 100 kV. Indirect immunogold EM
was performed as previously described (13-17). In brief, 3 pl
of each virus sample was adsorbed on the grid and then the
semidried grid was floated for 5 min on a drop of TBS-BSA
(100 mM Tris-HCl, pH 7.6, 150 mM NaCl, and 2% bovine
serum albumin) placed on parafilm in a moist chamber. The
grid was then floated for 30 min on a drop of TBS containing
3% gelatin and then the excess gelatin from the drop of TBS-
BSA was washed away. The grid was incubated for 60 min
on a drop of primary antibody solution (diluted 1:100 in
TBS-BSA) at room temperature, and then washed three times
with TBS-BSA. After incubating the grid for 60 min in a
drop of secondary antibody solution (diluted 1:20 in TBS-
BSA), the grid was washed three times with TBS-BSA and
once with TBS. The grid was negatively stained with 2%
phosphotungstic acid for EM observation. Indirect immuno-
gold EM was performed using rabbit anti-HCV E2 antibody
RR6 at a dilution of 1:100 or a mixture of five monoclonal
anti-HCV E2 antibodies (747, 843, 1518, 1671 and 1864), at
a dilution of 1:10 as a primary antibody, and goat anti-rabbit
1gG colloidal gold particles (10 nm in diameter; BioCell
Research Laboratories, Cardiff, UK) or staphylococcal
Protein A-conjugated colloidal gold particles (5 nm in
diameter, BioCell Research Laboratories) as a secondary
antibody. HCV particles (genotype 1b, 10® copies/ml of HCV
RNA) in 1.14-1.16 g/ml sucrose fractions were incubated on
carbon-coated copper grids with RR6 at a dilution of 1:100
and with a mixture of five clones of mouse anti-HCV E2
monoclonal antibodies at a dilution of 1:10. The HCV El and
E2 glycoproteins on the virion were double labeled as follows.
HCV particles were initially incubated with a mixture of four

clones of mouse anti-HCV E1 monoclonal antibodies (159,
260, 305 and 1905) at a dilution of 1:10 and protein A-
conjugated 5 nm-gold particles at a dilution of 1:20. Then,
the sample was treated with rabbit anti-HCV E2 polyclonal
antibody (RR6) at a dilution of 1:100 and with goat anti-
rabbit IgG-conjugated 10 nm-gold particles at a dilution of
1:20. Finally, the samples were stained with 2% phospho-
tungstic acid for EM observation. In addition, HCV particles
were initially incubated with a mixture of five clones of
mouse anti-HCV E2 monoclonal antibodies (747, 843, 1518,
1671, and 1864) at a dilution of 1:10 and protein A-conjugated
5 nm-gold particles at a dilution of 1:20, and then reacted
with the rabbit anti-HCV E1 polyclonal antibody (RR2) at a
dilution of 1:100 and with goat anti-rabbit IgG-conjugated 10
nm-gold particles at a dilution of 1:20. Finally, the samples
were stained with 2% phosphotungstic acid.

