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Reserve University, Cleveland, OH, U.S.A.), and were main-
tained in Dulbecco’s modified Eagle’s medium supplemented
with 10% FBS, 50 um 2-mercaptoethanol, and antibiotics.
CTLL-2 cells, which proliferate specifically in response to
interleukin-2 (IL-2),'¥ were maintained in RPMI1640
medium supplemented with 10% FBS, 50 um 2-mercap-
toethanol and 10 U/m! murine recombinant [L-2 (Pepro Tech
EC Ltd., London, England). Female C57BL/6 mice (H-2b),
aged 7—8 weeks, were purchased from SLC Inc. (Hama-
matsu, Japan). All of the experimental procedures were in ac-
cordance with the Osaka University guidelines for the wel-
fare of animals in experimental neoplasia.

Preparation of B16BL6 TCL Cultured B16BL6 cells
were recovered and washed three times with phosphate-
buffered saline (PBS, pH 7.4). Cells were resuspended in a
balanced salt solution (10mm Tris—HCI, 150 mm NaCl, pH
7.6) and lysed by four cycles of freezing and thawing, fol-
lowed by centrifugation at 130009 for 60 min. The soluble
fraction was passed through a 0.22-yum membrane filter and
the protein concentration was adjusted to 4 mg/ml upon de-
termination with a DC-protein assay kit (Bio-Rad, Tokyo,
Japan).

Preparation of CLs and FLs TCL- or ovalbumin
(OVA)-containing CLs (TCL/CLs or OVA/CLs) were pre-
pared as follows. Cholesterol, egg phosphatidylcholine, and
L-a-dimyristoryl phosphatidic acid were mixed at a molar
ratio of 5:4:1 in chloroform. The lipid mixture was evapo-
rated to obtain a thin-lipid film, and then liposome suspen-
sions were prepared by dispersing the thin-lipid film in
400 ul of TCL or OVA solution. After three cycles of freez-
ing and thawing, the liposomes were sized by two rounds ex-
trusion through 0.8-um and 0.4-um polycarbonate mem-
branes and were ultracentrifuged to remove un-encapsulated
TCL or OVA. TCL/FLs or OVA/FLs were prepared by fusing
the TCL/CLs or OVA/CLs with UV (2000 J/cm?)-inactivated
Sendai virus as described previously.” The amount of anti-
gen proteins encapsulated in liposomes and FLs was meas-
ured by a DC-protein assay kit and calculated by following
formula:

encapsulated antigen protein levet
=(total protein level of antigen-containing CLs or FLs)
—(protein level of empty CLs or FLs)

In Vitro Antigen Presentation Assay One hundred mi-
croliters of OVA solution, OVA/CLs suspension, or OVA/FLs
suspension were added to DC2.4 cells cultured on a 96-well
plate at a density of 10°cells/well, and the cells were incu-
bated for 5h at 37°C. After three washes with PBS, DC2.4
cells were co-cultured for 20 h with 10° CDS-OVA 1.3 cells.
The response of stimulated CD8-OVA 1.3 cells was assessed
by the murine IL-2 ELISA kit (Biosource International, Ca-
marillo, CA, U.S.A.), which determines the amount of IL-2
released into 100 il of culture supernatants. In another ex-
periment, DC2.4 cells were pre-incubated for th at 37°C
with 10 um of lactacystin or MG132 (Peptide Institute,
Minoh, Japan), and then the cells were incubated for 15 min
at 37°C with OVA/FLs in the presence of inhibitors. After
fixation with 0.05% glutaraldehyde and washing three times
with PBS, CD8-OVA 1.3 cells were added at 10°cells/
100 ul/well. After 24 h-cultivation, the response of CD§-OVA
1.3 cells was determined by the level of IL-2 secretion in a
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CTLL-2 proliferation assay as described previously.'” Ra-
dioactivity derived from [*H]-thymidine uptake by CTLL-2
cells was measured on a liquid scintillation counter, and data
were expressed in Acpm as follows:

Acpm=(cpm in the presence of OVA/FLs)
—(cpm in the absence of OVA/FLs)

Ex Vivo Vaccination Experiment Using TCL-In-
troduced DC2.4 Cells DC2.4 cells were pulsed for 5h
at 37°C with TCL in various formulations (TCL/FLs,
TCL/CLs, the mixture of TCL and empty FLs (TCL +eFLs),
or TCL alone) at 500 g TCL/107 cells/ml, and then the cells
were treated for 30min at 37°C with mitomycin C (50
ug/ml) in order to inhibit their proliferation. After three
washes with PBS, the cells were intradermally injected into
the right flank of C57BL/6 mice at 10 cells/50 ], Likewise,
control mice were injected with the unpulsed or eFLs-pulsed
DC2.4 cells or PBS. At | week after the vaccination, 2X10°
B16BL6 cells were inoculated into the left flank. The size of
tumors was assessed using microcalipers and was expressed
as tumor volume calculated by the following formula:

tumor volume (mm’)=[major axis (mm)]X [minor axis (mm)]*x0.5236

Mice containing tumors>20 mm were euthanized.

In Vivo Direct Vaccination Experiment C57BL/6 mice
were immunized once or three times at a 1-week interval by
intradermal injection of each 100ug-TCL formulation
(TCL/FLs, TCL/CLs, TCL +eFLs, the emulsion of TCL and
complete Freund’s adjuvant (TCL+CFA), or TCL alone) into
the right flank. Likewise, eFLs or PBS was injected into mice
as a control. At 1 week after the final vaccination, 2X10°
B16BL6 cells were inoculated into the mouse left flank, and
then tumor volumes were monitored as described above.

RESULTS

MHC Class I-Restricted OVA-Presentation by OVA/
FLs-Pulsed DC2.4 Cells

We first compared the levels of MHC class I-restricted
antigen presentation between DC2.4 cells treated with vari-
ous OVA formulations (Fig. 1A). OVA peptide presentation
vig MHC class 1 on DC2.4 cells was significantly increased
by OVA/FLs-treatment in an OVA dose-dependent manner,
whereas OVA/CLs-pulsed DC2.4 cells showed slight en-
hancement of OVA-presentation as compared with the cells
pulsed with the soluble form of OVA. This result snggested
that OVA delivered directly into the cytoplasm by FLs imi-
tated endogenous antigens in DC2.4 cells. Thus, in order to
investigate the antigen presentation pathway in DC2.4 cells
treated with OVA/FLs, we used lactacystin and MG132,
which inhibit proteasome activity essential for antigen pro-
cessing and presentation in the classical MHC class [-path-
way (Fig. 1B). Both inhibitors could completely suppress
MHC class I-restricted presentation under conditions that in-
duced high OVA-presentation levels in OVA/FLs-pulsed
DC2.4 cells in the absence of inhibitors. In addition, FLs
could sufficiently deliver their encapsulating antigen proteins
into the MHC class 1 pathway while in contact with DC2.4
cells for only 15min. Collectively, antigen introduction by
FLs could greatly enhance antigen presentation via MHC
class I on APCs, as a result of prompt fusion to the plasma
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membrane and direct delivery of their encapsulating antigens
into cytoplasm.

