The short consensus repeats 1 and 2, not the cytoplasmic domain, of human
CD46 are crucial for infection of subgroup B adenovirus serotype 35
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Abstract

Human CD46 (membrane cofactor protein) has recently been jdentified to be an attachment receptor for subgroup B adenoviruses (Ads), however,
the precise interaction between human CD46 and subgroup B Ads are just beginning to be understood. In this study, to characterize the interaction
between human CD46 and subgroup B Ads, varieties of mutant CD46 were tested for their ability to act as a receptor for Ad serotype 35 (Ad35), which
belongs to subgroup B. In addition, we determined Ad35 vector-mediated transgene expression and cellular uptake of Ad35 vectors in the presence of a
set of anti-CD46 antibodies. Our data demonstrated that the short consensus repeats (SCRs) 1 and 2 in human CD46 are important for interaction with
Ad35, whereas the cytoplasmic domain of human CD46 was found not to be required for the fimction as an Ad35 receptor. Rather, a complete deletion of
the cytoplasmic domain of human CD46 increased the transduction efficiencies of Ad35 vectors. This information should help in elucidation of the
mechanism of subgroup B Ad infection, as well in the improvement of the subgroup B Ad vectors.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Human adenoviruses (Ads) compose a large family of non-
enveloped, double-stranded DNA viruses that are a significant
cause of acute respiratory, gastrointestinal, and ocular infections
in humans. So far, at least 51 serotype Ads have been identified
and classified into six distinct subgroups (A-F) [1,2]. Among
them, subgroup B is further subdivided into subspecies B1 and B2
on the basis of various biophysical and biochemical criteria.
Among the 51 human Ad serotypes, the Ad vector most com-
monly used for gene transfer is composed of Ad serotype 5 (AdS),
which belongs to subgroup C. AdS vectors are very powerful and
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useful vehicles, but recent studies have revealed that they also
have some disadvantages, such as high seroprevalence toward
AdS in adult populations and low infection activity in cells lack-
ing a primary receptor for AdS, coxsackievirus and adenovirus
receptor (CAR). On the other hand, subgroup B Ads have unique
properties that are distinct from those of other subgroup Ads, and
that are highly attractive features as a framework for alternative
gene delivery vehicles. First, subgroup B Ads have been
identified as having lower prevalence than the Ads of other
subgroups. The seroprevalences toward most subgroup B Ads is
less than 20% in healthy blood donors, while more than 70% of
serum samples from healthy donors are positive for anti-AdS
antibody [3]. This indicates that transduction with Ad vectors
based on subgroup B is uniikely to be inhibited by preexisting
anti-Ad antibodies. Second, subgroup B Ads utilize human CD46
(membrane cofactor protein) as a cellular receptor for infection
[4,5], while other subgroup Ads recognize CAR. Human CD46 is
ubiquitously expressed in human cells, suggesting that subgroup
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B Ad vectors would have a broad tropism for human cells. We
have previously developed an Ad vector composed of Ad sero-
type 35 (Ad35), which belongs to subgroup B [6,7], and have
demonstrated that Ad35 vectors exhibit a wider tropism for
human cells, including CAR-negative cells, than Ad5 vectors [7].

Human CD46 is a type I transmembrane glycoprotein ex-
pressed in almost all human cells, except for erythrocytes. Human
CD46 is composed of four cysteine-rich short consensus repeats
(SCRs), a serine—threonine—proline-rich (STP) region, a short
region of unknown function, a hydrophobic transmembrane
domain, and a carboxy-terminal cytoplasmic domain. Alternative
splicing in the STP region and the cytoplasmic domain gives rise
to four major isoforms of human CD46 (BCL, BC2, C1, and C2).
All the isoforms function as cofactors for the plasma serine
protease factor I by binding to the complement factors C3b and
C4b deposited on self tissue [8,9]. By promoting the proteolytic
degradation of'these factors, these isoforms protect the cells from
complement attack [10,11]. In addition to this function, human
CD46 has been identified to be a receptor for several human
pathogens: measles virus (MV), human herpesvirus 6 (HHV6),
human subgroup B Ads, and two types of bacteria [4,5,12-15].
Among these pathogens, the interactions between human CD46
and MV, HHV6, and pathogenic Neisseria have been well stu-
died. MV-binding residues are located on SCRI1 and SCR2
[16,17], while SCR3 and 4 are essential for binding of HHV6 to
human CD46 [18]. The cytoplasmic domain of CD46 is not
required for infection of both MVand HHV6 [18,19]. However, it
still remains unknown which domains in human CD46 play an
importantrole in the interaction with subgroup B Ads. Elucidation
of the interaction between subgroup B Ads and CD46 would lead
to improvement of the Ad vectors that are composed of subgroup
B Ads.

In this study, the transduction experiments with Ad35 vectors
expressing luciferase were performed using cells expressing a
variety of human CD46 mutants in order to map the domains
which interact with Ad35. Furthermore, cells expressing wild-
type CD46 were transduced with Ad35 vectors in the presence of
monoclonal anti-human CD46 antibodies which recognize
different SCRs of human CD46. Finally, involvement of the
cytoplasmic domain of human CD46 with infection of Ad35 was
evaluated.

2. Materials and methods
2.1. Cells and antibodies

Chinese hamster ovary (CHO) cells and CHO transformants
stably expressing wild-type CD46, CD46 SCR deletion mutants
[16], or cytoplasmic tail deletion mutants were grown in Ham’s F-
12 medium with 10% fetal bovine serum. Cytoplasmic tail dele-
tion mutants (ACyt0 and ACyt6 mutants) were stable CHO
transformants generated by the transfection of pcDNA-CD46A
Cyt0 and pcDNA-CD46A Cyt6 (described below) into CHO cells
and selection with hygromycin (GIBCO-BRE, Rockville, MD).
Monoclonal antibodies agamst human CD46 SCR1, E4.3, MEM-
258, and J4-48 were purchased from Pharmingen (San Diego,
CA), Serotec Ltd. (Oxford, United Kingdom), and Immunotech

(Marseille, France), respectively, SCR2-specific antibody M177
and SCR3-specific antibody M160 were described previously
[20]. The monoclonal anti-CD46 antibodies used in this study and
their recognition sites are listed on Table 1.

2.2. Plasmids

The plasmid pcDNA-CD46C2, which contains the human
CD46 C2 isoform gene, was constructed as follows. The cDNA of
the human CD46 C2 isoform was amplified by PCR using the
following primers; CD46-forward, 5/-ATG GAG CCT CCC
GGC CGC CGC GAG TGT CCC-37; CD46-reverse, 5'-CGC
GGC CGC CTATTC AGC CTC TCT GCT CTG CTG-3". The
PCR product was cloned into the Pruel site of pcDNA3.1-Hyg(+)
(Invitrogen, Carlsbad, CA). The ¢cDNA of the CD46 mutant
lacking the cytoplasmic tail (amino acid residues 347-369)
(CD46 ACyt0) was prepared by PCR using the parent CD46 C2
c¢DNA as a template. The following primers were used for PCR;
CD46-forward (described above); and CD46TM-reverse, 5'-
GCG GCC GCT CAG TAC GGG ACA ACA CAA ATTACT
GCA AC-3'. The PCR product was cloned into the Pmel site of
pcDNA3.1-Hyg(+), resulting in pcDNA-CD46ACyt0. The
plasmid pcDNA-CD46ACyt6, which contains a human CD46
C2 isoform lacking a portion of the cytoplasmic domain (amino
acid residues 352-369) (CD46ACyt6), was constructed m a
similar manner using the following primers: CD46-forward (des-
cribed above); and CD46TM6-reverse, 5/-GCG GCC GCT CAC
CTC CTT TGA AGA TAT CTG TAC GGG AC-3'. The sequen-
ces of all the constructs were confirmed by DNA sequencing.