Resulis

Localization of the HCV E2 glycoprotein on the surface of the
virion. HCV-like particles (55-65 nm) with fine 6 nm spikes
were visualized in sucrose fractions at a density of 1.14-1.16
g/ml from samples A and B (13). The HCV-like particles of
55-65 nm in diameter showing specific gold labeling when
treated with the rabbit polyclonal anti-HCV E2 antibody are
shown in Fig. 2A and B. Antibody haloes and their specific
binding to goat anti-rabbit IgG colloidal gold particles (10 nm)
can be observed in samples A (Fig. 2A) and B (Fig. 2B) but
not in sample C or D. Antibody haloes and specific gold
labeling were not observed when the normal rabbit serum
and the anti-vaccinia virus Lister strain serum was used as
the primary antibody in samples A (Fig. 2C) and B. The
mixture of five clones of anti-HCV E2 antibodies (159, 260,
305 and 1905) also produced specific gold labeling of an
HCV-like particle (Fig. 2D and E). This type of specific
reaction was confirmed in samples A (Fig. 2D) and B (Fig.
2E) but not in sample C or D. In Fig. 2D an HCV particle
with a visible inner core structure of 35 nm in diameter was
also labeled with staphylococcal Protein A conjugated gold
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Figure 2. Immunogold electron micrographs of 55-65 nm HCV particles using rabbit polyclonal anti-HCV E2 antibody (RR6) and monoclonal anti-HCV E2
antibodies. HCV-like particles from sample A in (A), (C) and (E). and sample B in (B). (D) and (F) are shown. In (A) and (B). HCV-like particles were
reacted with RR6 at a dilution of 1:100, and their antibody haloes were identified by binding to goat anti-rabbit IgG-conjugated colloidal gold particles (10 nm)
at a dilution of 1:20. (C) Controls were prepared using rabbit polyclonal antibody to vaccinia virus Lister strain at a dilution of 1:100. following reaction with
goat anti-rabbit 1gG colloidal gold particles (10 nm) at a dilution of 1:20. In (D) and (E), HCV-like particles were reacted with a mixture of five monoclonal
anti-HCV E2 antibodies, at a dilution of 1:10 and staphylococcal Protein A-conjugated colloidal gold particles (5 nm) at a dilution of 1:20. Specific labeling
of gold particles on the surface of HCV-like particles can be noted. (D) An HCV-like particle with a visible inner core (indicated by an arrow) can be
detected. (F) Controls were prepared using mouse monoclonal antibody to human blood type A antigen. The bars, 100 nm.

particles (5 nm). No specific gold labeling occurred in the
presence of mouse monoclonal antibody to human blood type
A antigen (Fig. 2F). The HCV-like particles specifically
reacted with polyclonal and monoclonal antibodies to the
HCV E2 glycoprotein.

Colocalization of the HCV El and E2 glycoproteins on the
virion surface. When double labeling with different size
colloidal gold was performed using monoclonal HCV E]
antibodies and the rabbit anti-HCV E2 polyclonal antibody
(RR6), both staphylococcal Protein A-conjugated colioidal
gold particles (5 nm) and goat anti-rabbit IgG colloidal gold
particles (10 nm) were observed on the surface of the 55 nm
HCV particle (Fig. 3A). Moreover, double labeling using the
monoclonal HCV E2 antibodies and the rabbit anti-HCV El
polyclonal antibody (RR2) also produced specific 5 nm and
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10 nm gold labeling (Fig. 3B). Specificity of the immuno-
gold labeling was confirmed using the mouse monoclonal
antibody to the human blood type A antigen and protein A-
conjugated colloidal gold particles (5 nm), and then using
rabbit polyclonal antibody to vaccinia virus Lister strain and
goat anti-rabbit IgG colloidal gold particles (10 nm) as
negative controls, or by omitting the primary antibody. These
negative control tests showed no specific gold labeling in 55-
65 nm HCV-like particles with delicate surface spike-like
projections (Fig. 3C). Both the HCV E1l and E2 glyco-
proteins colocalized on the surface of HCV virion.

