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production upon stimulation with HA through an engagement
with TLR2 and that the enhancement of CI)44 expression was
observed in the HCV replicon-harboring cells of genotypes 1band
2abut not in cellsinfected with HCVec (genotype 2a, JEH1 strain).
We do not know the reason why CD44 expression was enhanced
in the replicon-harboring cells but not in cells infected with
HCVc, despite the identical origin of the viral genome. Contin-
uous replication of the HCV genome might be required for the
enthancement of CD44 expression in the replicon-harboring cells
autonomously replicating the HCV genome, in contrast to
HCVec-infected cells exhibiting distinet cytopathic effects. To
clarify the role of CD44 in the 1P-10 production in cells infected
with HCV in more detail, we have to await the establishment of a
robust and reliable in vitro replication system of various HCV
genotypes, especially genotypes 1b and 1a, which are associated
with progressive liver injury and persistent infection.

The cellular sources of CXCR3 ligands in CHC patients would
be liver parenchymal cells, hepatic stellate cells, and sinusoidal
endothelial cells within the liver and infiltrated immunocompe-
tent cells, such as lymphocytes, macrophages, and dendritic cells.
We have shown previously that production of IP-10 was enhanced
in the macrophage cell lines stably expressing HCV NS5A proteins
in response to various TLR ligands, in contrast to the impairment
of most proinflammatory cytokines and chemokines (1; also un-
published data). Although replication of HCV in the immuno-
competent cellsis conflicting (8, 20, 29, 39, 42), itmight be feasible
to speculate that IP-10 is produced in the immunocompetent cells
of CHC patients.

Upon tissue injury, high-molecular-weight HA, a ubiquitously
distributed extracellular matrix component, is degraded into low-
molecular-weight HA, which inn turn activates an inflammatory
response, although the precise receptor targeted for this response
is still controversial (19). On the other hand, it has been reported
that CD44 is dispensable for chemokine production by stimula-
tion with HA in macrophages (18). Interestingly, in HCV-repli-
cating cells, [P-10 production upon stimulation with HA but not
with FSL-1 requires CD44. These results suggest that IP-10 pro-
duction by stimulation with endogenous TLR2 ligands may be
regulated by at least two different pathways in hepatocytes of CHC
patients, through CD44-dependent and -independent pathways
in response to HA and ligands derived from the intestinal micro-
biota, respectively. The increase of HA expression in accord with
the progression of liver fibrosis in CHC patients may participate in
the CD44-dependent 1P-10 induction. On the other hand, HCV
core and NS3 proteins have been shown to induce immune acti-
vation in bmmunocompetent cells through a TLR2-dependent sig-
naling pathway, suggesting that IMCV proteins also participate in
tmmune activation as exogenous ligands (6, 7). We tried to neu-
tralize the IP-10 induction in the HCV replicon-harboring cells by
using monoclonal antibodies against CD44 and TLR2. However,
these antibodies exhibited no significant inhibition of IP-10 pro-
duction upon stimulation with HA (data not shown}, probably
due to Jack of inhibition of the interaction between ligands and
receptors. Furthermore, pretreatinent with PGN exhibited no ef-
fect on the binding of HA to CD44 (data not shown), suggesting
that the TLR2 agonist and HA bind to different regions of CD44.
Further studies are needed to darify the relationship between
TLR2 and CD44 for IP-10 production in the HCV-replicating
cells.

In contrast to our observations, it has been reported that the
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induction of CXC chemokines, particularly I-TAC, was signifi-
cantly enhanced in HCV-replicating cells following stimulation
with either IFN-v or TNF-« and that stimulation with both had a
synergistic effect {14). Although we confirmed that the expression
of all of the CXC chemokines was significantly induced by stimu-
lation with IFN-vy alone and costimulation with TNF-« in the
HCV replicon-harboring cells (Fig. 1E and data not shown), only
IP-10 was induced by stimulation with PGN or HA, suggesting
that 1P-10 is produced in HCV-replicating cells in a ligand-spe-
cific manner. The synergistic increase of I-TAC by the activation
of IRF3 through a dsRNA-dependent signaling pathway has also
beenreported (13}; however, itis difficult to reconcile the selective
increase of I-TAC production by the dsRNA-mediated innate im-
mune response because of the inhibition of the signaling pathway
by the HCV NS§3/-4A protease (25). Our data indicated that IP-10
production induced by HA or PGN is dependent upon the TLR2—
MyD88-NF-«B axis, suggesting that the activation of NF-«B
upon stimulation with HA plays a crudal role in the IP-10 pro-
duction in cells replicating HCV. Although both the TP-10 and
I-TAC promoters contain the ISRE, an increase in IP-10 produc-
tion from stimulation with HCV RNA (5" untranslated region),
poly(I-C}), IFN-vy, or TNF-a was not observed (13). Among the
CXC chemokines, only TP-10 has two NF-kB-binding clements in
the promoter, and the activation of IP-10 by stimulation with HA
was mainly regulated by NF-kB but not ISRE in cells replicating
HCV (Fig. 5E). These results strongly supported our notion that
the selective increase of IP-10 production by stimulation with HA
is dominantly regulated by the activation of NF-kB in the HCV-
replicating cells.

CD44 variants have been implicated in many biological pro-
cesses, including hematopoiesis, chronic inflammation, and met-
astatic spread of cancer cells (10, 38), and are useful markers in the
diagnosis and prognosis of the progression of human tumors (11,
13}, In chronic HCV infection, HA has been shown to be involved
in HCV pathogenesis, while the participation of the specific CD44
varfants has not been studied yet. The CD44v8 to -v10 variants
have been shown to directly associate with TLR2 through the cy-
toplasmic domain and negatively regulate the inflammatory re-
sponse in macrophages and mouse embryonic fibroblasts (21).
Furthermore, it has been shown that the expression of CD44 con-
tributes to the suppression of TLR4-mediated inflammation
through the induction of the negative regulator in alveolar and
peritoneal macrophages (27). The expression of TLR and CD44
variants varies among cell types, and the expression pattern of the
molecules might determine the inflammatory response in cells
infected with HCV. Further studies are needed to clarify the
involvement of each of the CD44 variants in the pathogenesis of
HCV.

Intervention to reduce the expression of endogenous HA and
to inhibit the interaction between CD44 and TLR2 may provide a
novel therapeutic measure for CHC patients exhibiting no re-
sponse to the current pharmaceutical intervention.
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V5-Drainage-Preserved Right Lobe Grafts Improve

Graft Congestion for Living Donor Liver
Transplantation

Takeo Toshima, Akinobu Taketomi, Toru Ikegami, Takasuke Fukuhara, Hiroto Kayashima,

Tomoharu Yoshizumi, Yuji Soejima, Ken Shirabe, and Yoshihiko Maehara

Background. Rightlobe (RL) grafts without middle hepatic vein for living donor liver transplantation (LDLT) resultin
congestion of recipients’ livers and sometimes in unfavorable postoperative course. This study aimed to evaluate the
feasibility of our new V5-drainage-preserved RL [VP-RL) graft,

Methods. Based on a review of 49 donors’ livers in a retrospective study using three-dimensional reconstruction-
computed tomography volumetry, hepatic vein draining segment 4 (V4) anatomy was classified into three types:
inferior V4 dominant (A); superior V4 dominant (B); and umbilical vein to left hepatic vein dominant {C). Differences
in functional graft volume (GV} and remnant liver volume (RV} between VP-RL and modified RL (M-RL) grafts with
all three types were evaluated. In a prospective study of actaal 15 LDLT, the outcome of venous reconstruction and
postoperative parameters with VP-RL grafts compared with M-RL grafts was analyzed.

Results. In the retrospective study using three-dimensional recenstruction-computed tomography volumetry,
in types B and C, functional GV of VP-RL was larger than that of M-RL (P<0.05) without impaired donors’
functional RV, whereas functional RV in VP-RL was significantly decreased in type A (P<0.05). In the prospec-
tive study of actual 15 LDLT, using VP-RL with types B and C, size and number of venous reconstructions, and
functional GV and postoperative parameters, such as postoperative serum’ total bilirubin levels and ascites vol-
ume, were significantly improved compared with those using M-RL (P<0.05).

Conclusions. Using preoperative V4 anatomical classification, VP-RL graft procurement is a valuable strategy in RL-

LDLT to improve postoperative course of both recipients and donors.

Keywords: Liver transplantation, Graft congestion, Right lobe, Modified right lobe,

{ Trausplantation 2012;93: 929-935)

L iving donor liver transplantation (LDLT) has become a
potent treatment modality for end-stage liver disease
since the first clinical report in 1989 (I). With the increase
in adult LDLT cases, the procured graft volume (GV) has
increased from a lateral segment to the left lobe, and even to
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the right lobe (RL}, for adult LDLT (2). In LDUT using a RL,
RL grafts without the middle hepatic vein (MHV) are usually
donated to insure donor safety in our institute (3, 4). Despite
favorable RL GV, complications such as a slow recovery of
liver function and small-for-size syndrome, which is charac-
terized by synthetic dysfunction, prolonged cholestasis, and
persistent ascites, are sometimes present in recipients after
LDLT (5-9). To resolve these problem, our previous study,
using a three-dimensional reconstruction (3DR) of a com-
puted tomography (CT) scan, demonstrated that recon-
struction of the MHV tributaries, including the hepatic vein
draining segment 5 (V5) and the hepatic vein draining seg-
ment 8 of the liver, is essential to avoid congestion of
the anterior segment of the RL graft if the calculated area
of congestion is more than 20% (10).

Since Lee et al. (11) first suggested the modified RL
(M-RL) graft in 2002, many types of autogenous interposi-
tion vein grafts have been used, and we devised an explanted
portal vein graft to effectively reconstruct MHV tributaries
(9). Graft congestion, caused by thin MHV tributaries
less than 5 mm, is almost compensated for by the forma-
tion of intrahepatic collaterals; however, a congested graft
might sometimes cause impaired liver function when the

www.transplantjournal.com | 929
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congestion is large (10, 12). To overcome this problem, an
extended RL graft with the MHYV is used in many countries;
however, the donor’s remnant liver tends to be small (13
14). To maintain the volume of remnant liver volume (RV),
Chan et al. {15) and Hwang et al. (16) demonstrated the
feasibility of RL grafts with (ml)f the caudal MHV, which
might lead to the “donor’s remnant liver with cranial MHV
preserving hepatic vein draining segment 4 {V4) drainage.