2.3. Flowcytometric analysis of CD46 expression

Several CHO cell transformants suspended in staining buffer
(phosphate buffered saline (PBS) buffer containing 1% bovine
serum albumin (BSA)) were incubated with mouse anti-human
CD46 antibodies (F4.3, M177, and M160) for 1 h. Subse-
quently, the cells were reacted with phycoerythrin (PE)-labeled
secondary anti-mouse IgG antibody (Pharmingen). After
washing with the staining buffer, the stained cells (10* cells)
were analyzed using a FACSCalibur and CellQuest software
(Becton Dickinson, Tokyo, Japan). For evaluation of Ad35
vector-mediated downregulation of CD46, the CHO transfor-
mants were transduced with Ad35L at 3000 vector particles
(VP)/cell for 1.5 h as described below. After a 1.5-h incubation,
CD46 expression levels m the cells were measured using flow-
cytometry as described above.

Table 1
Monoclonal anti-CDA46 antibodies used in this study

Anti-CD46 antibodies

Recognition domain

E43 SCR1
J4-48 SCR1 -
MEM-258 SCR1
Mi77 SCR2
M160 SCR3
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2.4. Adenovirus vectors

Ad35 vectors expressing luciferase, Ad35L, were prepared
by an improved ligation method as previously described [21].
Briefly, the luciferase-expressing Ad35 vector plasmid pAdMS4-
CMVL2 was constructed by ligating I-Ceul/Pl-Scel-digested
pAdMS4 with I-Ceul/PI-Scel-digested pCMVL1 [22]. pAdMS4-
CMVL2 was digested with ShfT and the linearized DNA was
transfected into VK10-9 cells (kindly provided by Dr. V. Kroug-
liak) [23]. Ad35L were generated 10-14 days after transfection,
amplified and purified as described previously [6,7]. Determina-
tion of virus particle titers was accomplished spectrophotomet-
rically by the method of Maizel et al. [24].

2.5. Transduction experiments

CHO cells and CHO transformants stably expressing wild-
type CD46 or CD46 mutants lacking SCRs or the cytoplasmic tail
were seeded at 1x10% cells/well into a 96-well plate. On the
following day, the cells were transduced with Ad35L at 3000 VP/
cell for 1.5 h. Forty-eight hours later, luciferase productions in the
cells were measured using a luciferase assay system (PicaGene
LT2.0, Toyo Inki Co. Ltd., Tokyo, Japan).

For antibody blocking experiments, CHO transformant ex-
pressing CD46 C2 isoform, which was seeded at 1 x 10* cells/well
in a 96-well plate the day before transduction, was preincubated
with the medium containing anti-CD46 antibodies (E4.3, MEM-
258, J4-48, M177, and M160) at the indicated concentrations at
4 °C for 1 h. Ad35L was then added at 3000 VP/cell and left for
1.5 h at 4 °C, after which the cells were washed and incubated at
37 °C. Luciferase productions in the cells were measured 48 h
after transduction as described above.

2.6. Real-time quantitative PCR

CHO cells and CHO transformants were seeded at 1 x 10° cells/
well into a 12-well plate. On the following day, the cells were
transduced with Ad35L as described above. After a48-h incubation,
the cells were washed with PBS, harvested, and pelleted. Total
DNA, including the Ad35 vector DNA, was extracted from the
cells using a Tissue DNeasy Kit (Qiagen, Valencia, CA, USA). The
quantitative real-time PCR was performed with 25 ng of sample
DNA, 0.5 1M each primer, 0.16 pM TagMan probe, and 25 pl of
TagMan universal PCR master mix (Applied Biosystems, Foster
City, CA, USA) in a final volume of 50 ul using the ABI Prism
7000 sequence detection system (Applied Biosystems). The PCR
was initially denatured at 95 °C for 10 min and then subjected to
cycles of 95 °C for 15 s and 60 °C for 1 min. The reaction was
carried out for 50 cycles. Primers for amplification were located m
the pIX region of Ad35 genome. The sequences of the primers and
probe used were as follows: forward, 5-TGGATGGAAGACCC
GTTCAA-3'; reverse, 5'-CGTCCAAAGGTGAAGAACTTA
AAGT-3’; probe, 5 FAM-CGCCAATTCTTCAACGCTGACC
TATGC-TAMRA 3'. These sequences were designed using Primer
Express software version 1.0 (Applied Biosystems), and it was
confirmed that they amplified the products of desired size. The
Ad35 vector plasmid pAdMS4 was used as a standard.

3. Results

3.1. Ad35 vector-mediated transduction on CHO transformanis
expressing CD46 deletion mutants

First, we examined which SCR domains of human CD46
(Fig. 1) are essential for infection of Ad35 using CHO trans-
formants expressing CD46 deletion mutants [16]. Before the
transduction experiments, CD46 expression levels and SCR
deletion on CHO transformants were confirmed by flowcyto-
metric analysis using anti-CD46 antibodies against each of the
SCRs. We found the sufficient levels of CD46 mutant expression
for all the clones (Fig. 2). The combined use of several anti-CD46
antibodies demonstrated that the corresponding SCR domains
were properly deleted on the CHO transformants. Deletion of
SCR4 on the ASCR4 mutant was confirmed by RT-PCR and
DNA sequence, because the SCR4-specific antibody was not
obtained (data not shown).

Next, transduction experiments with Ad35 vectors on CHO
transformants were performed. Transduction with Ad35L in
ASCR] and ASCR2 mutants resulted in approximately 50% of
the luciferase production obtained in CHO-CD46 cells, which
express full-length CD46. The decreases in the transduction
efficiencies in ASCR1 and ASCR2 mutants were similar. In
contrast, the ASCR3 and ASCR4 mutants produced amounts of
Tuciferase similar to those in CHO-CD46 cells after Ad35L
transduction (Fig. 3). Real-time PCR analysis also demonstrated
that the uptake of Ad35L was significantly reduced by 58% and
by 45% in ASCR1 and ASCR2 mutants, respectively, com-
pared with CHO-CD46 cells, in contrast, ASCR3 and ASCR4
mutants exhibited the levels of Ad35 vector uptake similar to
CHO-CD46 cells (Fig. 4). These results suggested that SCR1
and 2 are imvolved with- Ad35 infection.

3.2. Blocking of Ad35 vector infection by anti-CD46 antibodies

Next, to further examine which SCR domains in CD46 are used
for Ad35 infection, several monoclonal antibodies recognizing

SCR
{Short Consensus Repeat)

serine-threonine-proline-rich
(STP) region

Fig. 1. A schematic diagram of human CD46. Human CD46 is ubiquitously
expressed in almost all human cells mainly as four isoforms (BC1, BC2, C1, C2) that
are derived via altemnative splicing. Human CD46 is composed of four cysteine-rich
shart consensus repeats (SCRS), a serine~threonine—proline-rich (STP) region, a short
region of unknown function, a hydrophobic transmembrane domain, and a carboxy-
terminal cytoplasmic domain.
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Fig. 2. Expression profiles of CD46 deletion mutants detected by monoclonal anti-CD46 antibodies. The cells were stained with anti-CD46 antibodies against SCR1 (E4.3;
thin line), or SCR2 (M177; dotted line), followed by a PE-labeled secondary antibody, and subsequently analyzed by a flowcytometer. ASCR3 mutants were treated with
anti-CD46 antibody against SCR3 (M160; dotted line) instead of M177. As a negative control, the cells were incubated with irrelevant control IgG, followed by a PE-labeled

secondary antibody (thick line}.

different domains of CD46 were used to block the transduction with
Ad35 vectors. As shown in Fig. 5, the SCR1-specific antibody
MEM-258 and the SCR2-specific antibody M177 efficiently
mhibited the Ad35 vector-mediated transduction in CHO-CD46
cells, The manufacturer’s information indicates that MEM-258
recognizes the SCR4 domain; however, our data indicates that
MEM-258 binds to the SCR1 domain (data not shown). A recent
study also reported that the epitope of MEM-258 is located in SCR1
[25]. We found that the luciferase production in the presence of both
MEM-258 and MI177 at 0.5 pg/ml was significantly reduced,