Vaccine Efficacy of DC2.4 Cells Pulsed with TCL/FLs
DC2.4 cells were pulsed with various BI6BL6-TCL formu-
lations at 500 ug-TCL/10” cells/ml, and then 10° cells were
intradermally injected into C57BL/6 mice. One week after
vaccination, the mice were challenged with B16BL6 cells
(Fig. 2). Mice immunized with eFLs-pulsed or unpulsed
DC2.4 cells showed a slight delay in B16BL6 tumor growth
as compared with the PBS-injected group. We theorized that
this phenomenon was caused by nonspecific immunostimula-
tory effects that depended on administration of DC2 .4 cells.
Tumor growth in mice immunized with TCL/CLs- or TCL-
pulsed DC2.4 cells was comparable to that in control groups
injected with eFLs-pulsed or unpulsed DC2.4 cells. In
contrast, vaccination with TCL/FLs-pulsed DC2.4 cells
markedly delayed tumor growth and suppressed tumor ap-
pearance until day 17 post-challenge, when all groups har-
bored large (>1000mm®) tumors. On the other hand,
TCL+eFLs-pulsed DC2.4 cells did not inhibit B16BL6
tumor growth, indicating that the superior vaccine efficacy of
TCL/FLs-pulsed DC2 .4 cells was the result of efficient TCL-
delivery into cytoplasm by FLs. These results clearly re-
vealed that FLs were potential antigen-carriers for the devel-
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Fig. 1. Antigen Delivery into MHC Class I-Restricted Presentation Path-
way on DC2.4 Cells by FLs

(A) DC2.4 cells were incubated for 5h at 37 °C with OVA/FLs (@), OVA/CLs (O),
or OVA solution () at the indicated OVA concentrations. After washing, DC2.4 cells
were co-cultured for 20h with CD8-OVA 1.3 cells. OVA presentation via MHC class 1
molecules on DC2.4 cells was determined by ELISA for IL-2 released from stimulated
CD8-OVA 1.3 cells. (B) DC2.4 cells were pre-incubated for 1h at 37 °C with 10 um
lactacystin ((J) or 10 M MG132 (A) or without any additives (@). The cells were incu-
bated for 15min at 37°C with OVA/FLs at the indicated OVA concentrations in the
presence of inhibitors. After washing and glutaraldehyde fixation, CD8-OVA 1.3 cells
were added and cultured for 24h. The IL-2 released from CD8-OVA 1.3 cells was
measured by CTLL-2 proliferation assay. Results are expressed in Acpm as described
in Materials and Methods. All data are presented as mean*S.D. of three independent
cultures in the presence of inhibitors.
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opment of DC-based cancer immunotherapy using TCL as
antigen source.

Vaccine Efficacy of TCL/FLs by in Vivo Direct Immu-
nization In order to evaluate the vaccine efficacy of
TCL/FLs in in vivo direct immunization, we administered
various TCL formulations into mice by one or three intrader-
mal injections. In the single immunization mode, mice in-
Jjected with any TCL formulation, including TCL/FLs, did
not exhibit obvious inhibitory effects against the growth of
B16BL6 tumors inoculated at 1 week after immunization
(Fig. 3A). On the other hand, triple TCL/FLs-immunization
at 1-week intervals dramatically delayed B16BL6 tumor ap-
pearance as compared to eFLs- or PBS-administration using
the same mode, whereas tumor growth in mice immunized
with TCL alone was only slightly suppressed relative to that
in the control groups (Fig. 3B). Although mice immunized
three times with TCL/CLs or TCL +eFLs exhibited moderate
inhibition against B16BL6 tumor growth, as was seen in the
TCL +CFA-immunized group, these effects were inferior to
those observed in response to TCL/FLs, which prevented the
growth of visible tumors in all mice during the 17d post-
challenge. Taken together, these results suggest that FLs are
useful antigen-carriers and adjuvants for an in vivo direct
TCL-vaccination strategy.

DISCUSSION

Recent advances in tumor immunology have identified
various TAAs presented on MHC molecules, which has facil-
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Fig. 2. TCL/FLs-Pulsed DC2.4 Cells-Mediated Prophylactic
against B16BL6 Tumor Challenge

C57BL/6 mice were immunized by intradermal injection of DC2.4 cells pulsed with
various TCL formulations into the right flank at 10° cells, and then 2X 10° B16BL6
cells were inoculated into the mouse left flank 1 week post-vaccination. Control mice
were immunized with eFLs-pulsed DC2.4 cells, unpulsed DC2.4 cells, or PBS. The
size of tumors was assessed using microcalipers three times per week. Each peint rep-
resents the mean=+5.E. from 6—12 mice.
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Inhibitory Effect against B16BL6 Tumor Growth by in Vivo Direct CL/FLs-Immunization

Various TCL (100 mg) formulations were intradermally injected once (A) or three times at 1-week intervals (B) into the right flank of C57BL/6 mice. Likewise, control mice
were injected with eFLs or PBS. At | week after the final immunization, the mice received a 2X10° B16BLS6 ceils-challenge in the left flank and tumor volumes were monitored.

Each point represents the mean*S.E. from 6—12 mice.
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itated the development of vaccine strategies for cancer.'®

However, immunotherapeutic application using TAAs as a
vaccine component is limited to patients with a particular
cancer because TAAs have been identified for only a few
human cancers. TCL, which probably includes both known
and unknown TAAs, is a very attractive antigen source for
the development of versatile cancer immunotherapy. In fact,
several studies demonstrated that TCL-pulsed DCs could
offer the potential advantage of augmenting a broader T cell-
immune response against both defined and undefined
TAAs."" To improve the CTL response against TCL, we
need excellent TCL-delivery carriers and adjuvants that can
increase the immunogenicity of weak and rare TAAs. Thus,
we evaluated the potential of FLs as a TCL vaccine vehicle
in both ex vivo DC-based immunotherapy and in vivo direct
vaccination.

We previously reported that FLs, composed of CLs fused
with inactivated Sendai virus, could directly introduce their
contents into cytoplasm by fusion with the cell mem-
brane.>'? The in vitro antigen presentation assay showed that
FLs delivered their encapsulating antigens into the classical
MHC class I-restricted pathway for antigen processing and
presentation in DC2.4 cells more efficiently than CLs (Fig.
1). Other approaches for developing an. effective vaccine
strategy have also been tested. Shibagaki et al. reported that
an HIV-1-derived TAT protein transduction domain (PTD)
conjugation technique could directly introduce antigens into
cytosol of DCs.?® Immunization of mice with DCs contain-
ing PTD-antigen fusion proteins induced anti-tumor effects
through potent antigen-specific CTL activity.”" However, the
application of this technique to DC-based immunotherapy is
limited to the treatment of cancer for which TAAs have been
identified. In contrast, our antigen delivery system using FLs
does not rely on a specific antigen source. Therefore,
TCL/FLs-pulsed DC2.4 cells could demonstrate effective
vaccine efficacy against B16BL6 tumor challenge (Fig. 2).
This antigen delivery system using FLs against DCs would
greatly contribute to the development of DC-based im-
munotherapy applicable to a wide variety of cancer types.

Furthermore, a triple in vivo direct immunization with
TCL/FLs was more effective against BI6BL6 tumor growth
than the same immunization mode with TCL+CFA. This re-
sult suggested that FLs might efficiently deliver their encap-
sulating antigen into APCs at the administration site, al-
though it is necessary to examine the biodistribution of anti-
gens and the ratios of APCs containing the antigens after ad-
ministration of antigen-encapsulating FLs. Additionally, we
found that Sendai-virus accessory proteins displayed on FLs
possessed mitogenic activity”” and that FLs could enhance
the expression of MHC class I/Il molecules and co-stimula-
tory molecules (CD40 and CD80) and the secretion of IL-6,
IL-12 and TNF-o in DCs (unpublished data). Therefore, FLs
are not only efficient antigen-delivery carriers but also poten-
tial adjuvants in an in vivo direct immunization protocol.

With a view of potential therapeutic use for TCL/FL vac-
cines, then we tested whether this vaccine would facilitate
eradication against established B16 melanoma. However,
TCL/FL-immunized mice did not show inhibitory effect
against growth of tumors (data not shown). From these re-
sults, we hypothesized that the concentration of TAA pro-
teins involved in TCL/FL is too small to induce anti-
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melanoma therapeutic effect. As a potential solution to this
problem, tumor cell derived total RNA is useful to induce
multiple TAA specific immunity. It has been shown that vac-
cination with tumor derived RNA transfected DC can be re-
markably effective in stimulating CTL and tumor immunity
in in vitro and in vivo models.>3** Since multiple TAAs en-
coded by tumor derived RNA can be amplified from few
tumor cells by PCR, FLs might be applicable to transfect it to
dendritic cells and in vivo direct immunization strategy.