On the basis of the strategy by Chan et al. {15), we
devised a new concept to increase functional GV by im-
proving congested volume (CV) in a procured RL graft with
reconstruction of a large caudal MHV trunk draining all V5
tributaries. To select the appropriate liver type for our V5-
drainage-preserved RL (VP-RL) graft, donor’s livers were
classified into three types by V4 anatomy. Furthermore,
intraoperative venous reconstruction data and postoperative
clinical parameters between VP-RL graflts and M-RL grafts
were prospectively evaluated.

RESULTS

Classification of V4 Anatomy in the
Retrospective Study

The anatomical patterns of V4 in 49 cases were as
follows: type A, n=26; type B, n=15; and type C, n=8 (Fig. 1).
Infer im V4 {V4 inf.) drainage territory in type A occupied
48.3%1:13.2% of segment 4 of the liver (54} volume,
19.4% +6 1% of left Iobe volume, and 7.0%=2.0 % of whole
liver volume (WLV). Superior V4 (V4 sup.) drainage territory
in type B occupied 47.2%112.4% of S4 volume, 19.0%46.4%
of left lobe, and 6.9%+1.8% of WLV. Umbilical vein (UV)

Type A Type B
(n=26, 53.1%) | (=135, 30.6%)
Type C
(n=§, 16.3%)

lU\-’J

FIGURE 1. 3DR-CT images for classification of V4 anat-
omy in the retrospective study. The V4 anatomical patterns
in 49 cases were classified into three types: A, B, and C, in
which V4 inf., V4 sup., and UV from LHV predominantly
drain, respectively. 3DR, three-dimensional reconstruction;
CT, computed tomography; LHV, left hepatic vein; V4 inf,,
inferior V4; V4 sup., superior V4; UV, uribilical vein V4; V4,
hepatic vein draining segment 4.

Transplantation - Volume 93, Number 9, May 15, 2012

TABLE 1. Functional GV and RV with both M-RL and
VP-RL grafts in all the V4 anatomical types in the
retrospective study (n=49)

Functional GV (mL)  Functional RV (mL})

V4 classification {(/WLV; %) {/WLV; %)
Type A (n=26)
M-R1. 593228 36816
(3942} {362
VP-RL 614227 324423
(6223) (32¢2)
P value <0.05 <0.05
Type B (n=15)
M-RL 619+34 362:19
(60+2) (3521)
VP-RL 648434 350£28
(6313) (3421}
P value <{).05 NS
Type C (n=8)
M-RL 642145 370225
(58%3) (36:2)
VP-RL 633444 35438
(6243) (35:3)
P value <0.05 NS

Values are meanzSD.

SD, standard deviation; M-RL, modified right iobe, GV, graft volume; LV,
liver volume; NS, not significant; RL, right lobe; RV, remmant liver volume;
VP-RL, V3-drainage-preserved right lobe; WLV, whole liver volume,

from left hepatic vein {LHV) drainage territory in type C
occupied 42.6%%12.2% of $4 mlume 17.19%+5.8% of left
fobe volume, and 6.2%=1.4% of WLV.

Simulation of M-RI: and VP-RL Crafts With Three
Types of V4 Anatomy in the Retrospective Study

Liver volume, such as GV and RV, was calculated
by 3DR-CT volumetry. Functional GV and RV according to
the donor’s liver type are presented in Table 1. With type A,
functional GV in the VP-RL graft was significantly higher
than that in the M-RL graft (P<0.05); however, functional
RV in the VP-RL graft was significantly lower than that in
the M-RL graft (P<0.05). With types B and C, functional GV
in the VP-RL graft was significantly higher than that in the
M-RL graft (P<0.05), and functional RV in the VP-RL graft
was similar to that in the M-RL graft. Considering donor
safety, the criteria for graft selection in the prospective study
were VP-RL with types B and C, whereas for the M-RL graft,
only type A was used.

Outcome of 3DR-CT Volumetry and Venous
Reconstruction in the Prospective Study

Baseline characteristics in both donors and recipients
were not significantly different between the two groups (data
not shown). The data of 3DR-CT volumetry and venous
reconstruction are presented in Table 2. For the outcome of
donors’ side, any parameters, such as WLV and RV, were not
significantly different between the groups. Meanwhile, for
the outcome of recipients’ side, there were no significant
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TABLE 2. Outcome of 3DR-CT volumetry, venous reconstruction, and postopeérative clinical parameters in the
prospective study
Variables M-RL group (n=7) VP-RL group (n=8) P
3DR-CT volumetry
WLV (mL) 986£41 1015238 NS
RV (mL) 364%14 359£13 NS
Functional RV {mL} 364£15 33014 NS
GV (mL) 622432 656430 NS
SLV (mL) 1191447 1284444 NS
GRWR (%) 1 .0020.18 0.95320.33 NS
GVISLV (%) 52.247.2 52.4214.6 NS
CV (ml) 91=13 47213 <0.05
CV/GV (%) 94714 4.671.3 <0.05
Functional GV {(mL} 531437 6(9+35 =0.05
Venous reconstruction ,
Mean size of MHV trunk or V5 (mm) 6.6:0.8 11.4+0.7 (.01
Proportion of grafts with MHV trunk or 6 (85.7) 1(12.5) <0.01
V5<10 mm in diameter (%)
Number of MHV trunks or V5 2.9+0.2 1.0+0.2 <0.01
Postoperative parameters of donors
Operative time (min) 419+16 428+15 NS
Operative blood loss (g} 346160 420457 NS
Peak serum T-Bil tevels (ma/dL) 24503 3.020.2 NS§
Peak serum ALT levels (U/L) 725£114 5314107 NS
Hospital stay (d) 161 1341 N3
Complications greater than 2 (28.6) 1(12.5) NS
Clavien grade 1 (%]
Postoperative parameters of recipients
Operative time {min) 908+34 NS
Operative blood lass {g) 5349+1402 NS
Hospital stay (d} 367 NS
Complications greater than Clavien grade 3 (%) 2{28.6) NS
Serum T-Bil levels {mg/dL}
POD 1 9.4#5.5 <0.05
POD 3 +.842.4 <005
POD 5 7.824.1 NS
POD 7 6.1%4.3 NS
Ascites volume on POD 7 (mL) 4314254 <0.01
Duration of postoperative drainage (d) 1610 <0.03

Means are given aszSD or n (%),

IDR-CT, three-dimensional reconstruction-computed tomography; ALT, alanine aminotransferase; CV, congestive volume; GRWR, graft recipient’s
body weight ratio; GV/SLV, graft volume to recipient standard lver volume ratio; MHV, middle hepalic vein; M-RL, modified right lobe; NS, not significant;
POD, postoperative day; RV, remmant liver volume; SLV, standard liver volume; T-Bil, total bilirabin; VP-RL, V5-drairage-preserved right lobe; WLV, whole

liver volume.

differences in the graft recipient’s body weight ratio and GV
versus standard liver volume ratio between the groups.
However, CV and CV/GV in the VP-RL graft were signifi-
cantly lower than those in the M-RL graft (P<0.03); there-
fore, functional GV in the VP-RL graft was significantly
higher than that in the M-RL graft {P<0.05). With respect to
intraoperative venous reconstruction, the mean size of the
MHYV trunk in the VP-RL graft was significantly larger than
that of V5 branches in the M-RL graft (P<0.01), and the rate
of grafts with MHYV less than 10 mm in diameter and the
number of MHV wrunks in the VP-RL graft were signifi-

cantly lower than those of V5 branches in the M-RL graft
(P<0.01}.

Comparison of Postoperative Clinical Parameters
in the Prospective Study

The clinical parameters in donors, such as operative time,
operative blood loss, peak values of liver function tests, and
incidence of complications are presented in Table 2. There
were no significant differences in these parameters between
the groups. For the clinical parameters of recipients, with
respect to baseline characteristics of graft hemodynamics,
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there were no significant differences in portal vein pres-
sure after laparotomy and before abdominal closure, and in
the prevalence of refractory ascites, gastrointestinal bleed-
ing, spontaneous splenorenal shunt, transjuglar intrahe-
patic portosystemic shunt, splenectomy, and ligation of the
shunt between M-RL and VP-RL grafts (see Table, SDC 1,
htep://Hnks.bww.com/TP/A641). Data such as operative time,
operative blood loss, and hospital stay were not significantly
different between the groups (Table 2). The ratio of compli-
cations greater than Clavien grade 3 was comparable between
the groups: pancreas pseudoaneurysm and intraperitoneal
abscess (n = 1) and partial thrombus of the portal vein trunk
(n = 1) were found in VP-RL grafts, and thrombus of the
portal vein trunk requiring abdominal surgery (n=1) and bile
duct stenosis {n = 1) were found in M-RL grafts (Table 2).
Serum total bilirubin (T-Bil) values at postoperative days |
and 3 in VP-RL grafts were significantly lower than those
in M-RL grafts (P<0.05) (Table 2). Other function tests such
as serum aspartate aminotransferase (AST), alanine amino-
transferase (ALT), and prothrombin time were not signifi-
cantly different between the two groups (data not shown).
Ascites volume at postoperative day 7 and the duration of
postoperative drainage in VP-RL grafts were significantly
lower than those in M-RL grafts (ascites volume, P<0.01;
duration of postoperative drainage, P<0.05) {Table 2). All
the grafts and patients survived in the prospective study,

Transplantation * Volume 93, Number 8, May 15, 2012

including both donors and recipients (the mean follow-up
time was 32.7 months).

DISCUSSION

On the basis of the study by Chan et al,, tailoring the
donation of extended RL (15), we classified V4 anatomy in
more detail to select an appropriate donor liver type for VP-
RL grafts. From our study results, we concluded that VP-RL
grafts have a more favorable outcome compared with M-RL
grafts. Moreover, types B and C, in which V4 sup. and the
UV from LHV predominantly drain $4, were appropriate for
VP-RL grafts because of their stable functional RV (Table 1).
This could be a strategy against a slow postoperative recov-
ery of liver function or small-for-size syndrome for com-
plications in the recipient. Tn addition, by using VP-RL grafts
with liver types B and C, the size and number of venous
reconstructions, and functional GV were significantly im-
proved compared with those using M-RL grafts. Furthermore,
postoperative clinical parameters such as ascites volume
and serum T-Bil values in VP-RL grafts were significantly
improved.