400
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Fig. 3. Ad35L-mediated transduction in CHO cells expressing CD46 mutants lacking
SCRs. The cells were transduced with Ad35L at 3000 VP/cell for 1.5 h. The huciferase
productions in the cells were measured 48 h after transduction by luminescent assay.
The data were normmalized to the luciferase production in parental CHO cells. The
absolute luciferase production in parental CHO cells was 200 pg/well. The data are
expressed as the mean=S.D. (n=4). The asterisks indicate the level of significance
{P<0.005 [double asterisk] for comparison with CHO-CD46 cells).

compared with each of these antibodies alone (Fig. 5B). In contrast,
the antibodies E4.3 and J4-48, which also recognize SCR1, did not
decrease the luciferase production by Ad35L, suggesting that the
region recognized by MEM-258, but not F4.3 and J4-48, would be
mvolved with Ad35 infection. Decrease in the iransduction
efficiencies with Ad35L was not also found in the presence of
the SCR3-specific antibody M160. The anti-CD46 antibodies
which reduced the Ad35 vector-mediated transduction also inhi-
bited the uptake of Ad35L by CHO-CD46 cells in a dose-depen-
dent manner-(Fig. 6). The SCR1-specific antibody MEM-258 and

200+
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150 N .
*
100*] i I
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CHO CHO-CD46 ASCR1 ASCH2 ASCR3 ASCR4

&

&
o

Vector Copy Number (% of control)

Fig. 4. Cellular uptake of Ad35L in CHO cells expressing CD46 mutants lacking
SCRs. The cells were transduced with Ad35L at 3000 VP/cell for 1.5 h. The total
DNA, including the vector DNA, was extracted from the cells 48 h after
transduction. The copy numbers of the vector DNA were quantified by TagMan-
PCR. The data were nommalized to the amounts of the vector DNA in CHO cells.
The data are expressed as the mean+S.D. (;2=3). The asterisks indicate the level of
significance (P<0.005 [double asterisk] for comparison with CHO-CD46 cells).
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the SCR2-specific antibody M177 at 5 pg/ml decreased the cellular
uptake of Ad35L by 94%. These results suggest that CD46 SCR1
and SCR2 are crucial domains for Ad35 infection.

3.3. Ad35 vector-mediated transduction on CHO cells expres-
sing mutant CD46 lacking the cytoplasmic domain

To examine whether the intracellular domain of human CD46
is required for Ad35 infection, CHO transformants expressing
human CD46 C2 isoforms lacking the cytoplasmic domain,
CD46ACYTO0 and CD46ACYT6, were transduced with Ad35L.
All of the cytoplasmic domain is deleted in CD46A CYTO (amino
acid residues 347-369), while CD46ACYT6 contains the mem-
brane-proximal 6 amino acids of the cytoplasmic tail and lacks a
portion ofthe cytoplasmic domain (amino acid residues 352-369)
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Fig. 5. Blocking of Ad35L-mediated transduction by monoclonal anti-CD46
antibodies. (A) Inhibition of Ad35L-mediated transduction by monoclonal anti-CD46
antibodies. F4.3, MEM-258, and J4-48 (recognizing SCR1), M177 (recogpizing
SCR2), and M160 {(recognizing SCR3) were used as monoclonal anti-CD46 anti-
bodies. CHO cells expressing wild-type CD46 were preincubated with each antibody
at the indicated concentrations for 1 h and then infected with Ad35L at 3000 VP/cell.
The luciferase procuctions in the cells were measured by luminescent assay 48 h after
transduction. In control settings {(Control), the cells were preincubated with medium
only prior to transduction. The level of the luciferase production in control settings
was almost the same as that in the presence of control mouse IgG (data not shown).
(B) Combined inhibitory effect of MEM-258 and M177. The cells were preincubated
with MEM-258 and/or M177 at 0.5 ug/ml. The transduction experiments were
performed as described above. The data are expressed as the mean+8.D. (n=4).
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Fig. 6. Inhibition of cellular uptake of Ad35L by monoclonal anti-CD46
antibodies. CHO transformants expressing full-length CD46 were transduced with
Ad35L in the presence of anti-CD46 antibody MEM-258 and M177 as described in
Fig. 5. The total DNA, including the vector DNA, was extracted 48 h after
transduction. The vector copy number was quantified by TagMan-PCR. The data
were normalized to the amounts of the vector DNA in CHO cells expressing full-
length CD46 in the presence of control mouse IgG. The data are expressed as the
mean+S.D. (n=4).

including the potential phosphorylation domain {26,27], which
might be involved with various intracellular events, such as Ca*"
flux. The efficiency of the Ad35L-mediated transduction was
similar between CHO cells expressing CD46ACYT6 and CHO
cells expressing the full-length CD46 (Fig. 7). Furthermore,
deletion of all the cytoplasmic domain significantly increased the
transduction efficiency with Ad35L. These results indicate that
the cytoplasmic domain of human CD46 would not be required to
serve as a receptor for Ad35.

Next, we further measured the levels of CD46 expression in
CHO transformants expressing wild-type CD46 or CD46ACYTO
following transduction with Ad35L toinvestigate why deletion of
all the cytoplasmic domain increased the Ad35 vector-mediated
transduction efficiency. The cytoplasmic domain is largely res-
ponsible to the downregulation of CD46 induced by MV [28], and

500 ~
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Luciferase Production (% of control)
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CHO

CHO-CD46

ACYTO ACYTE

Fig. 7. Ad35L-mediated transduction in CHO cells expressing CD46 mutants
lacking the cytoplasmic domain. The cells were transduced with Ad35L at 3000
VP/eells for 1.5 h. The luciferase productions in the cells were measured 48 h after
transduction by luminescent assay. The data were normalized to the luciferase
production in parental CHO cells. The data are expressed as the mean£8.D. (n=4).
The asterisks indicate the level of significance (P<0.005 [double asterisk] for
comparison with CHO-CD46).
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Fig. 8. CD46 expression levels in CHO transformants after infection with
Ad35L. The CHO transformants expressing full-length CD46 or CD46ACYTO
were transduced with Ad35L at 3000 VP/cell for 1.5 h. After a 1.5-h incubation,
the cells were subjected to flowcytometric analysis for measurement of CD46
expression. The data are expressed as the mean+8.D. (n=4).

CD46 downregulation might influence the infectivity of the
viruses. Floweytometric analysis demonstrated that CD46 down-
regulation did not occur in both CHO transformants expressing
full-length CD46 or CD46ACYT0 following transduction with
Ad35L (Fig. 8), suggesting that CD46 downregulation by Ad35
vectors was not involved in the increase in the transduction
efficiencies of Ad35L in CHO cells expressing CD46ACYTO.

4. Discussion

Flucidation of the interaction between viruses and their
receptors is of great importance for studies of virus pathogenicity.
In addition, for the viruses that provide a framework for gene
delivery vehicles, such information may help us not only to
evaluate the transduction properties of virus vectors but also to
improve virus vectors. In this study, CHO cells expressing CD46
deletion mutants and several monoclonal anti-CD46 antibodies
were used to examine which regions are crucial for Ad35 in-
fection. Infection experiments in cells expressing CD46 mutants
lacking SCRs and blocking experiments using monoclonal anti-
CD46 antibodies have already been used to determine the
essential regions for infection of the pathogens recognizing CD46
in previous studies [16-18,29]. We applied this approach to
elucidation of the crucial regions in CD46 for subgroup B Ad
infection. The results presented herein demonstrated that the
essential domains for Ad35 infection are located in SCR1 and 2,
and that deletion of all the cytoplasmic domain in CD46 signi-
ficantly increases Ad35 vector-mediated transduction.