In conclusion, we demonstrated the usefulness of FLs as
TCL-delivery carriers for ex vivo DC-based immunotherapy
and in vivo direct immunization in the murine B16BL6
melanoma model. Because FLs can encapsulate various anti-
gen candidates, such as crude tumor lysate or tumor extract,
purified whole or partially processed TAA, and TAA-coding
DNA or RNA, this simple and flexible system is a promising
approach for the development of versatile cancer im-
munotherapy.
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DNA rich in non-methylated CG motifs (CpGs) enhances induction of immune responses against co-admin-
istered antigen encoding genes. CpGs are therefore among the promising adjuvants known to date. However,
naked plasmid DNA, even which contains CpG muotifs, are taken up by antigen presenting cells via the endocyto-
sis pathway. Endocytosed DNAs are thus degraded and their gene expression levels are inefficient. In this context,
an effective plasmid delivery carrier is required for DNA vaccine development. We show in the present study that
packaging plasmids containing CpGs into fusogenic liposomes (FL) derived from conventional liposomes and
Sendai virus-derived active accessory proteins is.an attractive method for enhancing the efficacy of a DNA vac-
cine. These CpG-enhanced plasmids (possessing 16 CpG repeats) that were packaged into FL, enhanced ovalbu-
min (OVA)-specific T cell proliferation and cytotoxic T cell activity after immunization. In fact, vaccination with
CpG enhanced plasmid-loaded FL induced effective prophylactic effects compared with 13 repeats CpG contain-
ing plasmid in a tumor challenge experiment. Thus, the development of a CpG-enhanced DNA-FL genetic immu-
nization system represents a promising tool for developing candidate vaccines against some of the more difficult

infectious, parasitic, and oncologic disease targets.

Key words DNA vaccine; CpG motif; fusogenic liposome

DNA vaccines have been widely used in laboratory ani-
mals and human primates over the last decade to induce hu-
moral and cellular immune responses.'— This approach to
immunization has generated sustained interest because of its
speed, simplicity, and ability to induce immune responses
against naive protein antigens expressed from plasmid DNA.
There has been substantial work on DNA immunization in
many species, including humans and large animals."®

In striking contrast, vaccination with antigen expressing
genes usually fails to induce significant immune responses.
Various methods are under evaluation to augment the po-
tency of DNA vaccines, such as combination with gene de-
livery devices to increase the transfection of cells or to target
the DNA or with the adjuvants which enhance inflammatory
cytokine expression.”~'¥ The extent of DNA degradation by
extracellular deoxyribonucleases is unknown, but degrada-
tion could be considerable. It follows that approaches to pro-
tect DNA from the extracellular biological milien and
thereby introduce it into cells more efficiently, should con-
tribute to optimal DNA vaccine design. In this context, not
only efficient gene delivery devices but also immunostimula-
tory adjuvants are essential for augmentation of DNA vacci-
nation.

Interestingly, the sequence composition of plasmid DNA
itself also has been shown to increase the potency of the
DNA vaccine.'” This is because the bacterial DNA
sequences result in the plasmid which possesses different
methylation pattern from mammalian DNA. Bacterial
oligonucleotides having the sequence purine—purine—cytosine—
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guanosine—pyrimidine~pyrimidine, in which the CpG se-
quence is unmethylated, can activate innate immune system,
resulting in an augmentation of the antigen-specific immu-
nity.'> Recently, it was established that the innate immune
system of vertebrates recognizes non methylated CpG motifs
flanked by specific bases in bacterial DNA as a danger signal
through toll-like receptor 9 (TLR9) expressed on the antigen
presenting cells.!*~'® The cytokine profile induced by CpG
motifs in vitro is consistent with their ability to induce a Thl-
biased immune response when used as an adjuvant in vaccine
formulations.'® Therefore, CpG motifs may have potential as
adjuvants in protein- and DNA-based vaccine formula-
tions.”®

CpG DNA is internalized via a clathrin dependent endo-
cytic pathway and rapidly moves into a lysosomal compart-
ment.” Since it has been known that TLRY is localized in
lysosomal compartment, CpG containing plasmids should be
delivered to endosome-lysosome pathway even if plasmids
were degraded in endosomes. Recently, several reports are
suggested that TLR9 is expressed in ER prior to stimulation
and translocate to a CpG containing lysosomal compartment
for ligand binding and signal transduction.?” In this context,
with a view of plasmid based DNA vaccine development,
CpG DNA targeting to translocating TLR9 is more useful to
avoid endosomal DNA degradation.

Previously, we developed a highly unique antigen delivery
carrier, fusogenic liposomes (FL), which consist of conven-
tional liposomes and ultra-violet inactivated Sendai virus-de-
rived accessory proteins.2’ 2% This carrier could introduce

© 2006 Pharmaceutical Society of Japan
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its contents into various types of mammalian cells via mem-
brane fusion but was not subject to endocytosis. FL intro-
duced encapsulating genes into mammalian cells in vitro and
in vivo. Furthermore, FL mediated DNA immunization in-
duce efficient antigen specific immunity.*® However, im-
provement of the efficacy of the FL-mediated gene delivery
system is important for the development of a DNA vaccine.

In this study, we, therefore, created a novel genetic immu-
nization system combined with a CpG-containing plasmid
backbone and FL. The principal aim of this study was to in-
duce potent antigen-specific immunity to the antigens en-
coded in the plasmid encapsulated in FL and combined with
the CpG motif and a model antigen, chicken egg ovalbumin
(OVA), thereby formulating a DNA vaccine.

MATERIALS AND METHODS

Animals and Cells Male C57BL/6 (H-2°) mice, 7 weeks
old, were purchased from SLC Inc. (Hamamatsu, Shizuoka,
Japan). EL4 (Tohoku University, Sendai, Japan) is a
CS57BL/6 T lymphoma and EG7 is an ovalbumin (OVA)-
transfected clone of EL4. IC21 cell is a C57BL/6
macrophage clone, H-2Kb. CD8OVA1.3 (provided by Dr
Clifford V. Harding, Case Western Reserve University,
Cleveland, OH, U.S.A)is a T-T hybrid cell, which is specific
for OVA257-264-Kb. EL4 and IC21 cells were grown in
RPMI1640 medium supplemented with 10% FCS. The
CTLL-2 cells were maintained in RPMI1640 medium sup-
plemented with 10% FCS and 1 U/ml human recombinant
IL-2. The EG7 cells were maintained in RPMI1640 medium
supplemented with 10% FCS and 400 ug/ml G418,
CD8OVA1.3 was grown in a DMEM medium supplemented
with 10% FCS. All culture media were purchased from Invit-
rogen (Carlsbad, CA, U.S.A.) and supplemented with non-es-
sential amino acids, antibiotics, and 5%10° um 2-mercap-
toethanol (2-ME).

Plasmids The EcoRI fragment of pAc-neo-OVA was
cloned into the EcoRlI site of pBluescriptll KS(—), resulting
in pBluescriptll KS(—)/OVA. To construct an OVA gene
expression vector, the BamHI/Sall fragment of pBluescript 11
KS(—)/OVA was ligated into BamHI/Sall cut pCM V-script
(Stratagene), resulting in pCMV-script/OVA (Fig. 1), which
is driven by cytomegalovirus promoter and contains a SV40
poly(A) signal. This pPCMV-script/OVA containing 13 repeats
of the CpG motif, was named pOVACpGI3. Furthermore,
the plasmid containing 16 CpG motif repeats, pOVACpG16,
was constructed as follows. Sspl and AIwNI fragments of the
pGL3-control vector (Promega) were ligated into pCMV-
script digested with AIwNI and blunt ended, resulting in the
CpG-enhanced vector, pCMV-script/CpG(+). Then, the
BamHU/Sall fragment of pBluescript I KS(—)/OVA was in-

- troduced into the BamHI/Sall digested pCMV-script/CpG
(+). This plasmid contained 16 CpG motif repeats. Methy-
lated plasmids were prepared by Sssl treatment for 4h at
37°C. These methylated plasmids were used for experiments
after purification by phenol/chloroform precipitation.