Discussion

Recently, two in vitro HCV replication systems have been
developed using an infectious HCV genotype 1b cDNA (23)
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Figure 3. Immunogold electron micrographs of 55-65 nm HCV particles by
double labeling with anti-HCV El and anti-HCV E2 antibodies. HCV-like
particles from sample A are shown. (A) HCV-like particles were treated
with a mixture of four monoclonal anti-HCV El antibodies at a dilution of
1:10 and staphylococcal Protein A-conjugated colloidal gold particles (5 nm)
at a dilution of 1:20, and then with rabbit polyclonal anti-HCV E2 antibody
(RR6); antibody haloes were identified by treating with goat anti-rabbit 1gG-
conjugated colloidal gold particles (10 nm) at a dilution of 1:20. (B) An
HCV particle was detected using a mixture of five monoclonal anti-HCV E2
antibodies at a dilution of 1:10 and protein A-conjugated colloidal gold
particles (5 nm) at a dilution of 1:20, and rabbit polyclonal anti-HCV EI
antibody (RR2) at a dilution of 1:100 and goat anti-rabbit IgG-conjugated
colloidal gold particles (10 nm) at a dilution of 1:20. (C) Controls were
prepared using mouse monoclonal antibody to human blood type A antigen
at a dilution of 1:10, followed by treatment with Protein A-conjugated
colloidal gold particles (5 nm) at a dilution of 1:20, treatment with rabbit
polyclonal antibody to vaccinia virus Lister strain at a dilution of 1:100, and
with goat anti-rabbit IgG colloidal gold particles (10 nm) at a dilution of
1:20. The bars, 100 nm.

and subgenomic replicons of the JFH! genotype 2a strain
(24). Heller er al (23) described an in vitro HCV replication
system that is capable of producing viral particles in culture
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medium. A full-length HCV construct, CG1b of genotype 1b,
known to be infectious (25), was placed between two
ribozymes designed to generate the exact 5' and 3' ends of
HCYV after cleavage. After transfection into a human
hepatoma cell line (Huh7), HCV-like particles, approximately
50 nm in diameter, increased in number and secreted into the
culture medium. Sucrose density gradient centrifugation of
the culture medium revealed colocalization of HCV RNA
and structural proteins in a fraction at a density of 1.16 g/ml.
HCV-like particles were observed in a fraction at a density of
1.16 g/ml. Wakita et al (24) developed subgenomic replicons
of the HCV genotype 2a JFHI strain cloned from an
individual with fulminant hepatitis (26). After transfection
into Huh7 cells, HCV particles, of approximately 55 nm in
diameter, increased in number and secreted into the culture
medium. These particles had a density of 1.15-1.17 g/ml in a
10-60% sucrose density gradient. HCV particles with an
electron-dense inner core of 30-35 nm in diameter were
identified by immunogold EM using monoclonal anti-HCV
E2 antibody. Both studies showed that free HCV particles
were about 55 nm spherical particles, had a density of about
1.16 g/ml and a 30-35 nm inner core. The morphology and the
density of free HCV particles were quite consistent with our
previous study (13). In Fig. 2, we demonstrate that the HCV
E2 glycoprotein localized on the surface of 55-65 nm HCV
particles containing a 30-35 nm inner core. The indirect
immunogold electron microscopy detected immuno-gold-
labeling in anti-HCV E2 antibody haloes surrounding the
virions; haloes were produced by antigen-antibody reactions
on the surface of virus-like particles, and they are good
markers to discriminate HCV particles from other particles.
In this way, the morphology of HCV virion can also be
elucidated. Furthermore, our structural analysis of the HCV
El and E2 envelope glycoproteins on HCV virions revealed
that both HCV E1 and E2 envelope glycoproteins colocalize
on the surface of virions in human plasma samples (Fig. 3).

The envelope glycoproteins have been shown to assemble
into a noncovalent E1E2 heterodimer that is retained in the
endoplasmic reticulum (27). This heterodimer is believed to
be the prebudding form of an HCV glycoprotein complex
(28). The E1E2 complex has been proposed as a functional
subunit of HCV virions (11,12), and the E1E2 heterodimer is
thought to be the functional unit of the HCV spike; low pH
may induce dissociation leading to homooligomerization of
the active form of the fusion protein (29,30). To date, it is
known that both HCV E1 and E2 envelope glycoproteins are
essential for receptor binding, host-cell entry, and membrane
fusion (31,32). The HCV E2 glycoprotein also contains the
binding site for CD81, a tetraspanin expressed on hepatocytes
and B lymphocytes; CD81 is thought to function as a cellular
receptor or coreceptor for the virus (33). Among the cellular
factors mediating HCV entry into hepatocytes are tetraspanin
CD81 (34-38), the human scavenger receptor SR-B1 (38,39),
and probably the receptor for low density lipoproteins
(4041). However, the precise role of each receptor in HCV
entry is still unclear and no vaccine is presently available.
Further morphological studies on the binding site for CD81,
the receptor SR-B1, and the receptor for low density lipo-
proteins of HCV virions from human plasma samples should
be carried out.
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In conclusion, both the HCV E1 and E2 glycoproteins are