Previous studies have demonstrated that MV binds to SCR1 and
2 [16,17], whereas infection of HHV6 is mediated by SCR2 and 3
[18]. Thus, SCR2 of CD46 is a crucial domain for all the human
viruses utilizing CD46 (MV, HHVS6, and subgroup B Ads). More-
over, SCR2-specific antibody M177 significantly inhibits the in-
fection of all three viruses (Fig. 3) [ 18], suggesting that these viruses
would interact with the region recognized by M177. The amino
acids important for M177 binding, R69 and D70, which are located
in the middle of SCR2 [30], are also present in CD46 of the
cynomolgus monkey [31], which is susceptible to MV and HHV®6.

E Sakurai et al. / Journal of Controlled Release 113 (2006) 271-278

We also confirmed that primary cells isolated from the cynomolgus
monkey were efficiently transduced with Ad35 vectors (data not
shown).

Deletion of SCR1 as well as SCR2 largely decreased both the
transduction efficiency and the cellular uptake of Ad35L (Figs. 3
and 4). However, SCR1-specific E4.3 and J4-48 did not signi-
ficantly reduce the luciferase productions by Ad35L (Fig. 5). On the
other hand, the antibody MEM-258, which also recognizes SCR1,
significantly inhibited the Ad35 vector-mediated transduction and
cellular uptake of Ad35L (Figs. 5 and 6). The amino acids impor-
tant for binding of E4.3 and J4-48 are located on the top of SCR1
[31]. At present, it remains unclear where the epitope of MEM-258
is located within SCR1; however, the location of the epitope of
MEM-258 would be different from those of E4.3 and J4-48, and
would be important for Ad35 infection.

Recognition of SCR1 and 2 by Ad35 would be favorable for
mnfection of Ad35. SCR1 and 2 are located on the upper region of
CD46, leading to the decrease in electrostatic repulsion between
the virus capsid and acidic cell surface proteins and the increase in
attachment of Ad35 to the cell surface. Shayakhmetov and Lieber
demonstrated that electrostatic repulsion between the virus capsid
and cell surface is an important factor for Ad infection, especially
for Ads possessing a short fiber shaft [32]. Ad35 has a shorter
fiber shaft (9 nm) than Ad5 (37 nm).

During the preparation of this manuscript, two reports
concerning the domains of human CD46 which mteract with
subgroup B Ads were published [25,33]. Gaggar et al. demons-
trated that the subgroup B Ad-binding domain is located within
SCR2 alone [33], while Fleischli et al. reported that the presence
of both SCR1 and 2 is sufficient for infection of Ad35 and that
binding of Ad35 is not confined to a single SCR domain [25]. Our
data support the conclusion of Fleischli et al. The SCR2-specific
antibody M177 and the deletion of SCR2 decreased Ad35 vector-
mediated transduction (Figs. 3-6), suggesting that the region in
SCR2 recognized by M177 would be important for interaction
with Ad35. Luciferase production by Ad35L and cellular uptake
of Ad35L in ASCRI mutants was largely decreased, compared
with CHO-CD46 cells (Figs. 3 and 4), suggesting that SCR1
would also play a role in Ad35 infection. Although the decrease in
luciferase production and cellular uptake of Ad35L inthe ASCR1
mutant might be due to conformational change of SCR2 by the
deletion of SCR1, this is unlikely because the SCR2-specific
antibody M177 showed positive staining in the ASCRI mutant
(Fig. 2). This suggests that the region recognized by M177 would
hold an appropriate conformation in the ASCRI mutant. There-
fore, we conclude that both SCR1 and SCR2 are involved with
Ad35 infection. The finding that the SCR1-specific antibody
MEM-258 largely inhibited the transduction with Ad35L sup-
ports this conclusion (Figs. 5 and 6).

The cytoplasmic domain of human CD46 is not an absolute
requirement in order for this protein to serve as an attachment
receptor for Ad35 (Fig. 7). MV and HHV6 can also infect cells
via mutant CD46 lacking the cytoplasmic domain [18,19].
However, the luciferase production was significantly increased
in ACYTO, compared with that in CHO-CD46, in contrast,
Ad35L mediated similar levels of luciferase productions in both
CHO-CD46 and ACYT6. It remains unclear why the deletion of
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the entire cytoplasmic domain of human CD46 increased the
transduction efficiency, however, downregulation of CD46 was
not observed in both CHO-CD46 and ACYTO after transduction
with Ad35L (Fig. 7). These results suggest that the increase in
the transduction efficiencies of Ad35L in ACY'T0 was not due to
the lack of CD46 downregulation. One possibility for the in-
creased transduction efficiencies in ACYTO is that the amounts
of CD46 which Ad35 vectors can access to would be increased
by the deletion of the cytoplasmic domain. Maisner et al. de-
monstrated that CD46 are predominantly distributed in baso-
lateral side of the cells and that CD46 lacking the entire
cytoplasmic domain were transported to both apical and baso-
lateral sides [34]. CD46ACYTO might be more widely dis-
tributed than full-length CD46 in the CHO transformants,
leading to the increase in the infection of Ad35 vectors. Another
possibility is that the membrane-proximal 6 amino acids of the
cytoplasmic domain in CD46 C2 isoform might contain a signal
sequence for suppression of viral infection. Mouse macrophages
expressing a tailless human CD46 mutant are more susceptible
to MV infection than those expressing wild-type CD46 [35]. In
addition to these functions of the cytoplasmic domain, the
cytoplasmic domain plays important roles in immune responses
through CD46, such as cytokine productions. Hirano et al.
reported that the production of high levels of NO and IL-12 upon
MYV infection is dependent on the CD46 cytoplasmic domain
[35]. Kurita-Taniguchi et al. demonstrated that intracellular
phosphatase SHP-1 was found to be recruited to the cytoplasmic
tail of human CD46 when human macrophages became suffi-
ciently mature to produce IL-12 and NO in response to measles
virus [36]. Therefore, the cytoplasmic domain might be involved
with immune responses induced by Ad35 infection.

In summary, we demonstrated here that SCR1 and 2 of human
CD46 are required for Ad35 infection, while the cytoplasmic
domain of human CD46 is not crucial for an attachment receptor
function for Ad35. These results offer insight into the interaction
between human CD46 and subgroup B Ads, such as the inter-
nalization of Ad35 into the cells via CD46 and the crucial domain
in the Ad35 fiber knob for binding to CD46.
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Human CD46 (membrane cofactor protein), which serves as
a receptor for a variety of pathogens, including strains of
measles virus, human herpesvirus type 6 and Neisseria, is
rapidly downregulated from the cell surface following infec-
tion by these pathogens. Here, we report that replication-
incompetent adenovirus (Ad) serotype 35 (Ad35) vectors,
which belong to subgroup B and recognize human CD46 as a
receptor, downregulate CD46 following infection. A decline in
the surface expression of CD46 in human peripheral blood
mononuclear cells was detectable 6 h after infection, and
reached maximum (72%) 12 h after infection. Ad35 vector-
induced downregulation of surface CD46 levels gradually
recovered after the removal of Ad35 vectors, however,

complete recovery of CD46 expression was not observed
even at 96 h after removal. The surface expression of CD46
was also reduced after incubation with fiber-substituted Ad
serotype 5 (Ad5) vectors bearing Ad35 fiber proteins,
ultraviolet-irradiated Ad35, vectors and recombinant Ad35
fiber knob proteins; in contrast, conventional Ad5 vectors did
not induce surface CD46 downregulation, suggesting that the
fiber knob protein of Ad35 plays a crucial role in the
downregulation of surface CD46 density. These results have
important implications for gene therapy using CD46-utilizing Ad
vectors and for the pathogenesis of Ads that interact with CD46.
Gene Therapy advance online publication, 22 March 2007;
doi:10.1038/sj.gt.3302946

Keywords: adenovirus serotype 35 vector; CD46; downregulation; fiber knob; peripheral blood mononuclear cells

Introduction

Human CD46 is a transmembrane glycoprotein, which is
ubiquitously expressed in most or all human nucleated
cells. CD46 functions as a regulator of complement
activation, whose normal function is to protect the host
from autologous complement attack, by binding comple-
ment components C3b and C4b and facilitating their
cleavage by factor 122 In addition to these functions,
CD46 serves as a receptor for several pathogens, inclu-
ding strains of measles virus (MV),> human herpesvirus
type 6 (HHV6)* group A streptococci® and Neisseria.®
Among these pathogens, infection by certain strains of
MV,7# HHV6* and Neisseria gonorrhoeae® has been shown
to cause CD46 downregulation from the cell surface. The
detailed mechanisms of surface CD46 downregulation
upon infection by these pathogens remain to be
elucidated, however, the decrease in the surface density
of CD46 renders the cells more susceptible to lysis
by complements, as demonstrated in vitro,'* and may
contribute to the attenuation of these pathogens by rapid
clearing of infected cells.