Preparation of fusogenic liposome plasmid vector contain-
ing unilamellar liposomes was prepared by a modified re-
verse-phase evaporation method using 46 gmol of lipids (egg
phosphatidylcholine : L-a-dimyristryl phosphatidic acid : cho-
lesterol=5: 1 : 4, molar ratio). After three cycles of freezing
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and thawing, the liposomes were sized by extrusion through
a 0.8 um polycarbonate membrane (Nucleopore; Coaster,
Cambridge, MA, U.S.A.) and pelleted by ultracentrifugation
to remove un-encapsulated plasmids. Then, FLs encapsulat-
ing pCMV-script/OVA were prepared by fusing the lipo-
somes with UV (2000 J/cm?)-inactivated Sendai virus as de-
scribed.?=** The amount of plasmid DNA encapsulated
within the liposomes was determined by means of fluoromet-
ric assay using 3,5-diaminobenzoic acid.

Proliferative Responses of Antigen-Specific T Cells
from Immunized Mice Fourteen days after final immu-
nization, lymphocytes were obtained from spleen. B celis
were then depleted by using goat anti-mouse IgG (H&L)-
coupled micro beads and a MACS column (Miltenyi Biotec,
Sunnyvale, CA, U.S.A)). Purified T cells were cultured at a
density of 2X10° cells/ml with 1 mg/ml OVA for 3d. To
measure cell proliferation, 1uCi of [PH] thymidine was
added to individual culture wells 8 h before termination, and
the uptake of [°’H] thymidine by dividing cells was deter-
mined by scintillation counting.

IL-12 Expression Analysis by ELISA [L-12 levels in
culture supernatants of Ag stimulated splenocytes were de-
termined by a cytokine-specific ELISA. Briefly, splenocytes
from immunized mice were cultured with 1 mg/mil OVA (or
various indicated concentrations). Culture supernatants were
harvested 48 h after incubation, and the levels of IL-12 were
determined by an IL-12-specific ELISA kit (Biosource). The
concentration of cytokines was calculated by standard curves
obtained according to the instructions provided by the manu-
facturer.

In Vitro CTL Induction and Cytotoxic Assay C57BL/
6mice (7 weeks old, male, H-2%) were immunized twice at 2
week intervals with 50 ug of naked or 5 ug of Fusogenic li-
posome encapsulated pPOVACpG13 or pOVACpG16, respec-
tively. Spleen cells from immunized or non-immunized mice
were recovered 14d after the last immunization and were
stimulated in vitro with mitomycin C treated EG7 cells for
5d. The cytotoxic activity of these effector cells was tested
on *'Cr-labeled target cells, OVA-expressed EG7 cells, and
EL4 as a control, at different effector/target ratios. A cytotox-
icity assay was conducted in triplicate. The maximum release
was determined by adding 1% Triton X-100 to the target
cells. A spontaneous release was obtained in the case of tar-
get cells incubated without effector cells. EL4 cells were
used as control for specificity. The released radioactivity was
measured in the supernatant. The specific lysis was deter-
mined as follows:

- percentage of specific lysis
=100X[(release of CTLs)— (spontaneous release))/
[(maximal release) —(spontaneous release)}

Tumor Challenge Experiments C57BL/6 mice (7 weeks
old, male, H-2b) were immunized s.c. at the tail base twice at
2 week intervals with 50 ug of naked or 5 ug of fusogenic li-
posome encapsulated pOVACpG13 or pOVACpGI16. Four-
teen days after the last immunization (day 0), 1X10° OVA
expressing EG7 cells were intradermally injected. Six to
13 mice were used for each experimental group. Tumor sur-
vival in tumor bearing mice was monitored weekly. Mice that
developed tumors larger than 4000 mm® were considered to
have developed lethal tumors.
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RESULTS

In Vitro Enhancement of IL-12 Expression by CpG-En-
hanced Vectors Combined with FL. Initially we evaluated
the immunostimulatory effect of CpG-enhanced vector en-
capsulated in FL by IL-12 production (Fig. 1). ELISA analy-
sis showed that IL-expression of FL/pOVACpG16-stimulated
splenocytes tended to enhance IL-12 production compared
with non-CpG enhanced vector (pOVACpG13) containing
FL. In addition, methylated plasmid vector encapsulated in
FL or empty FL did not enhance IL-12 expression. These re-
sults clearly showed that CpG-enhanced vectors retained
their immunostimulatory effect even when encapsulated in
FL, and IL-12 expression increased depending on the num-
ber of CpG motifs.

Vaccination with CpG-Enhanced Vector Combined
with FL Significantly Enhances Antigen Specific T Cell
Mediated Immune Responses in Vaccinated Mice Ex-
amination of antigen-specific proliferation of lymphocytes in
immunized mice (Fig. 2) indicated that F1./pOVACpG16 vac-
cination dramatically enhanced proliferation. On the other
hand, FL/pOVACpG13- or naked CpG-enhanced or non-en-
hanced vector immunization did not induce antigen-specific
proliferation. These results indicated that the combination of
CpG immuno stimulatory sequences and FL significantly
enhanced antigen specific T cell proliferation under a very

Fumethylated- |-}

POVACPG1G Sl 00.3pg/m!
8 1.0ug/m!

FUmethylated- 1

POVACPG13 ") & 3.0pg/ml

! =

FLipOVACPG16 NN

1] 100 200 300 400 500

L-12 (pg/mi)

Fig. 1. CpG Enhanced Vector (pOVACpG16) Containing FL Hold Im-
munostimulatory Effects

Splenocytes from naive mice were cultured for 2d in the presence of FL-pO-
VACpG13, FL-pOVACpG16, FL-methylated pOVACpG13 and FL-methylated pO-
VACpG16 at indicated concentrations. Then 1L-12 levels in the culture supernatants
were determined by ELISA.
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Fig. 2. OVA Specific T Cell Proliferation Derived from Mice Splenocytes
Immunized with CpG Enhanced FL-DNA Vaccine

Spleen cells from C57/B16 mice immunized with balanced salt solution (Buffer),
5ug FL-pOVACpG13, 5ug FL-pOVACpG16, 50 ug pOVACpG13 and 50 ug pO-
VACpG16 were assayed for proliferation assay. Then the splenocytes were incubated
with 15 (@), 30(3), 60() g/ml OVA in cuiture medium for 3 d. OVA specific prolif-
erative responses were determined by [*H]-thymidine uptake.
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low dose (5pug). Next, the immunogenicity of FL/pO-
VACpG16 was tested by CTL assay (Fig. 3). The best re-
sponse was obtained for pOVACpG16 combined with FL,
which exhibited ex vivo killing of ca. 40% at an E : T ratio of
50. The corresponding killing obtained by pOVACpGi3
combined with FL was in the range of 30%.

Protection against the Growth of OVA-Expressing Tu-
mors in Mice Vaccinated with CpG-Enhanced Vectors by
FL To determine whether the observed enhancement in
antigen-specific T cell mediated immunity translated to a sig-
nificant anti-tumor immunity and prolonged survival, we per-
formed an in vivo tamor protection experiment using an OVA
expressing tumor-model, EG7. As shown in Fig. 4, 70% of
mice receiving the pPOVACpG16 vaccine combined with FL
survived 90d after the EG7 challenge. In contrast, the sur-
vival rate of unvaccinated mice and mice receiving pO-
VACpG13 or pOVACpG16 alone or a combination vaccine of
pOVACpG13 and FL was less than 40%. A two-fold im-
provement was observed in the response of mice treated with
a prophylactic vaccine treatment consisting of pOVACpG16
combined with FL. These resuits indicated that the combina-
tion of CpG enhanced vectors and FL was a more effective
genetic immunization system for prophylactic tuamor vaccine.