One of the crucial problems for using RL grafts with-
out the MHV is liver dysfunction caused by deficiency of GV
or excessive CV (5, 7). There are some reports regarding the
impact of liver congestion (7, 10-12, 17-19). Maetani et al.

| Left + caudate lobe
GV/SLV 2 35% yes

Right lobe | <
graft.

|

Left + caudate lobe
graft.

Right lobe yes

Remnant liver volume

GV/SLV > 35% 235%
i yes
no; no .~ \l()
v ] CV<25%
Not suitable | &° - g yes
for donor no "
o | @Gv-cvysivzao% |
& no,.- ’ yes
Reconstruction | & : :
. needed With reconstruction
! _ aspossible
V4 anatomical classification |
TypeBIC [T no
yes e

FIGURE 2. Algorithm for the graft selection as used in our institution. The RL graft is chosen if the estimated extended left
with candate lobe volume is less than 35% of the recipient’s SIV. If a RV after procurement is less than 35% of WLV, this donor
should be rejected. If CV is more than 25% or the deducted CV from the GV is less than 40% of the recipient’s SLV,
reconstruction of these tributaries is required. If the donor's liver is type B or C by V4 anatomical classification, a VP-RL graft
is procured, whereas with type A, a M-RL graft is procured. SLV, standard liver volume; CV, congested volume; GV, graft
volume; RV, remnant liver volume; M-RL, modified right lobe, RL, right lobe; VP-RL, V5-drainage-preserved right lobe; WLV,

whole liver volume; V4, hepatic vein draining segment 4.
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(17) demonstrated that for a long-term outcome of 6 post-
operative months, the lack of anterior segment regeneration
was resolved by a compensatory regeneration of the posterior
segment and graft congestion in the anterior segment did not
affect overall graft regeneration. On the other hand, for the
short-term outcome as postoperative 7 days when postoper-
ative complications sometimes occur, we previously demon-
strated that congestion of the anterior segment caused by
impaired outflow was severe in several cases, and sometimes
the estimated CV exceeded 50% of the RL volume (7, 18, 12).
This graft congestion could lead to transient liver dysfunc-
tion and poor regeneration during the early postoperative
period. In addition, Akamatsu et al. (18) and Mizuno et al.
(19) demonstrated that liver regeneration in the congestion
area is significantly poorer compared with that in the non-
congestion area. Therefore, even in LDLT using RL grafts
where the actual GV may be relatively large, the impact of
congestion cannot be ignored. Regarding the benefit with
reconstruction of MHV tributaries, at least in the short-term,
we observed some favorable outcomes such as an improve-
ment in serum T-Bil levels and ascites volume by reducing
congestion of the anterior segment in VP-RL grafts.

The advantage of VP-RL grafts was that there was no
CV of $5 in the recipient liver, but there was minimal CV of
$4 in the donor liver. Considering donor safety, type A could

FIGURE 3. Stereoscopic images by 3DR-CT for transec-
tion lines in both M-RL and VP-RL grafts. Representative
images of a M-RL graft where the transection line is along
the right side of the MHV in a coronal plane image (A) and
sagittal plane image (C). There is likely to be mild CVofthe
anterior segment in the recipient liver butno CVof 84 in the
dornor liver. Representative images of a VP-RL graft where
the transection line is along the left side of the caudal MHV
and is cut off the caudal MHV trunk and the right side of the
cranial MHV in a coronal plane image (B) and sagittal plane
image (D). There is not likely to be CV of 8 in the recipient
liver with caudal MHV trunk reconstruction, but there might
be alittle CVof S4 in the donor liver. 3DR, three-dimensional
reconstruction; CT, computed tomography; CV, congested
volurne; MHV, middle hepatic vein; M-RL, modified right
lobe, RL, right lobe; 54, segment 4; 55, segment 5; S8,
segment 8; VP-RL, VB-drainage-preserved right lobe; V4
inf., inferior V4; V4 sup., superior V4.
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not be used for the VP-RL graft because functional RV in the
VP-RL graft was significantly lower than that in the M-RL
graft with type A (Table 1). Based on these findings, an al-
gorithm for graft selection was determined (Fig. 2). The left
lobe is initially considered as a graft with respect to donor
safety. The RL graft is chosen if the estimated extended left
with caudate lobe volume is less than 35% of the recipient’s
standard liver volume (SLV). If a RV after RL procurement
is less than 35% of WLV, this donor should be rejected. If CV
is more than 25% or the deducted CV from the GV is less
than 40% of the recipient’s SLV, reconstruction of these
tributaries is required. If the donor’s liver is type B or C
by V4 anatomical classification, a VP-RL graft is procured,
whereas with type A, a M-RL graft is procured.

Since the M-RL graft was first demonstrated by Lee
et al. (11), there have been some reports demonstrating the
reconstruction method of V5 and hepatic vein draining
segment 8 to prevent congestion of the anterior segment. We
previously demonstrated the feasibility of autogenous inter-
position vein grafts, such as the portal vein, saphenous vein,
inferior vena cava, inferior mesenteric vein, and internal
jugnlar vein (8, 9). Another method to improve CV is to use
an extended RL graft with the whole MHV (13, 14). To
overcome CV of §4 in the donor’s remnant liver, Chan et al.
(15} procured an extended RL with only the caudal MHV.
With this particular graft, the donors’ postoperative dini-
cal parameters were significantly improved compared with
normal extended RL; however, their strategy has a major
limitation. Tt was not clear how the V4 anatomical classifi-
cation by which the donor’s liver type their tailoring extended
RL should be procured. They also classified V4 anatomy into
three types based on $4 drainage into the MHV, UV, and
equally into MHV and UV. However, in our retrospective
analysis, functional RV was significantly decreased in LDLT
using the VP-RL grait with type A in which V4 inf. pre-
dominantly drains $4. Furthermore, the cutoff level of the
MHYV trunk needed be clear, immediately above the MHV
where all V5 drains into, to preserve the thick caudal MHV
trunk to reconstruct for complete drainage of S5.

In conclusion, VP-RL graft procurement is a safe and
reliable RL graft for improving functional LV and the post-
operative clinical course in the recipients, without impair-
ment of functional RV and the postoperative clinical course
in the donors by venous reconstruction with a large-sized
caudal MHV. Using preoperative V4 anatomical graft clas-
sification, a suitable liver type of the donor for the VP-RL
graft should be selected to ensure a good outcome for both
recipients and donors. However, these data should be
interpreted carefully because of the small numbers of cases,
and step-by-step analysis is essential to strengthen the
interpretation.

MAETERIALS AND METHODS

Donors in the Retrospective Study and Patients

in the Prospective Study

From July 2004 to May 2008, measurements of GV from preopera-
tive 3DR-CT volumetry for LDLT using RL grafts at Kyushu University
Hospital were retrospectively evaluated for 49 donors. The characteristics
and 3DR-CT volumetry of the €9 donors were as follows: age, 35 years;
proportion of males, 63.5%; height, 167 am; weight, 61 kg; body mass index,
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223 mg/dL; serum T-Bil, 0.6 mg/dL; serum AST, 17 U/L; ALT, 17 U/L;
WLV, 913 mL; GV, 320 ml; and RV, 393 mL.

Patients in the Prospective Study

For the prospective study, 15 donors were evaluated from June
2008 to February 2009. The characteristics and 3DR-CT volumetry of the
15 donors were as follows: age, 37 vears; proportion of males, 40.0%;
height, 162 um; weight, 56 ke; body mass index, 21.6 mg/dL; serum T-Bil,
0.6 mg/dL; serum AST, 20 U/L; ALT, 19 U/L; WLV, 1002 mlL; GV, 640 ml;
and RV, 361 mlL. None of these parameters in the 15 donors in the pro-
spective study were significantly different from those in the 49 donors in
the retrospective study {data not shown).

The indications for LDLT in the prospective study were liver cirrhosis
resulting from unknown cause (n = 3, hepatitis C (n=7), hepatitis B (n = 2},
alcohol abuse {n = 1}, Wilson disease (n = 1}, and chronic rejection (n = 1)
Eight patients had liver cirrhosis with hepatocellular carcinoma. All LDLTs
were performed after obtaining full informed consents from all patients and
approval by the Liver Transplantation Committee of Kyushu University.
The study protocol confirmed to the ethical guidelines of the 1975 Helsinki
Declaration and was approved by our institutional review board.

Graft Selection and Criteria for Venous

Reconstruction

Graft selection, including reconstruction of the MHV tributaries,
was performed according to a previously described algorithm (10). The SLV
of recipients was calculated according to the formula described by Urata
¢l al. (20). The explanted portal vein grafts were used for the reconstruc-
tion of MHV tributaries in 10 cases, and other interposition grafts included
the S:Lphemms vein {n = 4), inferior mesenteric vein {n = 3), and internal
jugular vein (o = 3).

Classification of V4 Anatomy and Evaluation of
Functional GV and RV

LV, CV, and drainage volume of cach small vein were calculated
by specialized computer software (Resion Growing Software Version (.5a;
Hitachi Medical Corporation, Chiba, Japan}. By using this software, the
stercoscopic patterns of V4 were visualized through 3DR of preoperative
dynamic CT images. Additionally, based on their dimmeter and length,
WLV and the volume of cach hepatic venous branch territory were suto-
matically calcalated (70, 12, 21). To identify the predominant V4 branch
for §4, we calculated a drainage liver volume for each of the V4 branches.
The CV/WLY ratio for each of the V4 branches was also calculiated. Based
on these evaluated date, V4 anatomical patterns were then dassified inw
three groups as types A, B, and C, which predominantly drain $4 as the V4
inf,, the V4 sup., or the UV to LHYV, respectively (Fig. 1). Both M-RL and
VP-RL grafts were retrospectively simulated with all three types to caleulate
the functional GV and the functional RV by deducting CV, which was com-
puted by the sum of the venous branches that were not reconstructed (16, 12).