Recently, it has been demonstrated that CD46 also acts
as a receptor for the majority of subgroup B adenoviruses
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(Ads), including Ad serotypes 11 (Adll) and 35
(Ad35).1*12 The fiber knob domain of AdIl or Ad35
binds to short consensus repeats (SCRs) 1 and/or 2 in
CD46 for infection.***s Furthermore, Ad35 competes for
binding to CD46 with the MV hemagglutinin (MVH)
protein,** which is responsible for both the attachment of
MV to CD46 and downregulation of surface CD46
expression levels.”” These findings led us to hypothesize
that CD46 is downregulated following infection by
subgroup B Ads, as occurs in the case of MV. On the
other hand, subgroup B Ad11 and Ad35 are considered
to be an attractive framework for gene transfer vectors for
the following reasons. First, Ad11 and Ad35 are known to
be rarely neutralized by human sera.”® Second, Ad11 and
Ad35 exhibit a broad tropism including cells expressing
no or low levels of coxsackievirus and adenovirus
receptor (CAR), which is a receptor for Ads belonging
to subgroups A, C, D, E and F.*® Several groups (including
the authors) have developed replication-incompetent
Ad vectors composed of subgroup B Ads*** or fiber-
substituted Ad serotype 5 (Ad5) vectors containing
subgroup B Ad fibers,”?* and have demonstrated that
these types of Ad vectors efficiently transduce a variety of
human cells, including cells refractory to conventional
Ad5 vectors. If surface CD46 downregulation occurs
following transduction with CD46-utilizing Ad vectors,
unexpected side effects might occur such as complement-
mediated cell lysis of successfully transduced cells, which
leads to clearance of the transduced cells.

In the present study, we examined replication-incom-
petent Ad35 vector-induced downregulation of surface
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CD46 expression. We found that transduction with Ad35
vectors significantly downregulated CD46 expression
from the cell surface in a dose-dependent and cell type-
specific manner. Ad35 vector-mediated downregulation
of surface CD46 was found to occur in leukemia cells,
whereas nonleukemia cells did not exhibit any decline in
surface CD46 expression following Ad35 vector infec-
tion. To the best of our knowledge, this is the first report
characterizing subgroup B Ad-mediated downregulation
of surface CD46.

Resulis

Infection with Ad35 vectors causes downregulation

of surface CD46 expression

To determine whether infection with Ad35 vectors
results in modulation of surface CD46 expression,
human peripheral blood mononuclear cells (PBMCs)
were incubated with the Ad35 vector expressing green
fluorescence protein (GFP) (Ad35GFP) at 10 000 vector
particle (VP)/cell and subjected to flow cytometric
analysis at various time points. This analysis demon-
strated that the surface expression levels of CD46 in
PBMCs gradually decreased during exposure to
Ad35GFP (Figure 1a). The significant decrease in CD46
was detectable 6 h after infection and reached maximum
12 h after infection (72% downregulation). Furthermore,
the downregulation of surface CD46 by Ad35 vectors
was found to be dose dependent (Figure 1b). PBMCs
infected at 1250 VP/cell showed significantly reduced
levels of CD46 expression (44% downregulation), and
71% downregulation of surface CD46 expression was
induced at 20000 VP/cell. These results indicate that
infection with Ad35 vectors downregulates surface CD46
expression, as happens in the cases of MV”* and HHV6.*
The viability of PBMCs was not significantly affected by
Ad35 vector infection {data not shown).

Next, in order to examine whether B cells (CD19* cells)
and T cells (CD3" cells) in PBMCs show a reduction in
surface CD46 levels after infection with Ad35 vectors,
PBMCs were simultaneously stained with anti-human
CD46 and anti-human CD19 or anti-human CD3
antibodies, and were subsequently subjected to flow
cytometric analysis. Surface CD46 downregulation was
found in both B cells and T cells after Ad35 vector
infection, but the levels of the downregulation in these
cells were lower than those of whole PBMCs (Figure 1c).
Surface CD46 expression in T cells was more largely
reduced than that in B cells. We also investigated
seven additional human cells (Molt-4, KG-1a, K562,
U937, A549, HelLa and human bone marrow-derived
CD34~ cells) for Ad35 vector-induced downregulation of
surface CD46 levels; the downregulation levels of surface
CD46 were different among the cell types (Table 1). K562,
U937, KG-la and Moli-4 cells exhibited a decrease
in CD46 expression following Ad35 vector infection (by
36% in K562 cells, 24% in U937 cells, 18% in KG-1a cells

Table 1 Downregulation of CD46 induced by Ad35 vectors in
various types of cells

Cell type % CD46 downregulation
Molt-4 55457
KG-la 184+2.6
K562 36+1.9
U937 244+8.6
A549 -10+8.0
Hela 7.9+18

Human bone marrow-derived CD34* cells —-114+5.2

The cells were infected with Ad35L at 10000 VP/cell. After
incubation for 24h, CD46 expression on the cell surface was
determined by flow cytometry as described in Materials and
methods. Values represent meanzs.d. of quadruplicate results
from two similar experiments.
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Figure1 Downregulation of CD46 from the cell surface of PBMCs after infection by Ad35 vectors. (a) Time course of CD46 downregulation
from the cell surface of PBMCs after infection with Ad35GFP. PBMCs were incubated with Ad35GFP at 10 000 VP/cell for up to 48 h. Cells
were harvested at the indicated time points and stained with anti-human CD46 antibodies after fixation. The expression levels of CD46 on the
cell surface were determined by flow cytometry. (b) Dose-dependent downregulation of surface CD46 after infection with Ad35 vectors.
PBMCs were infected with Ad35GFP at the indicated vector doses for 24 h. After incubation for 24 h, PBMCs were harvested and CD46
expression levels were determined by flow cytometry. (¢) Surface CD46 downregulation in B cells and T cells after infection with Ad35
vectors. PBMCs were infected with Ad35L at 10 000 VP/cell. After incubation for 24 h, PBMCs were harvested and stained with both anti-
human CD46 antibody and anti-human CD19 or anti-human CD3 antibody. Subsequently, the cells were subjected to flow cytometric
analysis. The asterisks indicate the level of significance (P <0.005 (double asterisk), P <0.05, (single asterisk)). Values represent mean +s.d. of

quadruplicate results from one of at least two similar experiments.
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Figure 2 Totdl cellular protein levels and mRNA levels of CD46 following infection by Ad35 vectors. (a) Western blotting analysis for the
total cellular protein levels of CD46 in PBMCs infected with Ad35GFP. PBMCs were incubated with Ad35GFP at 10 000 VP/cell for up to 48 h.

Cells collected at the indicated time points were lysed and

quantified by immunoblotting for their total cellular amounts of CD46. GAPDH

bands served as an internal control for equal total protein loading. This result was representative of three independent experiments.
(b) Semiquantitative RT-PCR analysis of CD46 in PBMCs infected with Ad35GFF. PBMCs were infected with Ad35GFP as described for
Western blotting analysis in Materials and methods. Total RNA was prepared from PBMCs following incubation with Ad35GFP, and RT-PCR
was then performed as described in Materials and methods. Lane M: 100-bp ladder. These results were representative of at least two

independent experiments.

and 55% in Molt-4 cells), whereas CD46 expression was
reduced not at all or only slighily in nonleukemia cells
(A549, HeLa and bone marrow CD34* cells). Indeed,
‘a slight increase in CD46 expression on the cell surface
was found in A549 and CD34* cells following Ad35
vector infection.