FL-DNA vaccine ONA vaccine
.50 50
O povacpeie

':,_; 40 40 -@- pOVACHGI3
2 30 § 30
ES
g 2 [ ) 20 Q\O
&
P ] 10 ‘/.
o
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effector / target ratio

Fig. 3. OVA Specific CTL Response after in Vivo Priming with CpG En-
hanced FL-DNA Vaccine

Spleen cells from C57/Blémice that had been immunized with 50 ug FL-pO-
VACpG13, 50 ug FL-pOVACpG16, 5 ug pOVACPGI13, 5ug pOVACpG16 were as-
sayed for cytotoxic activity, after in vitro stimulation with EG7 tumor cells for 5d. The
figure represents the amount of specific lysis against the 51Cr labeled EG7 cells.
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Fig. 4. Survival Analysis of Mice Immunized with DNA-Fusogenic Lipo-
some Vaccine in a Prophylactic Treatment Model

C57/Bl6 mice were immunized with Buffer, 50 ug pOVACpG13 or 50 ug pO-
VACpG16 as control vaccine, 5 g FL-pOVACpGI13 or 5 ug FL-pOVACPG16 twice
with an interval of two weeks between treatments. Four weeks after last immunization,
immunized mice were challenged i.d. in the abdomen with 1X10° cells. Comparison of
survival curves of two groups were significantly different (p<<0.01).
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DISCUSSION

In the present study, we demonstrated that a combination
of CpG-enhanced vectors and FL strengthened IL-12 expres-
sion by splenocytes from naive mice, and this approach en-
hanced the potency of DNA vaccines using OVA as a model
antigen, leading to effective OVA specific T cell prolifera-
tion, CTL responses, and prophylactic anti-tumor effects.
Our previous study showed that immunization of mice with
conventional OVA expression vector, pPOVACpG13 using FL,
induced antigen-specific antibodies and strong CTL re-
sponses.” In the present study, we utilized CpG immuno-
stimulatory sequences to enhance FL-mediated DNA vacci-
nation therapy. The results demonstrated that CpG introduc-
tion was effective for in vitro inflammatory cytokine produc-
tion by APCs and this leads to dramatically enhanced prolif-
eration of antigen-specific T cell proliferation, because 1L-12
production and OVA specific T cell proliferation was signifi-
cantly weaker in conventional CpG containing plasmid vec-
tor (pOVACpG13) or even in combination with FL in immu-
nized mice.

Generally, the CpG motif, even in a plasmid backbone,
stimulates APCs via TLRY receptor signaling.''”" Although
these activation mechanisms are available to the endocytosis
pathway,”® previous studies have not reported any investiga-
tions. of immunostimulatory ability of directly introduced
CpG motifs via membrane fusion. Recent report suggested
that TLR is expressed in ER prior to stimulation, and translo-
cate to lysosomal compartment through cytosolic compart-
ment by inflammatory stimuli.® So we hypothesized that
CpG enhanced plasmid in cytosol could bind to TLR9, which
is translocating from ER to lysosome through cytosol. An-
other hypothesis is that DNAs adsorbed on FL or released
from FL may interact with TLR9. Overall, although our data
indicate that the direct introduction of CpG-enhanced vectors
via membrane fusion retained their stimulatory effects, de-
tailed studies are needed to clarify activation mechanisms.
Our data indicated that antigen specific T cell proliferation
and CTL responses were more effective than the combination
of FL and conventional pOVACpG13 in vaccinated mice.
When challenged with OVA-expressing EG7 tumors, mice
immunized with the CpG-enhanced vector combined with
FL exhibited prolonged survival compared with conventional
vector immunized groups, even when combined with FL.

Although the anti-tumor effects presented in Fig. 4 are
somewhat striking, they hold little relevance to immunologi-
cal therapy against tumors. We should have tested their vac-
cines in a therapeutic mode (tumor first and vaccine after)
and not solely in a prophylactic fashion. Moreover, these ex-
periments do not address the issue of potential immunologi-
cal tolerance to real tumor antigens, which in many cases are
also expressed to some extent by normal cells, since OVA is
a totally foreign antigen. Studies conducted using a real
tumor antigen in murine models, such as TRP2 for B16
melanoma,”” P1A for P815 mastocytoma,®® or anything
equivalent, could potentially provide additional information
that better simulates actual conditions.

In summary, our findings indicate that the introduction of
three CpG immunostimulatory sequences and FL is able to
enhance inflammatory cytokines and elicit more effective
antigen-specific T cell activity and prophylactic anti-tumor
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effects in vivo than a previously developed conventional plas-
mid backbone (pOVACpG13 and FL combination vaccine).
This approach may be promising for future vaccine develop-
ment to control cancer, which expresses self antigens, or in-
fectious diseases, and may be particularly useful in patients
with reduced immune responses, particularly human immun-
odeficiency virus (HIV) or human T cell leukemia virus
(HTLV)-infected patients. Studies are in progress to clarify
the efficacy of FL mediated genetic immunization systems
on tumor-associated antigens and virus-related antigen ex-
pression vectors.
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The core fucosylation (a1,6-fucosylation) of glycoprotein is
widely distributed in mammalian tissues. Recently a1,6-fucosy-
lation has been further reported to be very crucial by the study of
al,6-fucosyltransferase (Fut8)-knock-out mice, which shows
the phenotype of emphysema-like changes in the lung and
severe growth retardation. In this study, we extensively investi-
gated the effect of core fucosylation on a381 integrin and found
for the first time that Fut8 makes an important contribution to
the functions of this integrin. The role of core fucosylation in
a3B1 integrin-mediated events has been studied by using
Fut8*'* and Fut8~'~ embryonic fibroblasts, respectively. We
found that the core fucosylation of a3p1 integrin, the major
receptor for laminin 5, was abundant in Fut8*'* cells but was
totally abolished in Fut8~'~ cells, which was associated with the
deficient migration mediated by 31 integrin in Fut8~'~ cells.
Moreover integrin-mediated cell signaling was reduced in
Fut8~ '~ cells. The reintroduction of Fut8 potentially restored
laminin 5-induced migration and intracellular signaling. Col-
lectively, these results suggested that core fucosylation is essen-
tial for the functions of a3 81 integrin.

al,6-Fucosyltransferase (Fut8) catalyzes the transfer of a
fucose residue from GDP-fucose to position 6 of the innermost
GlcNACc residue of the hybrid and complex types of N-linked
oligosaccharides on the glycoproteins (Fig. 1) (1). Core fucosy-
lation (a1,6-fucosylation) of glycoprotein is widely distributed
in mammalian tissues and altered under pathological condi-
tions, such as hepatocellular carcinoma and liver cirrhosis (2,
3). A high expression of Fut8 was observed in 33.3% of papillary
carcinoma, and the incidence was directly linked to tumor size
and lymph node metastasis, thus Fut8 expression may be a key
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factor in the progression of thyroid papillary carcinomas (4). It
has also been reported that the deletion of the core fucose from
the IgG1 molecule enhances antibody-dependent cellular cyto-
toxicity activity by up to 50- to 100-fold. This indicates that the
core fucose is an important sugar chain in terms of antibody-
dependent cellular cytotoxicity activity (5). Recently, the phys-
iological functions of the core fucose have been further investi-
gated by our group using analysis of core fucose-deficient mice
(6). The Fut8~'~ mice showed severe growth retardation, and
70% died within 3 days after birth. The surviving mice suffered
from emphysema-like changes in the lung that appear to be due
to the lack of core fucosylation of transforming growth fac-
tor-B1 receptor, which consequently resulted in a marked dys-
regulation of transforming growth factor-B1 receptor activa-
tion and signaling. We also found that the loss of core
fucosylation resulted in the down-regulation of EGF? receptor-
mediated signaling pathway (7). These results together suggest
that core fucose performs the important physiological func-
tions through modification of some important functional
proteins.