Surgical Procedure With M-RL graft and VP-RL
Graft Donation

Figure 3 shows stere usm;m images through 3DR-CT images with
simulated different patterns for the two types of transection lines, for the
M-RL graft (Fig. 3A) and VP-RL graft (Fig. 3B} in the donated liver, The operative
procedures with M-RL grafts have been described elsewhere (3, 4, 22, 23).
Significant drainage veins from the anterior segment and inferior right
hepatic veins more than 5 mm in diameter were clipped and procured with
grafts for reconstruction at the back table. There was mild CV of the anterior
segment in the recipient liver but no CV of $4 in the donor liver because
the numbers of V5 were not always simpie and the interposition grafts to
be anastomosed with the RITV were limited in number,

The VP-RL graft was procured by transecting along the left side of
the caudal MHV, it was cut off the caudal MHV trunk, and then transected
along the right side of the following cranial MHV, as described previously
(15} (Fig. 3B). To preserve the thick caudal MHV trunk with the graft and
to reconstruct for complete drainage of $5, the MHV trunk was transected
immediately above the MHV where all V5 drained into. There was no OV
of S5 in the recipient Biver, but there was a litde CV of 34 in the donor
liver. The size and number of V5 branches in the M-RL graft were mea-
sured and those of the MHY trunk in the VP-RL graft.

Transplantation ¢ Volume 93, Number 9, May 15, 2012

Evaluation of Postoperative Clinical Parameters

“in the Prospective Study

After preoperative V4 classification through 3DR-CT irages, M-RL
grafts were procured in donors with type A of the V4 anatomical classifi-
cation, and VP-RL grafts were procured in those with types B and C. The
clinical follow-up of patients after LDLTs followed a strict protocol, which
did not change during the study period (3, 4). The operative time and intra-
operative blood loss were measured, and postoperative complications in-
clading ascites volume and hospital stay were compared between the two
types of grafts. Complications were classified according to Clavien’s classifi-
cation (24). The indication to remove drains was when the postoperative
drainage volume was less than 500 mL/day and the general condition of the
patients including other laboratory data were improved. When the patients’
condition was not improved or clinically stable, drains were not removed.

Statistical Analysis

All statistical analyses were performed using TMP stutistical software
version 7.01 (SAS Institute Inc., Cary, NC). All variables are expressed as
the meangstandard deviation. The continuous variables were conpared with
independent samples using the nonparametric Wilcoxon test or with depen-
dent samples using the parametric paired ¢ test. The calegorical data were
compared using l.hu Fisher’s test and x™-squared test. P values less than 0.03
were causidered significant.
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Baculovirus GP64-Mediated Entry into Mammalian Cells
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The baculovirus Autographa californica multiple nucleopolyhedrovirus (AcMNPV) serves as an efficient viral vector, not
only for abundant gene expression in insect cells, but also for gene delivery into mammalian cells. Lentivirus vectors pseu-
dotyped with the baculovirus envelope glycoprotein GP64 have been shown to acquire more potent gene transduction than
those with vesicular stomatitis virus (VSV) envelope glycoprotein G. However, there are conflicting hypotheses about the
molecular mechanisms of the entry of ACMNPV. Moreover, the mechanisms of the entry of pseudotyped viruses bearing
GP64 into mammalian cells are not well characterized. Determination of the entry mechanisms of ACMNPV and the pseu-
dotyped viruses bearing GP64 is important for future development of viral vectors that can deliver genes into mammalian
cells with greater efficiency and specificity. In this study, we generated three pseudotyped VSVs, NPVpv, VSVpy, and
MLVpv, bearing envelope proteins of AcMNPV, VSV, and murine leukemia virus, respectively. Depletion of membrane
cholesterol by treatment with methyl--cyclodextrin, which removes cholesterol from cellular membranes, inhibited
GP64-mediated internalization in a dose-dependent manner but did not inhibit attachment to the cell surface. Treatment
of cells with inhibitors or the expression of dominant-negative mutants for dynamin- and clathrin-mediated endocytosis
abrogated the internalization of ACMNPV and NPVpv into mammalian cells, whereas inhibition of caveolin-mediated en-
docytosis did not, Furthermore, inhibition of macropinocytosis reduced GP64-mediated internalization. These results
suggest that cholesterol in the plasma membrane, dynamin- and clathrin-dependent endocytosis, and macropinocytosis
play crucial roles in the entry of viruses bearing baculovirus GP64 into mammalian cells.

-uses represent highly evolved natural vectors for the transfer
of foreign genetic information into cells (74). This attribute
has enabled the engineering of recombinant viral vectors based on
retrovirus, lentivirus, adenovirus, adeno-associated virus, herpes-
virus, and baculovirus for the delivery of the foreign genes into
target tissues. While substantial progress has been made, further
vector refinement is required to overcome cytotoxicity, the induc-
tion of host immune responses, and the expression of viral genes
before such vectors can be approved for clinical use for any indi-
vidual disorder.

Baculovirus is an insect virus possessing a large double-
stranded circular DNA genome packaged into a rod-shaped cap-
sid. Among the numerous baculoviruses, Autographa californica
multiple nucleopolyhedrovirus (A¢MNPV} is the species most
frequently used for baculovirus studies. Although ACMNPV has
long been used as an efficient gene expression vector in insect cells
(41, 45), recombinant baculoviruses were shown to be capable of
entering into various mammalian cells without any replication
and of expressing foreign genes under the control of mammalian
promoters (11, 17, 63, 70, 71). Therefore, baculovirus is now rec-
ognized as a useful viral vector, not only for abundant gene ex-
pression in insect cells, but also for gene delivery into mammalian
cells. In addition to achieving efficient gene delivery, AcMNPV
has also been showi to stimulate hostantiviral immune responses
in mammalian cell lines (1-3, 24, 33, 63, 73, 77) and to confer
protection from lethal virus infection (3, 24) and progressive tu-
mor metastasis in mice (33). Furthermore, baculovirus has been
utilized as both a ubiquitous and a specific gene transfer vector in
the form of a recombinant virus bearing foreign proteins on the
viral surface in addition to GP64, which is the major envelope
glycoprotein of ACMNPYV (70, 71), and of a pseudotyped virus

2610 jvipsm.ong

displaying ligands of interest alone without GP64 (32), respec-
tively.

The mechanism of entry of ACMNPV has been studied mainly
in insect cells by using the extracellular budded viruses. AcMNPV
was shown to become internalized by receptor-mediated endocy-
tosis {26, 49, 58), and GP64 is initially involved in virus attach-
ment on the cell surface. Tn a recent study, heparan sulfate was
shown to be essential for gene transduction by baculovirus into
mammalian cells {78). After receptor-mediated internalization of
AcMNPV (26), GP64 undergoes conformational change into a
fusion-competent state at low pH, and the nucleocapsid is re-
leased into the cytoplasm after cell fusion (14, 43, 63, 73). Further-
more, GP64-null viruses exhibited appr ommdulv 98% reduction
in viral budding (7), indicating that GP64 is involved, not only in
viral entry, but also in the egress of viral particles from infected
cells.

Although the mechanisms of entry of AcMNPV into not only
insect cells, but also mammalian cells, have not been well charac-
terized, previous reports suggested that ACMNPV enters cells

Received 1 November 2011 Accepted 2 December 2011
Published ahead of print 21 Decermber 2011
adedress rorespondence o Yoshitang Matsuura, matsuura@bikens

ska-uacip.

Londan School of Hygieng and Tropical ”rdiam.,
aguvee, Departrnent of Blology, Jarnes |
anford, California, USA: T Abe, Department of
versity of Miami School of Medici rida, USA

* Present address: Y. Hanar
Londe

0022-538%/12/512.00  Journal of Virology  p. 2610-2620



through a clathrin-dependent (40, 44) or -independent (36) en-
docytic pathway. Moreover, it was shown recently that ACMNPV
enters cells through direct fusion with the plasma membrane at
low pH (7, 19). We reported previously that the entry of ACMNPV
into mammalian cells was inhibited by treatment with purified
lipids and was reduced in mutant hamster cell lines deficient in
phospholipid synthesis (71). Furthermore, we have shown that
GP64 interacts with CD55/decay-accelerating factor (DAF) in a
lipid raft and confers resistance to serum inactivation (30). These
data suggest that GP64’s interaction with phospholipids on the
cell surface plays an important role in the internalization of
AcMNPV into mammalian cells. The lipid raft isa cholesterol-rich
microdomain on the cell surface. It is characterized by detergent
insolubility; light density; enrichment of cholesterol, glycosphin-
golipids, and glycosylphosphatidylinositol-anchored protein; and
participation in cell surface receptor-mediated signal transduc-
tion, protein sorting, and membrane transport (9, 66). The lipid
raft has been shown to play an important role in the entry of
vaccinia virus (15) and Ebola virus (4], and in not only the entry
but also the budding of influenza virus {12, 60) and human im-
munodeficiency virus (HIV) (53).

In the present study, we investigated the mechanisms of GP64-
mediated viral entry into mammalian cells by using vesicular stoma-
titis virus (VSV) pseudotyped particles bearing various viral envelope
proteins, including GP64 of AcMNPV and a recombinant ACMNPV
possessing a luciferase gene under the control of a mammalian
promoter. Depletion of membrane cholesterol by methyl-S-
cyclodextrin (MBCD) impaired GP64-mediated entry in a dose-
dependent manner but did not affect attachment to the cell surface.
Inhibition of the dynamin-, dathrin-, and macropinocytosis-
mediated pathways by using inhibitors and dominant-negative mu-
tants impaired GPé4-mediated entry, whereas the inhibition of
caveolin-mediated endocytosis had no such effect. These results sug-
gest that cell surface cholesterol, dynamin- and clathrin-mediated
endocytoses, and macropinocytosis participate in the internalization
of viral particles bearing GP64 into mammalian cells.

MATERIALS AND METHODS

Cells. 889 cells derived from Spodoptera frugiperda were grown in SFO00-11
medium {Invitrogen, Carlsbad, CA) supplemented with or without 10%
fetal bovine serum (FBS) (Sigma, St. Louis, MO} at 27°C. Huh7 and 293T
cell lines were cultured in Dulbeceo’s modified Eagle’s medium {DMEM}
(Sigma} supplemented with 10% FBS.