Total protein levels and mRNA levels of CD46 are not
reduced following Ad35 vector infection

To examine the mechanism of Ad35 vector-induced
downregulation of surface CD46, Western blotting and
semiquantitative reverse transcriptase-polymerase chain
reaction (RT-PCR) analysis for CD46 expression were
performed. Western blotting analysis using total cellular
lysates demonstrated that the total cellular levels of
CD46 were not reduced, but rather seemed to slightly
increase, during 48 h of exposure to Ad35GFP (Figure
2a), suggesting that CD46 may be internalized after
infection by Ad35 vectors without intracellular degrada-
tion, as in the case of MV.” In addition, infection by
Ad35GFP did not decrease the mRNA levels of CD46
(Figure 2b). These results indicate that infection by Ad35
vectors does not downregulate the transcription of the
CD46 gene.

Fiber knob proteins of subgroup B Ads play a crucial
role in the decrease in surface CD46 expression

To investigate which parts of Ad35 are involved in the
downregulation of surface CD46 levels, PBMCs were
incubated with conventional Ad5 vectors, fiber-substi-
tuted Ad5 vectors displaying the Ad35 fiber shaft and
knob, and uliraviolet (UV)- or heat-inactivated Ad35
vectors at 10 000 VP/cell for 24 h. The conventional Ad5
vectors expressing GFP, Ad5GFF, which utilizes CAR for
infection, did not downregulate CD46, whereas infection
by the Ad5F35 vector expressing GFP, Ad5F35GET,
which recognizes CD46 for infection, significantly re-
duced surface CD46 expression by 72% (Figure 3a). UV-
inactivated Ad35GFP also induced the downregulation
of surface CD46 by 62% following infection, which was a
level similar to that of surface CD46 downregulation
induced by Ad35GFP. However, heat-inactivated
Ad35GFP produced a lower level of surface CD46 down-
regulation than UV-inactivated Ad35GFP. This low level
of CD46 downregulation by heat-inactivated Ad35GFP
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Figure 3 Role of Ad35 fiber knob protein on downregulation of
surface CD46. (a) Downregulation of surface CD46 expression
induced by various types of Ad vectors. PBMCs were incubated
with Ad5GFF, Ad5F35GFP, Ad35GFF, UV-inactivated Ad35GFP or
heat-inactivatéed Ad35GFP at 10 000 VP/cell for 24 h, After incuba-
tion, the cells were subjected to flow cytometric analysis to
determine the level of CD46 expression. Values represent the
mean of duplicate results from one of three similar experiments.
(b) Downregulation of surface CD46 expression induced by Ad35

fiber knob protein. PBMCs were incubated with Ad5 or Ad35

fiber proteins at the indicated concentrations. After incubation for
24 h, the cells were subjected to flow cytometric analysis for the
measurement of surface CD46 levels. Values represent the mean of
quadruplicate results from one of three similar experiments.
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Figure 4 Recovery of surface CD46 expression after Ad35 vector-
mediated downregulation. PBMCs were infected with Ad35GFP at
10 000 VP /cell for 24 h. After a 24-h infection, PBMCs were washed
twice to remove the Ad35GFP, and resuspended and incubated in
fresh medium. After incubation, cells were harvested at the
indicated time points and CD46 expression was measured by flow
cytometry. Values represent meanzs.d. of quadruplicate results
from one of two similar experiments.

would be due to the thermal denaturation of fiber
proteins in Ad35GFP.

Next, PBMCs were incubated with recombinant Ad5
or Ad35 fiber knob proteins to further examine the role of
Ad35 fiber protein in the downregulation of surface
CD46 expression. Ad35 fiber knob proteins were found
to downregulate the surface expression levels of CD46 in
a dose-dependent manner, and maximal downregulation
of surface CD46 was induced by 55% at 4 ug/ml (Figure
3b). In conirast, no significant reduction in surface CD46
levels was found after incubation with Ad5 fiber knob
proteins, These results indicate that fiber knob proteins
of Ad35 play a crucial role in the downregulation of
surface levels of CD46.

Downregulated CD46 expression is not rapidly
restored after the removal of Ad35 vectors

Next, we examined how long it takes to restore surface
CD46 expression after Ad35 vector-induced downregu-
lation. Downregulation of surface CD46 induced by
Ad35GFP gradually recovered after resuspension, how-
ever, the recovery kinetics of CD46 expression after
the removal of Ad35 vectors was much lower than the
kinetics of Ad35 vector-induced decrease in the surface
CD46 (Figure 4). CD46 expression was downregulated

- by 65% before resuspension, and surface CD46 expres-

sion remained reduced by 53 and 49% at 24 and 48 h
after resuspension, respectively. Complete restoration of
surface CD46 expression was not observed even at 96 h
after resuspension, at which point 17% downregulation
remained, thus, more than 96 h are required to restore
completely surface CD46 expression after Ad35 vector-
induced downregulation.

Discussion

Understanding the interaction between cellular receptors
and viruses and subsequent events following the attach-
ment of viruses to receptors is important to elucidate the
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tropism, infectivity and pathogenicity of viruses. Many
previous studies have assessed the interaction between
CD46 and CD46-utilizing pathogens, especially MV, and
have demonsirated that infection by CD46-utilizing
pathogens causes unique cellular events. For example,
downregulation of CD46 from the cell surface occurs
following infection by MV,”*” HHV6* or Neisseria.” Addi-
tionally, MV. and HHV6 suppress interleukin (IL)-12
production in infected human monocytes.®*" However,
subsequent cellular events following the interaction
between human CD46 and subgroup B Ads have not
yet been fully evaluated. In the present study, we have
demonstrated the downregulation of human CD46 from
the cell surface following infection by Ad35 vectors
belonging to subgroup B.

MV-induced downregulation of surface CD46 has
been the most thoroughly studied aspect of the effects
of pathogens recognizing CD46. Nevertheless, the pre-
cise mechanisms of MV-induced downregulation of
surface CD46 remain to be darified; surface CD46
downregulation by MV exhibits similar properties to
that induced by Ad35 vectors. First, surface expression
levels of CD46 are reduced, whereas the total cellular
protein levels of CD46 are not significantly decreased
after infection,” as demonsirated by Western blotting
analysis (Figure 2a). These resulis suggest that CD46 may
be internalized without degradation following infection
by MV or Ad35. Second, the protein components, which
bind to CD46 in the virion, MVH proteins and fiber knob
proteins of Ad35, are involved with surface CD46
downregulation. Previous studies indicate that direct
protein—protein contact between CD46 and MVH pro-
teins is necessary for the MV-induced downregulation of
surface CD46 levels.®** The present data in Figure 3
indicate that fiber knob proteins of Ad35 play a crucial
role in the reduction in surface CD46 expression. These
common properties suggest that Ad35 might down-
regulate the surface expression levels of CD46 through
a mechanism similar to the one that acts in the case of
MV. This hypothesis is further supported by previous
findings that both the MVH and fiber knob proteins
of Ad35 recognize the domains within SCR1 and 2 of
CD46.13—15,33,34

However, the Ad35 vector-mediated modulation of
CD46 expression in nonleukemia cells differed from that
induced by MVH protein: Ad35 vectors did not produce
any decline in CD46 expression in the nonleukemia cells
used in the present study (HeLa, A549 and human bone
marrow-derived CD34* cells). We have also demon-
strated that surface CD46 expression was not decreased
following Ad35 vector infection in Chinese hamster
ovary (CHO) transformants expressing CD46* (data not
shown), however, the MVH protein downregulated
CD46 expression in HeLa cells* and in CHO transfor-
mants stably expressing CD46.* These findings suggest
that cellular events following the binding of Ad35
vectors to CD46 would be somewhat different from
those induced by MV in nonleukemia cells.

