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Abstract
Alternate serotypes of adenovirus (Ad), including Ads of species B, are being explored to circumvent
the disadvantages of Ad serotype 5 gene delivery vectors. Whereas the majority of human Ads utilize
the Coxsackievirus and adenovirus receptor (CAR), none of the Ad species B use CAR. Ad species
B is further divided into two subspecies, B1 and B2, and utilizes at least two classes of receptors:
common Ad species B receptors and B2 specific receptors. CD46 has been implicated as a B2-specific
receptor. Ad serotype 3 (Ad3), a member of B1, utilizes CD80 and CD86 as cellular attachment
receptors. The receptor-interacting Ad fiber-knob domain is highly homologous among species B
Ads. We hypothesized that other members of Ad species B may utilize CD80 and CD86 as cellular
attachment receptors. All tested species B members showed specific binding to cells expressing CD80
and CD86, and the Ad fiber-knob domain from both B1 and B2 Ad efficiently blocked CD80- and
CD86-mediated infection of Ad3 vectors. Members of both B1 and B2 demonstrated CD80- and
CD86-specific infection of CHO cells expressing CD80 and CD86. Therefore, all of the members
of Ad species B utilize CD80 and CD86 for infection of cells.
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1. Introduction
Adenoviruses are non-enveloped, double-stranded DNA viruses with icosahedral symmetry.
To date, there are 51 different human Ad serotypes, which are classified into six different
species (A–F) based on their biological and genetic properties (Russell, 2000). Most Ad
serotypes infect cells via a two-step process: (i) Ad binding to a primary cellular attachment
receptor mediated by the distal knob domain of fiber protein extending from the Ad capsid
vertices (Louis et al., 1994) and by (ii) the ensuing interaction of αV integrins on the cell surface
and the Ad penton base Arg-Gly-Asp (RGD) motif (Wickham et al., 1993). The initial binding
of Ad to their primary receptor is thought to be one of the key determinants of virus tropism.
Most human Ads cause disease in the respiratory tract, kidneys, eyes, intestine, or lymphoid
tissue. The vast majority of the serotypes, including Ad serotypes 2 (Ad2) and 5 (Ad5), utilize
CAR as their primary cellular attachment receptor (Bergelson et al., 1997; Roelvink et al.,
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1998; Tomko et al., 2000). Ad2 and Ad5 are the most thoroughly studied serotypes and the
most commonly used Ad serotypes in gene therapy applications.

It is noteworthy that Ads have been exploited as gene transfer vectors. It is unfortunate that
gene therapy protocols employing Ad5-based vectors have resulted in limited efficacies
(Rancourt et al., 1998; Sterman et al., 1998). This may be in part due to deficient/low CAR
expression or inaccessibility of CAR on the cell surface in the tissues of interest. CAR has been
identified as a tumor suppressor protein (Kim et al., 2003; Okegawa et al., 2000) and a member
of the intracellular junction (Cohen et al., 2001; Walters et al., 2002). CAR is often down-
regulated in neoplastic conversion; when expressed, its location basal to the tight junction may
limit its accessibility. Efforts to circumvent these deficiencies have prompted the investigation
of other non-CAR-binding Ad serotypes. One method of accomplishing such an investigation
is by the construction of pseudotyped Ad vectors (Krasnykh et al., 1996). Pseudotyped Ad
vectors replace the fiber-knob domain of the Ad5 vector with the fiber-knob domain from a
non-CAR binding serotype, thereby achieving serotype-specific infection of cells. Vectors
pseudotyped with the fiber-knob domain from serotypes of Ad species B, such as Ad serotype
3 (Ad3), efficiently transduce a variety of malignant cell types (Davidoff et al., 1999; Kanerva
et al., 2002; Von Seggern et al., 2000) as well as many other target cells of interest (Stevenson
et al., 1997). Until recently, further development and characterization of Ad species B-based
vectors had been hindered by the failure to identify their primary cellular attachment receptors.