Antibodies. Anti-GP64 monoclonal antibodies (AcV1 and AcVS)
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA}). Rabbit
anti-VP39 polyclonal antibody was prepared by intradermal injection of
the synthetic peptides of amino acid residues 37 to 49 (SPDAYHDDGW
FIC) of AcMNPV VP39 into a Japanese white rabbit purchased from
Kitayama Laboratories {Nagano, Japanj. Antibodies to caveolin- 1, calre-
ticulin, B-actin, and the FLAG tag (M2) were purchased from Sigma.
Antibodies to the hemagglutinin (HA) tag and green fluorescent protein
(GFP) were purchased from Covance (Richmond, CA) and Clontech,
respectively.

Plasmids. The ¢cDNA encoding ACMNPV GP64 was generated by
PCR, cloned into pCAGGS/MCS-PM (561, and designated pCAGGPG4.
pCAGVSVG, a plasmid encoding VSV-( protein under the control of the
CAG promoter, was constructed as described previously (69). HA-tagged
dynamin 2 {Dyn2}, a dominant-negative Dyn2 (K44A ) in which lysine® is
replaced with alanine, FLAG-tagged epidermal growth factor (EGF) re-
ceptor substrate 15 {(Epsi3), a dominant-negative Epsi5 (495-295), Ghu/
Glu (EE)-tagged Rab34, and a dominant-negative Rab34 (T66N} in which
threenine® is replaced with asparagine were cloned into pcDNAZLLL
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Caveolin-1 {CAV1) and a dominant-negative mutant (CAVIPSY) were
cloned into pAcGFP-C1 {Clontech, Mountain View, CA} (61). pSilencer-
CAV1, carrying 2 short hairpin RNA (shRNA) targeted to CAV1 under
the control of the U6 promoter, was constructed by cloning of the oligo-
nudeotide pair 5 -GATCCGATTGACTTTGAAGATGTGTTCAAGAGA
CACATCTTCAAAGTCAATCTTTTITTGGAAA-3" and 5'-
AGCTTTTCCAAAAAAGATTGACTTITGAAGATGTGTCTCTTGAACA
CATCTTCAAAGTCAATCG-3" between the doning sites of pSilencer
2.1-U6 hygro (Ambion, Austin, TX). The pSilencer negative-control plas-
mid {Ambion) has no homaology to any human gene. The plasmids used in
this study were confirmed by sequencing with ABI Prism genetic analyzer
3130 (Appilied Biosystems, Tokyo, Japan).

Production of pseudotyped VSVs and recombinant ACMNPV. Pseu-
dotyped VSVs and recombinant baculoviruses were generated as de-
scribed previously (30). To generate pseudotyped VSVs bearing the GPs4
protein of ACMNPV (NPVpv], the G protein of VSV (VSVpv}, and the
GP70 protein of murine leukemia virus (MLVpv), 293T cells were trans-
fected with pCAGGPS4, pCAGVSVG, and pFBASALF {provided by T
Mivazawa, Kyoto University), respectively; they were then infected with
VSVAG/Luc-*G, in which the G gene was replaced with the luciferase gene
and was pseudotyped with the G protein (63}, at a multiplicity of infection
(MOI} of 0.1. The virus was adsorbed for 2 h at 37°C and extensively
washed four times with serum-free DMEM. After 24 h of incubation at
37°Cwith DMEM-10% FBS, the culture supernatants were centrifuged to
remove cell debris and stored at ~80°C. The resulting VSV pseudotyped
viruses transiently display heterologous or homologous envelope pro-
teins. AcCAluc was generated by insertion of a luciferase gene under the
control of the CAG promoter {40). Schematic representations of the re-
combinant baculovirus and the pseudotyped VSVs used in this study are
shown below (see Fig. 2A). Recombinant baculovirus AcGP&4TC, pos-
sessing a tetracysteine {TC) tag {Cys-Cys-Pro-Gly-Cys-Cys) at the N ter-
minus of GP64, was generated by using a transfer vector, pAc-SURF2-TC,

in which the TC tag sequence was doned in frame under the signal se-

quence of GP&4 of pBACsurf~t {Merck KGaA, Darmstadt, Germany) by
using the Kpnl site (see Fig. 7A). AcGP84TC was then inoculated into $9
cells at an MOT of 0.1 and cultured in the presence of FIASH-EDT2 (In-
vitrogen) (23). Culture supernatants were collected at 4 days postinfec-
tion, purified by sucrose gradient ultracentrifugation, and stored at
—§0°C.

Reagents. Chiorpromazine hydrochloride (CPZ), dynasore, lova-
statin, MBCD, water-soluble cholesterol, and 3-N-ethyl-N-isopropyl
amiloride (EIPA) were obtained from Sigma. Cells were preincubared
with the drugs for 30 min (except for lovastatin) or 24 h (fovastatin) and
infected with AcCAluc or pseudotyped VSV, In the MBCD treatment and
cholesterol replenishment experiments, cells were cultured in DMEM
with 10% lipid-free serum (BioWest, Nuaille, France). In the cholesterol
replenishment experiments, cells were washed and incubated with
DMEM containing water-soluble cholesterol for 30 min after treatment
with Texas Red-labeled dextran, a marker of macropinocytosis {Invitro-
gen).

Determination of cellular cholesterol. MBCD-treated cells were
washed with phosphate-buffered saline (PBS), and cellular cholesterol
was determined as follows. Huh7 cells (10 cells/100 pl of PBS) were lysed
by three cycles of freeze-thawing followed by sonication in a water bath
sonicatar (three bursts of 20 s ecach a1 4°C). Cholesterol was extracted from
the cell lysates by adding chloroform {200 pl) and methanol (100 pl} to
the sonicated lysates (100 pi}, and the bottom layer was callected and
evaporated. The residual cholesterol was dissolved in ethanol and assayed
using the Amplex Red cholesterol kit {Invitrogen).

Quantitative PCR. Entry and binding of baculovirus to cells were
determined by quantitative PCR (gPCR). AcCAluc was incubated with
cells for 30 min at 4°C or 37°C and then washed three tiines with PBS with
or without 0. 1% trypsin. The amount of baculovirus genome in the total
cellular DNA (20 ng} was determined with Platimum SYBR green gPCR
SuperMix {Tnvitrogen) using GP64-specific primers (3-AGCTGATGTA
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FIG 1 Cholesterol participates in the internalization of baculovirus into mammalian cells through direct interaction with GP64. (A) Huh7 cells were
incubated with the purified GP64ATM at 4°C for 1 h, lysed with ice-cold lysis buffer, and subjected to a flotation assay. Aliquots of each fraction were
assayed by Western blot analysis, which detected GP64ATM, caveolin-1, a lipid ralt marker, and calreticulin, an endoplasmic reticulum marker, (B) The
amount of cholesterol and the viability of Huh7 cells treated with various concentrations of MBCD for 30 min. The open diamonds and dosed circles
indicate the cholesterol content and cell viability, respectively. (C) Binding of AcCAluc to cholesterol-depleted Huh7 cells. Huh7 cells treated with various
concentrations of MBCD were inoculated with AcCAlue at an MO of 5, incubated at 4°C for 30 min, and washed three times with PBS, after which
quantitative PCR determined the baculovirus genome in the total cellular DNA extracted from the cells {20 ng). PC represents viral genomes extracied
from untreated Huh7 cells incubated with AcCAlue, NCI represents viral genomes extracted from untreated cells washed three times with 0.1%
trypsin-PRBS after incubation with virus, and NC2 represents viral genomes extracted from mock-infected cells. ND, not detected. (D) Internalization of
AcCAluc in MBCD-treated Huh7 cells. Huh7 cells treated with various concentrations of MBCL were inoculated with AcCAluc at an MOT of 3, incubated
at 37°C for 30 min, and washed three times with 0.1% trypsin-PBS to remove the viral particles attached to the cell surface, after which quantitative PCR
determined the intracellular viral genomes in the total cellular DNA extracted from the cells (20 ng). The results are the averages of three independent

assays, with the error bars representing standard deviations (SD}. *, P < (.05,

CGAAAACGAT-3' and §-TCGTGCAGCATATTGTTTAG-3"). Viral
genomes extracted from Huh?7 cells incubated with AcCAlug, those from
cellswashed three imes with 0.19% trypsin-PBS after virus incubalion, and
those from mock-infected cells were used as a positive control {PC) and
negative control 1 {NC1} and NC2, respectively.

Immunofluorescent staining. Cells cultured to be 50% confluentona
chambered slide were treated with chemicals or transfected with the plas-
mids and then inoculated with the viruses after incubation at 37°C for 24
h. The cells were fixed at 4°C for 30 min with 4% paraformaldehyde in
PBS, permeabilized with 0.2% Triton X-100 in PBS for 5 min, and blocked
with 1% bovine serumalbumin (BSA} in PBS for | b at room lemperature.
The cells were reacted with appropriate primary antibodies diluted with
1% BSA in PBS for 1 h, followed by secondary antibodies; washed three
times with PBS; and observed with a FluoView FV1000 laser scanning
confocal microscope (Olympus, Tokyo, Japan).

Time-lapse microscopy. Huh7 cells were seeded at 1 X 10% cellsina
p-D2ish {iBidi, Munich, Germany), grown overnight to 50% confluence,
and incubated with FlAsH-labeled AcGP&4TC at an MOT of 50 and with
Texas Red-labeled dextran (2 mg/ml) at4°C for 30 min. Internalization of
the particles into living cells was observed at 37°C by laser scanning con-
focal microscopy. Digital images were analyzed with Image-Pro software
{Media Cybernetics, Bethesda, MD).