Downregulation of surface CD46 levels -by Ad35
vectors seems inefficient compared with that induced
by MV. An approximately 24% reduction in CD46
expression was achieved in U937 cells 24 h following
infection of Ad35L at 10000 VP/cell, which is an
approximate multiplicity of infection (MOI) of 50. In
contrast, infection by MV strain Edmonston in U937 cells



induced a decline of about 70% in CD46 expression 12 h
after infection even at an MOI of 5. The lower levels of
surface CD46 downregulation caused by replication-
incompetent Ad35 vectors might be partly due to a Jack
of virus replication; a previous study suggests that newly
synthesized MVH proteins in the infected cells further
downregulate surface CD46 expression.®

Piliated N. gonorrhoeae, which also utilizes CD46 as a
receptor, exhibits surface CD46 downregulation by the
shedding of CD46.° The total levels of CD46 in the
whole-cell lysates are reduced, and soluble CD46 is
found in cell culture supernatants after exposure fo
piliated N. gomorrhoese. It now remains unclear how
piliated N. gonorrhoeae induces shedding of CD46.
However, it is unlikely that Ad35 vector-induced shed-
ding of CD46 occurs because total cellular levels of CD46
were not reduced following infection with Ad35 vectors
(Figure 2a).

It is surprising that the downregulation of surface
CD46 expression was not readily restored after the
removal of Ad35 vectors because pulse-chase analysis
of CD46 showed that matured forms of CD46 are
synthesized within 1h.2® This raises the question of
why newly synthesized CD46 is not transported to the
surface membrane in Ad35 vector-infected cells and
where newly synthesized CD46 stays in the cells. Further
studies are necessary to address these questions.

Previous studies have demonstrated the increased
susceptibility of cells to complement-mediated lysis as a
result of surface CD46 downregulation,'*** however, we
found no apparent lysis of PBMCs in vitro by comple-
ments following Ad35 vector infection (data not shown).
It is now unclear why the complement-mediated cell
lysis did not occur in cells showing CD46 downregula-
tion by Ad35 vectors. One possible explanation is that
the decreased levels of surface CD46 by Ad35 vectors
might be enough to block the complement-mediated cell
lysis. Other complement regulatory proteins might com-
pensate the reduction in surface CD46 levels. Although
PBMCs showing the reduction in surface CD46 density
did not exhibit an apparent increase in susceptibility to
complement-mediated cell lysis in vitro, this study
suggests that we should exercise caution in the use of
CD46-utilizing Ad vectors. The reduction in CD46
expression in cells transduced with CD46-utilizing
Ad vectors might cause unexpected side effects after
in vivo application. Recently, CD46 has been demon-
strated to be involved in not only complement regulation
but also various cellular functions, such as immune
responses.®* It is essential to further examine the
influence of surface CD46 downregulation, including
the fate of the transduced cells, before initiating clinical
applications of CD46-utilizing Ad vectors. Additionally,
the influence of surface CD46 downregulation in vivo
should be evaluated in nonhuman primates; the use of
human CD46-transgenic mice is not recommended
because rodent CD46 expression is limited in testis,
and other complement regulators, such as decay-accel-
erating factor, protect cells from complement attack in
rodents.*

In summary, we have shown that infection by Ad35
vectors induces downregulation of human CD46 from
the cell surface in a dose-dependent and cell type-
specific manner. In addition to Ad35 vectors, fiber-
substituted Ad5 vectors containing fiber proteins derived
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from Ad35 also downregulate the surface expression of
CD46. Once the surface expression levels of CD46 have
declined, CD46 expression is not readily restored after
the removal of Ad35 vectors. The present study provides
important clues for clarifying the pathogenicity of
subgroup B Ad, and suggests caution in the use of Ad
vectors recognizing CD46 for gene therapy.

Materials and methods

Cells

Human PBMCs (Cambrex Bio Science, Walkersville, MD,
USA) were cultured in culture medium (Roswell Park
Memorial Institute (RPMI)1640 supplemented with
10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid, 1 mM sodium pyruvate, 0.1 mM nonessential amino
acids, 4 mM L-glutamine, 10% fetal bovine serum (FBS)).
Hela cells (human cervix epitheloid carcinoma) were
cultured with Dulbecco’s modified Eagle’s medium
supplemented with 10% FBS. A549 cells (a human lung
epithelial cell line) were cultured with F-12K medium
supplemented with 10% FBS. K562 cells (human
chronic myelogenous leukemia in blast crisis), U937 cells
(a2 human lymphoma cell line), Molt-4 (a human T-cell
leukemia cell line) and KG-la cells (human bone
marrow acute myelogenous leukemia) were cultured
with RPMI1640 medium supplemented with 10% FBS.
Human bone marrow-derived CD34" cells (Cambrex Bio
Science) were cultured with StemSpan 2000 containing
cytokine cocktail StemSpan CC100 (human Flt-3 ligand
(100 ng/ml), human stem cell factor (100 ng/ml), human
IL-3 (20 ng/ml) and human IL-6 (20 ng/ml)) (StemCell
Technologies Inc., Vancouver, BC, Canada).

Ad vectors

Ad35 vectors containing a cytomegalovirus promoter-
driven enhanced GFP expression cassette or a cytome-
galovirns promoter-driven firefly luciferase expression
cassette, Ad35GFP and Ad35L, respectively, were con-
structed by the improved in vitro ligation method
described previously.®® GFP-expressing conventional
Ad5-based vectors, AJdSGFP and fiber-substituted
Ad5-based vectors displaying the fiber knob and shaft
of Ad35, Ad5F35GFP, were also constructed as described
previously.>*! Determination of the virus particle titers
of Ad vectors was accomplished following the method
described by Maizel ef al.** Ad35GFP was UV- and heat-
inactivated by exposure to 254-nm radiation for 1 h, and
by incubation at 48°C for 1 h, respectively. The efficiency
of the inactivation was confirmed by comparing the
transduction efficiencies of control and inactivated
Ad35GEFP.

Downregulation of surface CD46 by infection with
Ad35 vectors

For the present time course study of the downregulation
of surface CD46, PBMCs were seeded in a 96-well plate
at 5.0 x 10% cells/well and incubated with Ad35GFP at
10 000 VP/cell. PBMCs were harvested at various time
points and subjected to flow cytometric analyses as
described below. For the study of the dose-dependent
downregulation of surface CD46, PBMCs were infected
with Ad35GFP at the indicated vector doses. After incu-
bation for 24 h, the surface expression levels of CD46
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were measured by flow cytomeiry. Analysis of the
downregulation of surface CD46 levels in response to
various types of Ad vectors was similarly performed.
Ad35 vector-mediated decrease in the surface CD46
levels was also assessed in various types of human cells
(Molt-4, KG-1a, K562, U937, A549, HelLa and human
bone marrow-derived CD34* cells). Cells were seeded in
a 24- or 96-well plate and infected with Ad35L at
10 000 VP/cell. After incubation for 24 h, CD46 expres-
sion levels were assessed by flow cytometry.

Ad35 fiber knob-mediated downregulation of surface
CD46

Recombinant Ad35 fiber knob protein was constructed
similarly to Ad5 fiber knob,* using Ad35 vector plasmid
pAdMS4* and the following primers: forward, 5'-tcg aat
tca cct tat gga ctg gaa taa acc c-3' (EcoRI site is
underlined); reverse, 5'-atg_cgg ccg ctt agt tgt cgt cit cig
taa tgt aag a-3’ (Notl site is underlined). Ad5 fiber knob
protein was prepared previously.** PBMCs, which were
seeded in a 96-well plate at 5.0 x 10% cells/well, were
incubated with the Ad5 or Ad35 fiber knob at the
indicated concentrations. Surface CDD46 expression levels
were examined 24 h after incubation by flow cytometry
as described below.