Species B is subdivided into two subspecies: B1, consisting of serotypes 3, 7, 16, 21, and 50;
and B2, consisting of serotypes 11, 14, 34, and 35. There are at least two classes of species B
Ad receptors: common species B Ad receptors utilized by all species B Ad and B2-specific
receptors (Segerman et al., 2003a); however, none of the species B Ads utilize CAR as their
primary cellular attachment receptor (Roelvink et al., 1998). Viruses from subspecies B2 can
fully inhibit the binding of subspecies B1 viruses; however, viruses from subspecies B1 can
only partially inhibit the binding of subspecies B2 viruses (Segerman et al., 2003a). CD46 was
identified as a cellular attachment receptor for Ad serotypes 11 (Ad11) and 35 (Ad35), and
both are members of the subspecies B2 (Gaggar et al., 2003; Segerman et al., 2003b).
Additionally, all of subspecies B2 Ad as well as most of the subspecies B1 Ad are capable of
binding to CD46 expressed on the cell surface. However, only binding of the virions to CD46
was demonstrated; transduction was not (Gaggar et al., 2003). Ad serotype 7 (Ad7), a member
of subspecies B1, is capable of binding to CD46 but it cannot infect—CHO cells expressing
CD46, leading to the hypothesis that CD46 serves as a subspecies B2-specific receptor
(Segerman et al., 2003b). However, contrary to this hypothesis, Ad3 has recently been shown
capable of using CD46 as a cellular attachment receptor, thereby complicating the picture of
Ad species B receptors (Sirena et al., 2004). Furthermore, we have recently demonstrated that
Ad3 is also capable of utilizing CD80 (B7.1) and CD86 (B7.2) as cellular attachment receptors
(Short et al., 2004).

CD80 and CD86 are cell surface markers expressed on human dendritic cells and mature B-
lymphocytes (Caux et al., 1994; Engel et al., 1994; Freeman et al., 1989; Lanier et al., 1995),
and play a critical role in stimulating T-lymphocyte responses by their interaction with the
ligands CD28 and CTLA-4 (Azuma et al., 1993; Caux et al., 1994; Lanier et al., 1995; Vasu
et al., 2003). Both CD80 and CD86 are up-regulated during the process of dendritic cell
maturation and are over-expressed in a variety of lymphocytic neoplasms and other neoplastic
contexts (Koyama et al., 1998; Maeda et al., 2000; Mutti et al., 1998). Whereas CD80 and
CD86 serve as a primary means of cellular entry for Ad3 on human dendritic cells, there may
be additional cellular receptors for Ad3 capable of mediating the infection of HeLa cells (Short
et al., 2004).
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To better understand the cellular receptors utilized by Ad species B, we investigated other
serotypes of Ad species B for their ability to utilize CD80 and CD86. The Ad fiber-knob domain
is highly homologous among species B Ad. On this basis, we hypothesized that other members
of Ad species B may utilize CD80 and CD86 as cellular attachment receptors.

2. Materials and methods
2.1. Cell culture

Chinese hamster ovary (CHO) cell line and HeLa cell line (both from ATCC, Manassas, VA)
were grown in DMEM/F12 50:50 with 10% FBS and antibiotics as recommended by the
provider. Generation of CHO-CD80 and CHO-CD86 cell lines and characterization of ligand
expression levels were reported earlier (Short et al., 2004; Vasu et al., 2003). The cells were
grown in the same media in the presence of geneticin at 400 μg/ml. All cells were cultured in
a humidified incubator at 37 °C with 5% CO2.

2.2. Wild-type and recombinant Ad
Wild-type Ad serotypes 3, 5, 7, 11, 14, 16, 21, 34, 35, and 50 (ATCC) were amplified and
titrated spectrophotometrically (Maizel et al., 1968). Two replication-incompetent Ad5-based
vectors containing a firefly luciferase transgene cassette in place of the deleted E1 region were
used. Ad5luc1 contains the full Ad5 capsid and fiber proteins whereas Ad5/3luc1 contains the
Ad5 capsid with chimeric fiber proteins in which the tail and shaft domains are from Ad5 and
the knob domain is from Ad3. Both vectors were generated in our laboratory and described
previously (Kanerva et al., 2002).