Flotation assay. The flotation assay was described previously (30).
Briefly, 2 million Huh? cells were infected with AcCAluc or incubated
with GPA4ATM, lacking a transmembranc region, which was expressed in
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insect cells and purified as described previously (2} at 4°C. The cells were

rashed three times with ice-cold PBS, harvested with a rubber policeman,
suspended in 500 ul of ice-cald TNE lysis buffer (25 mM Tris-HCl, pH
7.4, 150 mM NaClL, 3 mM EDTA, 0.1% Triton X-100}, and incubated on
ice for 30 min. The cell Iysates were mixed with OptiPrep (Sigma) to 1 ml
of a final concentration of 353%. This mixture was overlaid with 1 ml of
30%, 25%, and 10% OptiPrep, after which 0.5 ml of the lysis buffer was
centrifuged at 40,000 rpm at 4°C for 16 h in an SW35Ti rotor {Beckman
Caoulter, Fuilerton, CA). Each fraction was collected at 0.5 ml from the top
of the centrifuge tube at 4°C. The fractions were subjected to immuno-
blotting.

Transfection and immunoblotting. The plasmids were transfected
into cells using the FuGene 6 Transfection Reagent (Roche, Mannheim,
Germany) according to the manufacturer’s instructions. The protein
samples were subjected to 12.5% sodium dodecyl sulfate-polyacrylamide
gel elecirophoresis (SDS-PAGE). The proteins were transferred to an
Immobilon-P Transfer Membrane (Millipore, Tokyo, JTapan} and were
reacted with the appropriate antibodies. The immiine complexes were
visualized with Super Signal West Femto subswate (Pierce, Rockford, 1L}
and detected by an LAS-3000 image analyzer system (Fujifilm, Taokyo,
Japan).

Statistical analysis. The results were expressed as means = standard
deviations. The significance of differences in the means was determined by
Student’s t test.
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FIG 2 Cholesterol plays an important role in the internalization of baculovirus and the pseudotyped VSV bearing GP64. (A) Schematic representations of the
recombinant baculovirus and the pseudotyped VSVs used in this study. Recombinant baculovirus AcCaluc has a luciferase gene under the control of the CAG
promoter. The pseudotyped VSV, NPVpv, VSVpv, and MLVpv, have aluciferase gene in place of the G gene and transiently display heterologous or hamalogous
envelope proteins, (B) Huh7 cells were treated with varlous concentrations of MBCD for 30 min, followed by infection with AcCAluc (MOI, 33, NPVpv {(MOI,
0.5}, or VSVpv (MOI, 0.5}, and the infectivity of each virus was determined in relative luciferase units (RLU} at 24 h postinfection. {C) Huh7 cells treated with
5 mM MBCD were replenished with various concentrations of water-soluble cholesterol for 30 min, followed by infection with the viruses: the infectivity of each
virus was determined in RLU at 24 h postinfection. (D) Huh7 cells treated with 5 mM MBCD were incubated with AcCAluc at an MOT of 30 for 30 min. GPé4
was stained with anti-GP64 antibody (AcV5) and Alexa Fluor 488-conjugated goat anti-mouse immunoglobulin G antibody after fixation with 4% paraformal-
dehyde, followed by permeabilization with 0.1% Triton X-100. Nuclei were stained with DAPT {4" 6-diamidino-2-phenylindole). (E} Huh7 celis were treated
with various concentrations of lovastatin for 24 h, followed by inoculation with the viruses, and RLU and cell viability were determined at 24 h postinfection, The
results are the averages of three independent assays, with the ervor bars representing SD. The bar and line graphs indicate RLU and celi viability, respectively. ~,
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RESULTS

" Cholesterol participates in the internalization of baculovirus
into mammalian cells through direct interaction with GP64. A
lipid raft is a microdomain on the cellular membranc and is sen-
sitive to treatment with MBCD, which is a lipophilic cyclic oligo-
saccharide that is known to remove cholesterol from cellular
membranes and to disrupt lipid raft formation (29). We have
previously shown that GP64 expressed in mammalian cells was
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localized on the lipid rafts and that pseudotyped viruses bearing
GP&4 incorporated human decay-accelerating factor (DAF) dur-
ing the budding process in mammalian cells (30). DAF is a mem-
brane protein that regulates the complement system on the cell
surface. To examine the direct interaction between GP64 and the
lipid rafts during the entry process, a flotation assay was carried
out by mixing purified GP64ATM protein, which lacks a trans-
mernbrane region, with Huh7 cells. The GP64ATM was detected
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in fractions 3 to 6, which overlapped partially with those contain-
ing caveolin-1, a marker of lipid rafts (Fig. 1A), suggesting that the
GP64ATM directly interacts with lipid rafts on the cell surface. We
also performed this assay using AcCAluc, and GP64 was observed
in the lipid raft fraction (data not shown). Next, to examine the
role of cholesterol in the binding and internalization of baculovi-
rus and pseudotyped viruses, Huh?7 cells were treated with various
concentrations of MBCD and then inoculated with AcCAluc bear-
ing a luciferase gene under the CAG promoter. Treatment with
MBCD, a chemical that depletes cholesterol (29), reduced the cel-
lular cholesterol in Huh7 cells in a dose-dependent manner (Fig.
1B). Treatment with MBCD up to 2 mM exhibited no effect on
viras binding, but 5 mM MBCD treatment showed 30% reduc-
tion. However, 5 mM MBCD treatment induced 20% reduction
in living cells, as shown in Fig. 1B. In contrast, cholesterol reduc-
tion by MBCD treatment inhibited the internalization of AcCAluc
into Huh7 cells in a dose-dependent manner (Fig. 1D).-MBCD
treatment clearly inhibited the internalization of AcCAluc in a
dose-dependent manner, whereas 5 mM MBCD treatment exhib-
ited a maximum 30% reduction in viral attachment and no dose
dependency, suggesting that cholesterol participates mainly in the
internalization of AcMNPV and slightly in its binding to mamma-
lian cells. '

Cholesterol plays important roles in the internalization of
baculovirus and the pseudotyped VSV bearing GP64. To exam-
ine the role of cholesterol in GP64-mediated entry, Huh7 cells
were treated with various concentrations of MBCD, and the wi-
ruses were then inoculated. MBCD treatment suppressed lucifer-
ase expression in cells inoculated with AcCAluc and NPVpy, but
not with VSVpv, in a dose-dependent manner {Fig. 2B). Gene
transduction in Huh7 cells upon infection with AcCAluc and
NPVpv was reduced by approximately 50% and 90% by treatment
with 2 mM and 5 mM MBCD, respectively. To confirm cholester-
ol'seffect on the entry of the viruses, Huh? cells treated with 5 mM
MBCD were incubated with DMEM containing various concen-
trations of water-soluble cholesterol for 30 min and inoculated
with the viruses. Internalization of viral DNA was recovered with
AcCAluc, and NPVpv in the cholesterol-depleted cells was recov-
ered by the replenishment of cholesterol in a dose-dependent
manner (Fig. 2C). Next, we examined the effect of cholesterol on
the entry of baculoviras by immunofluorescence microscopy (Fig.
2D). Although MBCD treatment dramatically reduced the de-
tected level of GP64 in the cytoplasm, replenishment with choles-
terol returned the level to comparability with that of the untreated
cells. Finally, to confirm the effect of cholesterol on the internal-
ization of baculovirus, Huh7 cells were treated with lovastatin, an
inhibitor of cholesterol biosynthesis. Lovastatin treatment re-
duced the luciferase expression in cells inoculated with AcCAluc
and NPVpy, but not in those inoculated with VSVpv, in a dose-
dependent manner (Fig. 2E). Collectively, these results suggest
that cholesteral plays an important role in the internalization of
AcMNPV and the pseudotyped viruses bearing GP64 into mam-
malian cells.

Baculovirus and pseudotyped VSV bearing GP64 internalize
into mammalian cells through an endosome. There are conflict-
ing reports on the entry of AcMNPV suggesting that baculovirus
internalizes into cells through a clathrin-dependent endocytic
pathway (40, 44) or a clathrin-independent and phagocytosis-like
endocytic pathway (36). To determine whether ACOMNPV and the
pseudotyped viruses internalize into cells through endosomes,
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FIG 3 Baculovirus is internalized into mammalian cells through an endo-
some. (A} Huh7 cells were treated with various concentrations of N13,Cl for 30
min, followed by infection with AcCAlue (MO, 5), NPVpv (MOT, 0.5}, VSVpy
{MOL 0.5}, or MLVpv {MOL 0.5), and RLU and cell viability were determined
at 24 b postinfection. The results are the averages of three independent assays,
with the error bars representing SD. The bar and line graphs indicate REU and
cell viability, respectively. *, P <2 0.05. {B) Huh7 cells expressing GFP-fused
RhoB were infected with AcCAluc at an MOI of 30 for 45 min. GP64 was
stained with anti-GP64 antibody (AcV3) and Alexa Fluor 594-conjugated goat
anti-mouse immunoglobulin G antibody after fixation with 4% paraformal-
dehyde, followed by permeabilization with 0.1% Triton X-100. Nuclel were
stained with DAPL The boxed region in the merged image is magnified in the
inset.

Fuh7 cells were treated with ammonium chloride (NH,Cl}, an
inhibitor of endosome acidification. Luciferase expression in cells
inoculated with AcCAluc, NPVpv, and VSVpy was reduced by
treatmentwith NH,Clin a dose-dependent manner, in contrast to
cells infected with MLVpv, which enters cells through a direct
fusion between viral and plasma membranes at neutral pH (Fig,
3A). Next, to determine the subcellular localization of baculovi-
rus, infected Huh7 cells expressing GFP-fused RhoB, an endo-
some marker, were stained with anti-GP64 antibody {AcV3). The
colocalization of GP64 and RhoB was detected by confocal mi-
croscopy (Fig. 3B). These results support the notion that
AcMNPV and the pseudotyped VSV bearing GP64 internalize
into mammalian cells through endocytosts.