Western blotting analysis for CD46 expression
PBMCs (5.0 x 10° cells) were seeded in a 24-well plate
and infected with Ad35GFP at 10 000 VP/cell. They were
then collected at the indicated time points, washed and
treated with lysis buffer (25 mM Tris, 1% Triton X-100,
0.5% sodium deoxycholate, 5 mM ethylenediaminetetra-
acetic acid, 150mM NaCl) containing a cocktail of
protease inhibitors (Sigma, St Louis, MO, USA). The
protein content in the cell lysates was measured with an
assay kit from Bio-Rad (Hercules, CA, USA), using
bovine serum albumin (BSA) as a standard. Protein
samples (10'ug) were subjected to nonreducing sodium
dodecyl sulfate-12.5% polyacrylamide gel electrophor-
esis, and the separated proteins were transferred to a
nitrocellulose membrane. After blocking nonspecific
binding, CD46 was detected with anti-CD46 rabbit
serum (1:5000; kindly provided by Dr Tsukasa Seya,
Hokkaido University, Japan), followed by incubation in
the presence of horseradish peroxidase-labeled goat anti-
rabbit second antibody (1:6000, Cell Signaling, Danvers,
MA, USA). Signals on the membrane were visualized
and analyzed as described previously.* To verify equal
loading, the blots were stripped and probed with a
rabbit anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (1:3000, Trevigen, Gaithersburg, MD, USA)
followed by treatment with an horseradish peroxidase-
conjugated goat anti-rabbit second antibody (1:5000, Cell
Signaling).

RT-PCR analysis for CD46 expression

PBMCs were infected with Ad35GFP as performed in
Western blotting analysis. After infection, the cells were
collected at the indicated time points and total RNA was
isolated from the cells using Isogen reagent (Nippon
Gene, Tokyo, Japan). First-strand ¢cDNA templates were
synthesized as previously described,* and the templates
were subjected to PCR amplification using sets of
primers for human CD46*> and GAPDH.* The cycling
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parameters were 30 s at 94°C, 30 s at 55°C and 30 s at
72°C for both CD46 and GAPDH. PCR products were
separated by electrophoresis on a 2.0% agarose gel and
visualized with ethidium bromide.

Recovery of CD46 expression from the Ad35 vector-

mediated downregulation of surface CD46 expression
PBMCs seeded in a six-well plate were infected with
Ad35GFP at 10 000 VP/cell. After a 24-h incubation, the
cells were collected and washed twice to remove the
Ad35GFP. The PBMCs were then resuspended in fresh
culture medium, and subsequently cultured at 37°C
PBMCs were harvested at the indicated time points and
subjected to flow cytometric analysis to measure CD46
expression.

Flow cytometry

Cells were harvested, washed with FACS buffer (phos-
phate-buffered saline (PBS) containing 1% BSA and 0.01%
sodium azide) and then fixed for 10min with 3.2%
paraformaldehyde-containing PBS. Cells were washed
twice and incubated with anti-human CD46 antibody
(J4.48, Immunotech, Marseilles, France; or E4.3, Pharmi-
gen, San Diego, CA, USA) for 45 min on ice. Subsequently,
the cells were washed and incubated with phycoerythrin
(PE)-conjugated goat anti-mouse IgG second antibody
(Pharmingen). After being washed thoroughly, stained
cells were analyzed by FACSCalibur (Becton Dickinson,
Tokyo, Japan) and CellQuest software (Becton Dickinson)
to obtain the percentage of surface CD46 downregulation
as follows: CD46 downregulation=100—(100 x MFI of
CD46 in infected cells)/(MFI of CD46 in uninfected cells),
where MFI=mean fluorescence intensity.

For the simultaneous analysis of expression levels of
CD46 and CD19 (B-cell marker) or CD3 (T cell marker),
PBMCs were incubated with both fluorescein isothio-
cyanate (FITC)-labeled anti-human CD46 antibody (E4.3,
Pharmingen) and PE-conjugated anti-human CD19 anti-
body (HIB19, Pharmingen) or allophycocyanin (APC)-
labeled anti-human CD3 antibody (UCHTI, eBioscience,
San Diego, CA, USA). After incubation for 45 min on ice,
stained cells were subjected to flow cytometry analysis as
described above.

Abbreviations

Ad, adenovirus; APC, allophycocyanin; BSA, bovine
serum albumin; CAR, coxsackievirus and adenovirus
receptor; FBS, fetal bovine serum; FITC, fluorescein
isothiocyanate; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; GFP, green fluorescence protein;
HHV6, herpesvirus type 6; MV, measles virus; MVH,
measles virus hemagglutinin; MFI, mean fluorescence
intensity; MOI, multiplicity of infection; PBMCs, periph-
eral blood mononuclear cells; PBS, phosphate-buffered
saline; RT-PCR, reverse transcriptase-polymerase chain
reaction; SCRs, short consensus repeats; VP, vector
particle; PE, phycoerythrin.
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Characterization of Adenovirus Serotype 35 Vectors Using Genetically
Modified Animals and Nonhuman Primates
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Recombinant Adenovirus (Ad) vectors are considered to be a promising gene delivery vehicle of high utility because
they are easy to construct, can be produced at high titers, and efficiently transduce various types of cells. Ad vectors com-
monly used in the world, including clinical trials, are composed of Ad serotype 5 (AdS5), which belongs to subgroup C.
In recent years, however, it has become apparent that AdS vectors have some drawbacks, such as high seroprevalence of
anti-Ad5 antibodies in adults and low transduction efficiencies of AdS vectors in cells lacking a primary receptor for
Ad5, coxsackievirus and adenovirus receptor (CAR) . To overcome these limitations of Ad5 vectors, we have developed
anovel type of Ad vector, which is composed of Ad serotype 35 (Ad35), belonging to subgroup B. Ad35 vectors recog-
nize human CD46, not CAR, as a cellular receptor for infection. Human CD46 is expressed in almost all of human cells,
leading to a broad tropism of Ad35 vectors to human cells, in contrast, expression of rodent CD46 is limited to the testis.
Therefore, in vivo transduction properties of Ad35 vectors are not appropriately evaluated in normal mice. In order to
evaluate the in vivo transduction properties of Ad35 vectors, Ad35 vectors were applied to human CD46-transgenic mice
and nonhuman primates, which express CD46 in a similar pattern to humans. The data obtained using CD46-transgenic
mice and nonhuman primates would provide valuable information towards clinical applications of Ad35 vectors.
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Fig. 1. A Schematic Diagram of Human Adenovirus

The double-stranded genomic DNA is packaged in the icosahedral particle with fibers projecting from the twelve vertices.

Table 1. Human Adenovirus Serotypes

Subgroup Serotypes Receptor™®
A 12, 18, 31 CAR
B 3, 7, 11, 14, 16, 21, 34, 35, 50 CD46
C 1,2,5,6 CAR
D 8-10, 13, 15, 17, 19, 20, 22-30, CAR
32, 33, 36-39, 42-49, 51
E 4 CAR
F 40, 41 CAR

CAR: coxsackievirus-adenovirus receptor. ¥ Some Ad serotypes recog-
nize other receptors different from CAR and CD46.
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Fig. 2. A Schematic Diagram of Properties of Ad5 and Ad35 Vectors
AdS vectors infect cells via interaction with CAR (coxsackievirus and adenovirus receptor) , on the other hand, Ad35 vectors recognize human CD46 for infec-

tion. Anti-AdS antibodies inhibit infection of AdS vectors, not Ad35 vectors.
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Fig. 3. A Schematic Diagram of Human CD46

Human CD46 is ubiquitously expressed in almost all human cells mainly
as four isoforms (BC1, BC2, C1, C2) that are derived via alternative splic-
ing. Human CD46 is composed of four cysteine-rich short consensus repeats
(SCRs), a serine-threonine-proline-rich (STP) region, a short region of
unknown function, a hydrophobic transmembrane domain, and a carboxy-
terminal cytoplasmic domain.
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