simultaneously present on the surface of the virion, providing
definitive evidence that both the E1 and E2 envelope glyco-
proteins constitute the outer coat of fine spike-like
projections of the HCV particle.
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Purpose: To determine the feasibility of imaging living mice
with a 1-T compact MRI system and investigate appropriate
imaging techniques for use in routine animal experiments.

Materials and Methods: An MRI system consisting of a 1-T
permanent magnet and compact console was used. Images
of the entire trunks of living mice were obtained on the
system using a Tl-weighted three-dimensional fast low-
angle shot (3D FLASH) sequence, and image quality was
evaluated in relation to imaging techniques.

Results: Restraint of respiratory motion improved the image
quality. Decreasing the slice thickness reduced artificial in-~
homogeneity in signal intensity (SI). Substantial effects of TR
and FA on image quality were also demonstrated. With the
determined techniques, images covering the entire trunk with
a voxel size of 0.26 X 0.26 X 0.52 mm were acquired in an
acquisition time of five minutes 28 seconds and a total exper-
iment time of <20 minutes, and various organs and subcu-
taneous tumors were clearly visualized.

Conclusion: The compact MRI system provides images of
living mice with acceptable quality in a reasonable. time.
Considering its convenience, it appears to be suitable for
use in routine mouse experiments.

Key Words: magnetic resonance imaging; mouse; 3D
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(CT), single photon emission computed tomography
(SPECT), and positron emission tomography (PET), are
increasingly used for small-animal experiments. Con-
ventional methods of studying animal models require
that the animals be killed, and do not allow for serial
observations in a given animal. Noninvasive imaging
permits investigators to perform short- or long-term
repetitive assessments of an individual animal to study
anatomical and functional changes related to such
things as disease progression, therapeutic effect, and
pharmacokinetics. Each animal can be used as its own
control, leading to greater reliability of the obtained
results even when a small number of animals are used.

MRI can provide three-dimensional (3D) information
about both anatomy and function with no radiation
exposure, and is recognized as a powerful modality for
small-animal experiments (1-4). However, high cost
and low research accessibility may preclude the use of
MRI in routine experiments {4,5). For imaging small
objects, such as mice, high spatial resolution is criti-
cally important. To obtain sufficient signal from a small
voxel, instruments dedicated to small animals or small
samples are commonly used. Such MRI units generally
have a small bore and a superconducting magnet of
high field strength (=4 T). Although they can provide
sufficient signal for high-resolution imaging, these
units often require a large space for installation. Cryo-
gen refills, which are needed to maintain the supercon-
ducting magnet, are troublesome, especially for a spe-
cific pathogen-free (SPF) animal facility that restricts
entry to prevent biological contamination. Some au-
thors have reported the use of a 1.5-T clinical scanner
and a dedicated small-animal coil (6-8). However, the
time available for animal experiments is limited on a
clinical scanner, and imaging of disease-model animals
on a clinical unit may cause cross-contamination be-
tween animals and patients.

Efforts have been made to improve systems using
high-field superconducting magnets for convenience.
The use of active shielding can depress the fringe mag-
netic field, and a refrigeration system can be installed to
reduce the frequency of cryogen refills. A compact MRI
system that uses a 1-T permanent magnet was recently
developed, and high-resolution images of fixed mice
were obtained (9). Both the magnet and console of the
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