Cell-extracellular matrix (ECM) interactions play essential
roles during the acquisition of migration and invasive behavior
of the cells. The integrin family consists of o and B het-
erodimeric transmembrane receptors for ECM and connects
many biological functions, such as development, the control of
cell proliferation, protection against apoptosis, and malignant
transformation (8). For example, a3B1 integrin, the major
receptor for laminin 5 (LN5), is widely distributed in almost all
tissues, and a3 knock-out mice have been reported to show the
defects in kidney, lung, and skin (9). It has been reported that
G-like repeats of LN5 constitute the favored ligand for a381
integrin, triggering haptotaxis (10). Especially, the G3 domain is
essential for the unique activity of LN5, such as promotion of
cell migration (11). Furthermore, 31 integrin has been pro-
posed to be involved in tumor invasion (12, 13): the interaction

3 The abbreviations used are: EGF, epidermal growth factor; ECM, extracellu-
lar matrix; LN5, laminin 5; FN, fibronectin; COL, collagen; mAb, monoclonal
antibody; PBS, phosphate-buffered saline; GnT-lil, N-acetylglucosaminyl-
transferase Ill; GnT-V, N-acetylglucosaminyltransferase V; MEF, mouse
embryonic fibroblast; ERK, extracellular signal-regulated kinase; AAL, Aleu-
ria aurantia lectin; LC, liquid chromatography; MS, mass spectrometry; FT,
Fourier transform; GM3, NeuAca2,3GalB1,4Glc-ceramide.
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FIGURE 1. Reaction pathway for the biosynthesis of core fucose by Futs.
Man, mannose; Fuc, fucose; GDP-Fuc, guanosinediphospho-fucopyranoside;
Asn, asparagine.

of a3B1 integrin with LN5 in exposed basement membrane
provides both a molecular and a structural basis for cell arrest
during pulmonary metastasis (14). In some malignant tumors,
a3p1 integrin is found to be the most predominant integrin
expressed (15), and cell invasion on ECM could be inhibited by
antibodies against a3 integrin (13) and B1 integrin (14). Thus,
a3p1 integrin, which mediates to laminins of basement mem-
brane, preferentially promotes cell migration and metastasis
(16-18). Given its various biological functions, @381 integrin,
as one of most important extracellular adhesive molecules,
deserves the more detailed investigation.

It has long been known that various factors can modulate
integrin functions, including the status of glycosylation of inte-
grin (19), the partnerships with tetraspanins, growth factor
receptors (20-22), and the association with ganglioside GM3
(22), and others. Cell surface integrins are all major carriers of
N-glycans, therefore N-glycosylation of integrins plays an
important role in their biological functions (23). For example:
the a3 and B1 subunits expressed by the metastasis human
melanoma cell lines carry B1,6-branched structures, and these
cancer-associated glycan chains may modulate tumor cell
adhesion by affecting the ligand properties of a3B1 integrin
(23). The linkage and expression levels of the terminal sialic acids
of @31 integrin play an important role in cell-ECM interactions
(24, 25). An increase in 1,6-GIcNAc sugar chains of 81 integrin
resulted in the stimulation of cell migration and the organization
of F-actin into extended microfilaments in cells plated on
FN-coated plates (26). Moreover, a recent study has shown that
introduction of bisecting GlcNAc into a581 integrin down-regu-
lates cell adhesion and cell migration (27). These previous papers
listed above have shown that the functions of integrins were posi-
tively or negatively regulated by N-glycans catalyzed by GnT-11],
GnT-V, sialyltransferases, and others.

However, until now the effect of core fucosylation on integrin
functions remains unclear. Here, we described studies compar-
ing embryonic fibroblasts from wild-type and Fut8~/~ mice to
elucidate the role of core fucosylation in a3f1 integrin-stimu-
lated events, and our finding for the first time showed that core
fucosylation is required for the functions of a381 integrin.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—A polyclonal antibody against
mouse a3 integrin and functional blocking monoclonal anti-
body (mAb) against a231 integrin were obtained from Chemi-
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con International, Inc. (Temecula, CA). mAbs against a3 inte-
grin, FAK, FAK (pY397), and functional blocking mAbs against
integrin a6 and B1 subunits were from BD Transduction Lab-
oratories (Lexington, KY). A polyclonal antibody against rabbit
ERK1/2 and peroxidase-conjugated goat antibody against rab-
bit IgG were obtained from Cell Signaling (Beverly, MA). A
mouse control IgG was purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). A peroxidase-conjugated goat antibody
against mouse IgG was obtained from Promega (Madison, W1),
and biotinylated Aleuria aurantia lectin (AAL) was from Seika-
gaku Corp., Japan.

Cell Culture—Fut8*"* and Fut8~'~ mouse embryonic fibro-
blasts (MEFs) and restored cells were previously established in
our laboratory (6). Fut8*/* and Fut8~'~ embryonic fibroblasts
and restored cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum in the
presence of 400 ug/ml Zeocin, and restored cells were main-
tained in Dulbecco’s modified Eagle’s medium in the presence
of 400 pg/ml Zeocin and 400 ug/ml hygromycin.

Western Blot and Lectin Blot Analysis—Cell cultures were
harvested in lysis buffer (20 mm Tris-HCl, pH 7.4, 10 mm
EGTA, 10 mm MgCl,, 1 mm benzamidine, 60 mm B-glycero-
phosphate, 1 mm NayVO,, 20 mm NaF, 2 ug/ml aprotinin, 5
pg/ml leupeptin, 1% Triton X-100, 0.1 mm phenylmethylsulfo-
nyl fluoride). Cell lysates were centrifuged at 15,000 X g for 10
min at 4 °C, the supernatants were collected, and the protein
concentrations were determined using a BCA protein assay kit
(Pierce). Proteins were then immunoprecipitated from the
lysates using a combination of 2 ug of anti-«3 integrin antibody
and Protein G-Sepharose beads. Immunoprecipitates were sus-
pended in nonreducing buffer, heated to 100°C for 3 min,
resolved on 7.5% SDS-PAGE, and electrophoretically trans-
ferred to nitrocellulose membranes (Schleicher & Schuell). The
blots were then probed with anti-a3 integrin antibody and bio-
tinylated AAL, respectively. Immunoreactive bands were visu-
alized using a Vectastain ABC kit (Vector Laboratories, Burl-
ingame, CA) and an ECL kit (Amersham Biosciences).

Cell Surface Biotinylation—Cell surface biotinylation was
performed as described previously (28). Briefly, cells were
rinsed twice with ice-cold PBS and then incubated with ice-cold
PBS containing 0.2 mg/ml sulfosuccinimidobiotin {Pierce) for
2hat4°C. After incubation, 50 mM Tris-HCl (pH 8.0) was used
for the initial wash to quench any unreacted biotinylation rea-
gent, and the cells were washed three times with ice-cold PBS
and then solubilized in lysis buffer. The resulting cell lysate was
then immunoprecipitated with the anti-a3 integrin antibody as
described above. The biotinylated proteins were visualized
using a Vectastain ABC kit and an ECL kit.

Migration Assay and Functional Blocking Assay—Transwells
(BD Bioscience) were coated with 5 nM of recombinant LN5, as
described previously (29), or 15 nM of human plasma FN, 50
ng/ml collagen I (COL, Sigma) in PBS by an overnight treat-
ment at 4 °C followed by an incubation with 1% bovine serum
albumin for 1 h at 37 °C. Serum-starved cells (2 X 10°) per well
in 500 ul of fetal calf serum-free medium were seeded in the
upper compartment of the plates. After incubation for 3 h, the
cells in the upper chamber of the filter were removed with a wet
cotton swab. Cells on the lower side of the filter were fixed and
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stained with 0.5% crystal violet. Each experiment was per-
formed in triplicate, and counting was done in three randomly
selected microscopic fields within each well. To identify which
specific integrin mediates cell migration on LN5, monoclonal
antibodies against different types of integrins at concentrations
of 10 ug/ml were preincubated individually with fibroblasts for
10 min at 37 °C. Then cells were transferred into Transwells
coated with LN5 and then incubated for 2h 37 °C. The migrated
cells were then quantified as described above.