Dynamin participates in the internalization of baculovirus
and the pscudotyped VSV bearing GP64. We further examined
the roles of the molecules essential for endocytosis, including dy-
namin, clathrin, and caveolin, in the GP64-mediated internaliza-
tion of viral particles. The role of dynamin, a large G'TPase pro-
moting fission of the endocytic membrane and a pivotal factor in
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FIG 4 Dynamin participates in the internalization of baculovirus and the
pseudotyped VSV bearing GP64. (A} Huh7 cells transfected with EV or plas-
mids encoding the wild type or a dominant-negative mutant (K44A} of Dyn2
were infected with AcCAluc (MOL 5}, NPVpv (MOI, 0.5), VSVpv (MO, 0.5},
or MLVpv (MO, 0.5). The RLU and cell viability were determined at 24 h
postinfection. The results are the averages of three independent assays, with
the error bars representing SD. The bar and line graphs indicate RLU and cell
viability, respectively. *, P <2 0.05. {B} Huh7 cells were transfected with plas-
mids encoding either HA-Dyn2 or HA-K44A and were infected with AcCaluc
atan MOT of 30 at 24 h posttransfection. HA-Dyn2 and HA-K44A were stained
with rabbit antibodies against HA- and Alexa Fluor 594-conjugated goat anti-
rabbit immunoglobulin G antibody. GP64 was stained with anti-GP&4 anti-
body (AcV5) and Alexa Fluor 488-conjugated goat anti-mouse immunoglob-
ulin G antibody. Nuclei were stained with DAPL (C) Huh7 cells were treared
with various concentrations of dynasore for 30 min, followed by infection with
AcCaluc atan MO of 50. GP64 was stained with anti-GPG64 antibody (AcV5)
.and Alexa Fluor 488-conjugated goat anti-mouse immunoglobulin G anti-
body after fixation with 4% paraformaldehyde, followed by permeabilization
with 0.1% Triton X-100. Nuclei were stained with DAPL (D) Huh7 cells
treated with various concentrations of dynasore for 30 min were incubated

March 2012 Volume 86 Number 5

713

Baculovirus Entry into Mammalian Celis

endocytosis, was determined by using a dominant-negative mu-
tant of dynamin (K44A) and dynasore, an inhibitor of dynamin.
Expression of an HA-tagged dynamin mutant (K44A) inhibited
the gene transduction of AcCAlue, NPVpv, and VSVpv, but not
that of MLVpv, compared to the empty vector (EV) or the wild-
type (WT) HA-tagged dynamin (Dyn2) (Fig. 4A). Huh7 cells that
expressed either HA-tagged wild-type or K44A mutant dynamin
or that had been treated with various concentrations of dynasore
were inoculated with AcCAluc and examined by immunofluores-
cence microscopy after immunostaining. Expression of the K444
mutant, but not of wild-type dynamin, inhibited the internaliza~
tion of baculovirus {Fig. 4B), and treatment with dynasore also
reduced the internalization of the viruses in a dose-dependent
manner (Fig. 4C and D), indicating that dynamin participates in
the internalization of baculovirus and the pseudotyped VSV bear-
ing GP64.

Clathrin-dependent and caveola-independent endocytoses
participate in GP64-mediated viral entry into mammalian cells.
Both clathrin- and caveola-dependent endocytoses utilize dy-
namin. Therefore, we next examined the involvement of these
pathways in GPé4-mediated entry. The dominant-negative mu-
tant of caveolin-1, CAVIPSY, was shown to inhibit caveola-
mediated endocytosis (61). Expression of CAVIPSY (Fig. 5A) and
the knockdown of caveolin-1 by small interfering RNA (siRNA)
targeted to caveolin-1 (Fig. 5B) exhibited no significant effect on
gene transduction in Huh7 cells upon infection with AcCAlucand
the pscudotyped VSV, suggesting that caveola-mediated endocy-
tosis is not required for GP64-mediated viral entry. Next, we ex-
amined the involvement of clathrin in GP64-mediated entry.
Treatment with CPZ, an inhibitor of clathrin-mediated endocy-
tosis, inhibited the gene transduction of AcCAluc, NPVpv, and
VSVpv, but not that of MLV pv, in a dose-dependent manner (Fig.
5C). In immunofluorescence analysis, CPZ treatment abrogated
the internalization of GP64 into Huh7 cells (Fig. 5D}. Epsl5,
which localizes in the clathrin-coated pit, is a key factor in
clathrin-mediated endocytosis (5, 72). Expression of a dominant-
negative mutant of Eps15 (A95-295) produced a 40% reduction in
gene transduction of AcCAluc, NPVpv, and VSVpv but no reduc-
tion in that of MLVpv (Fig. 5E). These results suggested that
baculovirus and the psendotyped VSV bearing GP64 internalize
into mammalian cells through clathrin-dépendent and caveola-
independent endocytoses.

Macropinocytosis participates in GP64-mediated viral entry
into mammalian cells. Baculovirus is 40 to 50 nm in diameter and
200 to 400 nm in length (64}, while the clathrin-coated pit isabout
100 to 150 nm in diameter. Therefore, baculovirus particles are
likely a little too large for uptake by clathrin-mediated endocyto-
sis. To determine the role of macropinocytosis in the entry of
baculovirus, Huh?7 cells were treated with various concentrations
of ETIPA, an inhibitor of Na*/H* ion exchange and filopodium
formation, after which they were inoculated with the viruses.
Treatment with EIPA inhibited the gene transduction of AcCAluc

with AcCaluc at an MOT of 30 at 37°C for 30 min, after which cell viability was
determined. The cells were washed three times with 0.1% trypsin-PBS to re-
move the viral particles attached to the cell surface, and intracellular viral
geriomes in the total cellular DNA extracted from the cells {20 ng) were deter-
mined by quantitative PCR. The results are the averages of three independent
assays, with the error bars representing SD. The bar and line graphs indicate
RLU and cell viability, respectively. *, P < 0.05.
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FIG 3 Clathrin-dependent and caveola-independent endocytosis is involved
in GP&4-mediated viral entry into mammalian cells. (A} {Left) Huh7 cells
transtected with plasmids encoding either GIP, GFP-fused CAVI, or GFP-
fused CAVIVSY were infected with AcCAluc (MO, 5), NPVpy {MOL 0.5),
VSVpv (MOI, 0.5), or MLVpv (MOL, 0.5}, and RLU and cell viability were
determined at 24 h postinfection. {(Right) Expression of the GFP fusion CAV1
proteins was determined by immunoblotting. {B) (Left) The knockdown cells
were infected with AcCaluc (MOI, 5), NPVpv (MOI, 0.5), VSVpv (MOI, 0.3},
or MLVpv (MOI, 0.5). The RLU swere determined at 24 h postinfection.
{Right) Huh7 cells transfected with plasmids encoding shRNA targeted 1o
CAV1 (shCAV1) or nongpecific targets (shCTRL} were cultivated for 2 daysin
the presence of hygromycin and lysed with buffer containing 19 Triton X-100.
Expression of CAV! and actin was detected by immuneblotting. (C) Huh7
cells were treated with various concentrations of CPZ for 30 min, followed by
infection with AcCAluc (MOI, 5}, NPVpy (MOI, 0.5}, V&8Vpv (MOT, 0.5}, or
MLVpv (MOL 0.5), and the RLU and cell viability were determined at 24 h
postinfection. {D} Huh7 cellstreated with 5 pg/ml of CPZ were incubated with
AcCAluc at an MOIT of 50 for 30 min. GP64 was stained with anti-GP&4 anti-
body {AcV3) and Alexa Fluor 488-conjugated goat anti-mouse immunoglob-
ulin G antibody after fixation with 4% paraformaldehyde, followed by per-
meabilization with 0.1% Triton X-100. Nuclei were stained with DAPL (E)
Huh7 cells transfected with EV or plasmids encoding the wild type or a
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most efficiently, followed by that of NPVpv, in a dose-dependent
manner, whereas it had no effect on that of VSVpv and MLVpv
(Fig. 6A). Rab34 has been shown to be involved in the formation
of macropinosomes (67}, and the expression of a dominant-
negative mutant of Rab34 (T66N} in Huh?7 cells inhibited gene
transduction of AcCAluc and NPVpv, but not that of VSVpv or
MLVpv (Fig. 6B). In the immunofluorescence assay, treatment
with EIPA reduced the internalization of both baculovirus and
dextran in a dose-dependent manner (Fig. 6C and data not
shown). These results indicate that macropinocytosis also partic-
ipates in the internalization of baculovirus and that GP64 per se is
capable of inducing macropinocytosis.

Liveimaging of the internalization of baculovirus into mam-
malian cells, To examine the internalization of baculovirus by
live-cell imaging, we generated a recombinant baculovirus pos-
sessing tetracysteine-tagged GP64 (AcGP64TC) (Fig. 7A). The la-
beled tetracysteine tag allows imaging of the location of the pro-
tein. The labeled AcGP64TC and Texas Red-labeled dextran were
incubated with Huh7 cells. The labeled GP64 was incorporated
into cells together with dextran (Fig. 7B) over time. These results
support the notion that macropinocytosis also participates in the
internalization of baculovirus into mammalian cells.

DISCUSSION

Baculovirus has a large capacity to incorporate foreign genes and
exhibits a broad spectrum for internalization into mammalian
cells but low cytotoxicity due to a lack of replication; thus, bacu-
lovirus is thought to be a promising viral-vector candidate for
future human gene therapy (16, 34, 73). Baculovirus GP64 has
been shown to participate in attachment to both insect and mam-
mualian cells, as well as in the low-pH-triggered membrane fusion
following endocytosis (7, 8, 14, 16, 19, 28, 36, 38, 49, 50, 75).
Although the mechanisms of entry of AcMNPV have not been well
characterized, previous studies suggested that AcCNMPV enters
cells through a clathrin-dependent (40, 44) or -independent (36)
endocytic pathway. In this study, we utilized a recombinant bac-
ulovirus possessing a luciferase gene under the control of a mam-
malian promoter and pseudotyped viruses bearing envelope gly-
coproteins of ACMNPV, VSV, and MLV to facilitate more reliable
and quantitative analyses of GP64-mediated entry into mamma-
lian cells. The resultant data suggest that cholesterol participates in
the internalization of baculovirus but not in its binding to mam-
mulian cells and that baculovirus is internalized into cells through
clathrin-dependent but caveola-independent endocytosis or mac-
TopINnocytosis.