Construction of Small Interference RNA Vector and Retrovi-
ral Infection—Small interfering oligonucleotides specific for
integrin a3 subunit were designed on the Takara Bio website,
and the oligonucleotide sequences used in the construction of
the small interference RNA vector were as follows: 5'-GATC-
CGCTATGGAGAATCACACTGATTCAAGAGATCAGTG-
TGATTCTCCATAGCTTTTTTG-3' and 5'-AATTCAAAA-
AAGCTATGGAGAATCACACTGATCTCTTGAATCAGT-
GTGATTCTCCATAGCG-3'. The oligonucleotides were
annealed and then ligated into BamHI/EcoRI sites of the RNAi-
Ready pSIREN-Retro Q vector (Takara Bio). A retroviral super-
natant was obtained by transfection of human embryonic kidney
293 cells using a Retrovirus Packaging Kit Eco (Takara Bio)
according to the manufacturer’s protocol. Embryonic fibroblasts
cells were infected with the viral supernatant, and the cells were
then selected with 15 ug/ml puromycin for 2—-3 weeks. Stable a3
integrin knockdown clones were therefore selected.

Tyrosine Phosphorylation Assay of FAK—Serum-starved cells
were detached and held in suspension for 60 min to reduce the
detachment-induced activation and then replated on dishes
coated with LN5 (5 nm) for the indicated times, and the cell
lysates were blotted with anti-phosphotyrosine FAK (pY397)
antibody. Then the equal loading was confirmed by blotting
with an antibody against total FAK.

Purification of a3B1 Integrin—The purification of a3B1 inte-
grin was performed as described previously (30). Briefly, con-
fluent cells were detached with TBS(+) (20 mm Tris-HCI, pH
7.5, 130 mm NaCl, 1 mm CaCl,, and 1 mm MgCl,) and washed
with TBS(+). The cell pellets were extracted with 50 mm Tris/
HCl containing 15 mm NaCl, 1 mm MgCl,, 1 mm MnCl,, pH 7.4,
and protease inhibitor mixture (Roche Applied Science), 100
mM octyl-B-p-glucopyranoside at 4 °C. The cell extract was
applied to an affinity column prepared by coupling 5 mg of GD6
peptide of laminin a1 chain (30) (KQNCLSSRASFRGCVRNL-
RLSR residues numbered 3011-3032, Peptide Institute, Inc.,
Osaka, Japan) to 1 ml of activated CH-Sepharose (Sigma). The
bound 31 integrin was eluted with 20 mm EDTA in 50 mm
Tris/HC], pH 7.4, containing 100 mm octyl-B-p-glucopyrano-
side. The elutes containing a381 integrin were further purified
on 1 ml of a wheat germ agglutinin-agarose column (Seikagaku
Corp.) and eluted with 0.2 M N-acetyl-D-glucosamine contain-
ing 100 mwm octyl-B-p-glucopyranoside. The purity of the inte-
grin was verified by SDS-PAGE by means of a silver staining kit
(Daichi Pure Chemicals Co., Ltd., Tokyo, Japan).

Analysis of N-Glycan Structure by Liquid Chromatography -

(LC/Tandem Mass Spectrometry (MS/MS))—Purified «381
integrin was applied to SDS-PAGE and excised from the gel
then cut into pieces. The gel pieces were destained and dehy-
drated with 50% acetonitrile. The protein in the gel was reduced

{R
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FIGURE 2. Effects of deficient core fucosylation on cell migration on LN5
but not on EN. Fut8*'*, Fut8~/~, and rescued cells were replated on the
upper chamber coated with LNS (5 nm), FN (15 nm), or 50 ug/ml COL. Cell
migration was determined using the Transwell assay described under “Exper-
imental Procedures.” A, representative fields on LNS were photographed
using a phase-contrast microscope. The arrowheads indicate migrated cells.
B, the numbers of migrated cells on LNS, FN, or COL were quantified and
expressed as the means * S.D. from three independent experiments.

and carboxymethylated with dithiothreitol and monoiodoacetic
acid according to the reports described by Kikuchi et 4l. (31) with
some modifications. N-Glycans were released and extracted from
the gel pieces as reported by Kustar et al. (32). The extracted
oligosaccharides were reduced with NaBH,. LC/MS was per-
formed using a quadrupole liner ion trap-Fourier transform
(FT) ion cyclotron resonance mass spectrometer (Finnigan
LTQ FT™, Thermo Electron Corp., San Jose, CA) connected
to a nanoLC system (Paradigm, Michrom BioResource, Inc,,
Auburn, CA). The eluents were 5 mm ammonium acetate, pH
9.6/2% CH3CN (pump A), and 5 mm ammonium acetate, pH
9.6/80% CH,CN (pump B). The borohydride-reduced N-linked
oligosaccharides were separated on a Hypercarb (0.1 X 150
mm, Thermo Electron Corp.) with alinear gradient of 5-20% of
B in 45 min and 20-50% of B in 45 min. FT-full MS scan (m/z
450-2000) followed by data-dependent MS/MS for the most
abundant ions was performed in both negative and positive ion
modes as described in the previous report (33).

RESULTS

Impaired a3B1 Integrin-mediated Cell Migration Was Found
in Fut8’~ Cells—One of the major functions of a3B1 integrin
is promotion of cell migration. In some malignant tumors,
a3p1 integrin was found to be the most predominant integrin
expressed (15), and it has made an important contribution to
metastasis (14); therefore, cell motility on different ECMs was
firstly examined by utilizing a Transwell assay. Cells were
applied into the chambers, the bottoms of which had been
coated with LNS5, FN, or COL. As shown in Fig. 2 {A and B),
Fut8~' cells showed impaired migration on LN5 by a decrease
to 44% relative to Fut8*”* cells. Consistently, reintroduction of
Fut8 partly restored cell migration by an increase in the per-
centage of migrating cells from 44% to 74%, indicating that core
fucosylation is required for LN5-stimulated cell migration. But
in the case of cell migration on FN, a specific ligand for o581
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FIGURE 3. Cell migration on LN5 was mediated by o381 integrin. A, Fut8*/*, Fut8~/~, and rescued cells were detached, preincubated with mouse control
1gG or function-blocking mAbs against 1, a6, or a21 integrin for 10 min, replated on the upper chamber coated with LN5 (5 nm), and checked by Transwell
assay. Representative fields were photographed using a phase-contract microscope. B, the numbers of migrated cells were quantified and expressed as the
means * S.D. from three independent experiments. C, cell migration of a3-knockdown cells on LN5 (5 nm). Representative fields were photographed using a
phase-contrast microscope. Arrowheads indicate migrated cells. D, quantification of migration of mock and a3-knockdown cells. The numbers of migrated cells
were quantified and expressed as the means * 5.D. from three independent experiments. £, a3-knockdown was confirmed by blotting total cell lysates with
anti-a3 antibody (upper panel), and equal loading was confirmed by probing with an antibody against total protein ERK1/2 (lower panel). KD1 and KD2,

a3-knockdown cells.

integrin, the obvious difference among Fut8*/*, Fut8 ', and
rescued cells was not found. In addition, the motility of these
three types of cells on COL, a ligand for «1p1 and a2p1 inte-
grins, was barely detectable (Fig. 2B). This suggested that a581,
alBl and o2p1 integrins, unlike receptor of laminin 5, may be
not strongly affected by Fut8. So MEF cells may favor LN5 as an
ECM for cell migration. Furthermore, the cell migration on
LNS5 was completely blocked by the presence of function-block-
ing antibodies against 81 but not by a6 or o281 integrin anti-
bodies (Fig. 3, A and B), further excluding the involvement of a6
and 21 integrin on LN5-stimulated cell migration. However,
so far the function-blocking antibody against mouse a3 is
unavailable. To definitely confirm the important function of
integrin a3 subunit for the cell migration on LN5, we utilized an
RNA interference strategy to silence a3 in MEF cells. After
retroviral infection, the cells were selected based on their resist-
ance to puromycin as described under “Experimental Proce-
dures.” Expression of @3 but not a5 (data not shown), or other
proteins such as ERK, was effectively down-regulated, com-
pared with those in mock cells (Fig. 3E). We then tested cell
migration on LN5 and found that a3-knockdown resulted in a
significant decreased cell migration compared with mock cells
(Fig. 3, C and D). Together with the data in Fig. 3 (4 and B),
these results provided the evidence that in this study the cell
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migration on LN5 was mediated by a3p1 integrin. This result
was consistent with the view of previous study that a331 inte-
grin is distinct from other integrins and preferentially promotes
cell migration (16). The result above was also supported by the
previous observation that LN5 as well as LN10/11 promoted cell
migration is mainly mediated by a31 integrin, but not a681 or
a634 integrins (34). However, we cannot definitely exclude the
involvement of syndecan-1 and -4, because it has been reported to
have an interaction with LN5 (35, 36); therefore, they might regu-
late integrin functions in an indirect way. Collectively, these results
suggested that a3 31 integrin is a key molecule for cell migration on
LNS5 in the embryonic fibroblasts and that core fucosylation regu-
lates a3B1 integrin-mediated cell migration.

Integrin-stimulated Phosphorylation of FAK Was Reduced in
Fut8™’~ Cells—ECM-integrin signaling events are promi-
nently involved in regulating cell migration (16). In particular,
the protein-tyrosine kinase FAK plays a prominent role in inte-
grin signaling (37-39). To address the effects of Fut8 on a381
integrin-mediated signaling, we examined FAK phosphoryla-
tion in adherent cells on LN5. As shown in Fig. 4, the level of
tyrosine phosphorylation was reduced in the Fut8 '~ cells
compared with Fut8*'™" cells, moreover the down-regulation of
phosphorylation in Fut8 '~ cells was restored in the rescued
cells, suggesting that deficient core fucosylation was able to neg-
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FIGURE 4. Comparison of tyrosine phosphorylation levels of FAK among
Fut8*'* and Fut8~'~ and rescued cells on LN5. Serum-starved cells were
detached and held in suspension for 60 min to reduce the detachment-in-
duced activation and then replated on dishes coated with LN5 (5 nm) for the
indicated times, and the cell lysates were blotted with anti-phosphotyrosine
FAK antibody to detect the amount of phosphorylation. Then the equal load-
ing was confirmed with an antibody against total protein FAK.
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FIGURE 5. Glycosylation analysis of o381 integrin from Fut8*'*, Futg~'~,
and rescued cells. Whole cell lysates were immunoprecipitated (/P) with
anti-a3 integrin antibody, and the resulting immunocomplexes were sub-
jected t07.5% SDS-PAGE under nonreducing condition. After electroblotting,
the blots were probed, respectively, by AAL (upper panel) and an anti-a3 inte-
grin antibody (fower panel).

atively regulate 31 integrin-mediated signaling pathway. Con-
siderable evidence implicates FAK in the regulation of cell migra-
tion. Most notably, FAK-deficient cells exhibit poor migration
ability in response to chemotactic and haptotactic migration
(40, 41). Therefore, based on such evidence we suggested that
the deficient signal transduction may account for the deficient
cell migration on LN5 in Fut8™'~ cells.

Expression of a3B1 Integrin on the Cell Surface Was Not
Influenced by Fut8—Some important glycosyltransferases have
been reported to modify and further regulate the functions of
integrins by modulating the status of glycosylation on them
such as GnT-III and GnT-V; however, there is no such data so
far to show the relation of Fut8 and integrins. Therefore, in Fig.
5, the fucosylation on 381 integrin among Fut8"/", Fut8™'~,
and rescued cells has been examined by using blotting of a3
integrin-immunoprecipitated lysates with AAL lectin (upper
panel). Equal loadings were verified by blotting with &3 integrin
antibodies (lower panel). As shown in Fig. 5, the levels of core
fucosylation in both a3 and B1 subunits were abolished in
Fut8 '~ cells consistent with no Fut8 activity in these cells (7),
whereas they were rescued by reintroduction of Fut8, suggest-
ing @31 integrin is the target of Fut8. Furthermore, the effect
of deficiency of core fucosylation on the expression of a381
integrin on the cell surface was also determined, because N-gly-
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FIGURE 6. Effects of core fucosylation on expression levels of a3$1 inte-
grin on cell surface. Fut8*'*, Fut8~’~, and rescued cells were biotinylated,
whole lysates were immunoprecipitated (IP) with anti-a3 integrin antibody,
the samples were subjected to 7.5% SDS-PAGE and transferred to a nitrocel-
lulose membrane, and the biotinylated proteins were then detected as
described under “Experimental Procedures.”

cosylation plays an important role in the quality control of the
expression of glycoproteins. The biotinylation of cell surface
proteins followed by immunoprecipitation of a3 integrin was
examined by blotted. As shown in Fig. 6, the expression levels of
a3B1 integrin on the cell surface remained unchanged among
Fut8*’", Fut8~'~,and rescued cells, indicating that the expres-
sion of @31 integrin on cell surface was not influenced by Fut8.

Collectively, we suggested that the deficiency of core fucosyla--

tion resulted in the malfunctions of a3p1 integrin but not its
expression level.

Purified a381 Integrin, Rich in Core Fucosylation, Was Shown
by LC/MS/MS—The analysis of glycan structural alteration in
glycoproteins is becoming increasingly important in the discov-
ery of therapies and diagnostic markers (42). To better under-
stand the detailed modification of Fut8 for a3pB1 integrin, we
purified o381 integrin from Fut8*'* and Fut8~'~ cells by using
a GD6 peptide affinity column combined with a wheat germ
agglutinin affinity column. The purity was evaluated by SDS-
PAGE followed by silver staining. Two major bands, migrating
at 150 and 110 kDa on SDS-PAGE under nonreducing condi-
tions (Fig. 7A, inset, right panel), corresponding to the immu-
noreactivity with the anti-a3 and anti-B1 antibodies, were
detected, respectively (data not shown). Then we analyzed
N-glycan profiles of purified o381 integrin by LC/MS and
LC/MS/MS. The profiles of the N-linked oligosaccharides
extracted from purified 381 integrin of Fut8*'* and Fut87'~,
respectively, are shown in Fig. 7A. They were obtained by full
MS scan (m1/z 450 —2000) in the negative ion mode. The FT MS
spectra of the peaks 1-7 (from Fut8*'*) and peaks 1'-7' (from
Fut8'™) are shown in Fig. 7B, respectively. The structures of
carbohydrates in these peaks could be deduced from the m/z
values of protonated ions obtained by FT MS and data-depend-
ent MS/MS spectra. The oligosaccharides released from a3f31
integrin of Fut8"'* (peaks 1-7) were assigned to fucosylated
complex and hybrid type oligosaccharides, whereas those
released from a3p1 integrin of Fut8~'~ (peaks 1'-7') were
nonfucosylated forms. The data correspond to that of AAL lec-
tin blot, revealing that a3f1 integrin derived from Fut8™*'" is
highly modified by Fut8 and suggesting loss of core fucosylation
will result in the deficiency of @381 integrin function.

DISCUSSION

The physiological importance of fucose modification on pro-
teins has been highlighted by the description of human congen-
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FIGURE 7. Chromatograms of N-linked oligosaccharides extracted from purified a3 1 integrin from Fut8*'* and Fut8~/~ cells. In A: MS, full MS scan
(m/z 450-2000) in the negative ion mode. LC, pump A, 5 mm ammonium acetate, pH 9.6/2% CH,CN; Pump B, 5 mm ammonium acetate, pH 9.6/80% CH,CN;
column, hypercarb (0.1 X 150 mm); gradient, 5-20% of B (0—45 min) and 20-50% of B (45-90 min). The purity of a3B1 integrin was verified by silver staining
under nonreducing condition as shown in the right panel of the inset. B, FT MS spectra of N-glycans from purified a3B1 integrin from Fut8*/* and Fut8 /'~ cells.
Peaks 1-7 in Fut8*'* cells, peaks 1'-7' in Fut8~/~ cells, and carbohydrate compositions assigned by m/z values of protonated ions and MS/MS spectra.
A, fucose; @, galactose; O, mannose; B, N-acetylglucosamine; ¢, N-acetylneuraminic acid.
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