We reported previously that the entry of ACMNPV into mam-
malian cells was inhibited by treatment with either phosphatidyle-
thanolamine or phosphatidylinositol and was reduced in mutant
hamster cell lines deficient in phospholipid biosynthesis {70}, We
also previously showed that incorporation of human DAF into
viral particles through interaction with GP64 in the lipid raft con-
fers resistance to the viral particles bearing GP64 against serum

dominant-negative mutant (A93-295) of Epsl5 were infected with AcCAluc
(MO1, 5), NPVpv (MO, 0.5), VEVpy (MOI, 0.5), or MLVpv (MOI, 0.5). The
RLU and cell viability were determined at 24 h postinfection. The results are
the averages of three independent assays, with the error bars representing SD.
The bar and line graphs indicate RLU and cell viability, respectively. *, P <
0.05.
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FIG 6 Macropinocytosis participates in GP64-mediated viral entry info mam-
malian cells. (A} TTuh7 celis were treated with various concentrations of EIPA
for 30 min, followed by infection with AcCAluc (MO}, 533, NPVpv (MOL, 0.5},
VSVpv (MOIL, 0.53, or MLVpv {MOI, 0.5}, and RLU and ¢l viability were
determined at 24 h postinfection. The results are the averages of three inde-
pendent assays, with the error bars representing SD. 7, P <2 0.05. {B) Hul7 cells
transfected with EV or plasmids encoding the wild type or a dominam-
negative nwtant (T66N) of Rab34 were infected with AcCaluc (MOI, 3),
NPVpv (MOT, 053, VEVpv (MO, 6.5), or MLVpy (MOF, 0.51 The RLU and
cell viability were determined at 24 h postinfection. The bar and line graphs
indicate RLU and cell viability, respectively, =, P <2 (.05, (C) Huh7 cells were
treated with 40 pm of ETIPA for 30 min, followed by incubation with either
AcCAluc at an MOT of 50 or Texas Red-labeled dexiran {2 mg/mi). GP&4 was
stained with anti-GP64 antibody (AcV3] and Alexa Fluor 488-conjugated goar
anti-mouse 1gG antibody after fixation with 4% paraformaldehyde, followed
by permeabilization with 0.1% Triton X-100. Nuclei were stained with DAPL
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Dextran

S19 cells

FIG 7 Live images of internalization of the recombinant baculovirus into
mammalian cells, (A} AcGP84TC incorporates the TC tag sequence (Cys-Cys-
Pra-Gly-Cys-Cys) under the signal peptide sequence {SP) in the N terminus of
the mature GP64. The flanking amino acid sequences are -Ala-Asp-Len-Gln-
and -Pra-Arg-Ala-Glu-. ${9 cells were infected with AcGP64TC at an MOI of
0.1 and cultured in the presence of FIASH-EDT2 for 4 days, and the labeled
viral particles were incubated with Huh7 cells at 4°C for 30 min, together with
Texas Red-labeled dextran as a marker of macropinocytosis. The temperature
was then raised 1o 37°C for examination of the internalization of the particles
in the living cells by confocal microscopy. (B} Time-lapse images of the inter-
nalization of FlAsH-lzbeled AcGP64TC {green}, together with dextran {red),
into Huh7 cells. Tnternalization of the particles into cells was viewed at 37°C by
confocal microscopy.

inactivation (30}, The lipid raft plays crucial roles in signal trans-
duction, protein sorting, and membrane transport (9, 66). Clus-
tering of the lipid rafts was shown to be essential for the signaling
cascade (31, 66). In this study, we have shown that the depletion
and inhibition of the biosynthesis of cholesterol by treatment with
MPBCD and lovastatin, respectively, impaired GPé4-dependent
internalization but not the binding of the viruses. Phosphatidyl-
serine (PS), which is localized in the inner plasma membrane, is
krown to be exposed on the envelopes of viral particles of vaccinia
virus and HIV (10, 46). Morizono et al. reported that the serum-
soluble protein Gasé binds to both PS on viral particles and TAM
receptor tyrosine kinase Axl on target cells and mediates virus
binding by bridging the virus to target cells (52). Because Gas6-
dependent entry is not limited by a specific interaction between
viral envelope proteins and cell surface receptors, this alternative
pathway may broaden the host range and enhance the infectivity
of various envelope viruses. Infection swith pseudotyped Sindbis
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virus bearing baculovirus GP64 to human microvascular endo-
thelial cells was shown to be enhanced by treatment with Gas6
(51). However, our treatment with Gas6 had no effect on gene
transduction by baculovirus and NPVpv into both Huh7 and
A549 cells expressing low and high levels of Axl, respectively (data
notshown). Differences of pseudotyped virus, VSV based or Sind-
bis based, might raise this discrepancy. Further studies are needed
to clarify the involvement of cholesterol in the lipid raft in the
internalization of baculovirus inte mammalian cells.

Many enveloped viruses have been shown to internalize into
cells through an endocytosis pathway. Clathrin-mediated endocy-
tosis is involved in the internalization of viruses and receptors
through a clathrin-coated pit {100 to 150 nm in diarneter), The pit
buds into the cytosol and delivers a virus first to the early endo-
somes and then to the late endosomes and lysosomes (25). Many
molecules participate in this process, such as Dyn2, Epsl5, and
accessory protein 2 (13). A number of viruses, including VSV,
influenza virus, and hepatitis C virus, are known to use this path-
way for entry (6, 54, 68, 76). Conflicting data have been published
concerning the involvement of clathrin-dependent endocytosis in
the internalization of baculovirus into mammalian cells (36, 40,
44, 63}. To obtain more reliable data, in this study, we examined
GP64’s role in the entry into mammalian cells by using the pseu-
dotyped VSV bearing GP64, together with the pseudotypes pos-
sessing envelope glycoproteins of VSV and MLV, as viral controls
for entry through the endocytic pathway and direct fusion, respec-
tively. VSV is known to internalize into target cells through
clathrin-mediated endocytosis, and the G glycoprotein of VSV
exhibits characteristics similar to those of baculovirus GP64 (22).
The data obtained in this study support the notion that ACMNPV
is internalized into mammalian cells through clathrin-dependent
endocytosis (36, 40, 44, 63).

Caveolin-mediated endocytosis, a different form of clathrin-
mediated endocytosis, is known to be used by simian virus 40 (57).
Caveolae are the caveolin-coated and flask-shaped membrane in-
vaginations associated with lipid rafts (35, 37). Caveolin-1 is typ-
ically found in the lipid raft fraction of plasma membranes and is
essential for caveola formation through interaction with choles-
terol. For a molecule to be internalized through caveolin-
mediated endocytosis, it must be no larger than 50 to 80 nm, the
diameter of a flask-shaped caveola. Both clathrin- and caveolin-
mediated endocytoses require dynamin, a large GTPase promot-
ing the fission of the endocytic membrane (27). The expression of
a dominant-negative mutant of caveolin-1 and the suppression of
caveolin-1 did not affect the internalization of baculovirus; thisis
consistent with previous reports suggesting that baculovirus is
internalized into mammalian cells through the lipid raft microdo-
main in the caveola-independent pathway (36, 40, 44).

Macropinocytosis is associated with membrane raffles driven
by actin polymerization, such as filopodia and lamelipodia, and
has been studied mainly in antigen presentation and the uptake of
extracellular fluid and solids, as well as particles, such as bacteria,
apoptotic cell fragments, and viruses (21, 31). Viruses, such as
Ebola virus, vaccinia virus, coxsackievirus, herpes simplex virus
(HSV), and HIV, are reported to use macropinocytosis to enter
target cells (18, 42, 47, 48, 53, 62). Macropinocytosis is a transient,
growth-factor-induced, actin-dependent endocytic process that
leads to the internalization of fluid and membrane in large vacu-
oles. Like the factors involved in other endocytic mechanisms,
structural changes in the plasma membrane during macropinocy-
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Filopodia

Clathrin-dependent
endocytosis

FIG 8 Putative model of internalization of baculovirus into mammalian cells.
Baculovirus binds to a not-vet-identified cellular receptor(s) present in the
lipid raft. This association induces celhular remodeling through signal trans-
duction. In clathrin-mediated endocytosis, baculovirus is internalized into the
clathrin-coated pit. In macropinocytesis, filapodia formed by actin dynamics
wrapped the baculovirus into a macropinosome. The viral genome is released
from the endosome or macropinosome through membrane fusion induced by
low pH.

tosis are tightly regulated by many factors, including the Na*/H™*
exchanger, Rho GTPase family, and protein kinase C (PKC) (48).
In this study, macropinocytosis appeared to participate in the in-
ternalization of baculovirus into mammalian cells, based on data
obtained by treatment with EIPA, an inhibitor of the Na*/H*
exchanger; by the expression of the dominant-negative mutant of
Rab34, which is involved in macropinosome closure; and by the
time-lapse microscopic observation of the tetracystein-tagged Ac-
MNPV, in contrast to the previous observation {36). This discrep-
ancymight be attributable to the differences in cell types and assay
systems. Furthermore, the expression of a dominant-negative
mutant of Rab34 suppressed gene transduction in cells infected,
not only with AcCAluc, but also with NPVpv (Fig. 6B), suggesting
that the interaction of GP64 with the cellular receptor(s) triggers
macropinocytosis, as seen in infection with Ebola virus (53, 62).

The data in this stady suggest that baculovirus interacts with
the molecules on the lipid raft via GP64 and then is internalized
through clathrin-mediated endocytosis and macropinocytosis.
This pathway is reminiscent of the entry of EGF receptor,
which localizes in the caveola-containing lipid rafts {59), exits
from the lipid rafts upon interaction with EGF, and is internal-
ized into cells through clathrin-mediated endocytosis (39). A
hiypothetical model of baculovirus entry into mammalian cells
based on data in the present and previous studies is shown in
Fig. 8. In this model, baculovirus binds to a not-yet-identified
cellular receptor(s) present in the lipid rafts, this association
induces cellular remodeling through signal transduction, and
baculovirus is internalized into cells through clathrin-
mediated endocytosis and macropinocytosis.

Baculavirus is known to use heparan sulfate on the cell surface
as an attachment factor {20). In a recent study, Wu and Wang
identified the sequence in GP64 responsible for binding to hepa-
rin, and this binding is essential for baculovirus internalization
into mammalian cells (78}, Although there are many studies on
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baculovirus entry, no baculovirus entry receptors have been iden-
tified yet. Since baculovirus is capable of internalizing into various
cells Originating from not only insects, but also mammals, bacu-
loviras would utilize ubiquitously distributed or multiple mole-
cules to enter the cells. The data presented in this study should
provide clues for the future development of baculovirus vectors
suitable for efficient and specific gene delivery into target cells and
tissues.
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