2.3. Recombinant Ad3 and Ad5 fiber-knob domain and Ad7 and Ad11 fiber protein production
The knob domains of Ad5 and Ad3 fibers (Krasnykh et al., 1996) and the fibers of Ad7 and
Ad11 were produced in E. coli with N-terminal tags of six consecutive histidine residues (6-
HIS), using the pQE30 expression vector (Qiagen, Valencia, CA). Ad7 and Ad11 wild-type
genomes were used as templates for PCR to amplify the fiber genes of the respective serotype.
Primers for these reactions were Ad7F11F.F (5′-TAC CCC GGG AAT GAC CAA GAG AGT
CCG G-3′), Ad7F.R (5′-ATT AAG CTT TCA GTC GTC TTC TCT AAT G-3′), Ad11F.R (5′-
ATT AAG CTT TCA GTC GTC TTC TCT GAT G-3′). The same forward primer was used
in both reactions but with each reverse primer a DNA sequence was amplified coding for the
fiber polypeptide of the respective serotype. Both PCR products were then digested with
Sma I and Hind III and cloned into Sma I-Hind III-digested pQE30, resulting in plasmids
pQE.Ad7F and pQE.Ad11F further used to transform E. coli. The soluble forms of the Ad3
and Ad5 fiber-knob domain and Ad7 and Ad11 fiber proteins were isolated from the induced
E. coli cultures using the BugBuster Protein Extraction Reagent (Novagen, Madison, WI). The
proteins were further purified using the Talon metal affinity resin (Clontech, Palo Alto, CA)
as recommended by the manufacturer. To further increase the protein yield, the expressed Ad3
fiber-knob domain protein was purified from inclusion bodies followed by refolding using the
BugBuster Protein Extraction Reagent inclusion body protocol as recommended by the
manufacturer. The concentration of the purified proteins was determined by the Bio-Rad
protein assay (Bio-Rad, Hercules, CA). The ability of each Ad fiber-knob domain or fiber to
form a homotrimer was verified by Western blot of unboiled versus boiled samples using mouse
monoclonal anti-polyhistidine clone HIS-1 antibody (Sigma, St. Louis, MO). Ad fiber-knob
domain and fiber function was confirmed by its ability to inhibit Ad infection of the same
serotype but not affect infection of the other species.
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2.4. Flow cytometry
In order to assess binding of recombinantly produced Ad fiber to CD80 and CD86 expressed
on the cell surface, CHO-CD80 and CHO-CD86 cells were grown to approximately 85%
confluency, harvested with Versene (UAB Media Preparation Facility), and portions of 105

cells incubated with Ad7 fiber, Ad11 fiber, or without Ad fiber in growth media for 1 h at 4 °
C. Cells were then washed 3 times in cold (4 °C) PBS with Ca++ and Mg++ (PBSCM). Cells
were next incubated with mAb HIS-1 in PBSCM plus 1% BSA for 1 h at 4 °C. Cells were
washed 3 times in cold PBSCM and incubated with goat anti-mouse IgG antibodies conjugated
to a green fluorophore, Alexa 488 (Molecular Probes, Eugene, OR), in PBSCM plus 1% BSA
for 1 h at 4 °C. All of the cells were washed 3 final times in cold PBSCM and analyzed by flow
cytometry by the Center for AIDS Research FACS Core Facility at UAB. For detection of Ad
virion binding, cells were harvested with Versene and portions of 105 cells incubated without
virus or with 100 viral particles (vp)/cell of Ad3, Ad5, Ad7, Ad11, Ad14, Ad16, Ad21, Ad34,
Ad35, or Ad50 in growth media for 1.5 h at 4 °C. Cells were washed 3 times in cold PBSCM
and incubated with anti-Ad hexon rabbit polyclonal antibody (UAB) in PBSCM plus 1% BSA
for 1 h at 4 °C. Cells were washed 3 times in cold PBSCM and incubated with anti-rabbit IgG
antibodies conjugated to a fluorophore, Alexa 488, in PBSCM plus 1% BSA for 1 h at 4 °C.
All of the cells were washed 3 final times in cold PBSCM and analyzed by flow cytometry.
The labeled cells were gated and scored as positive or negative and the percent of positive cells
were plotted for each virus.

2.5. ELISA
Indicated amounts of recombinant Ad3 or Ad5 fiber-knob or Ad7 or Ad11 fiber were adsorbed
on a 96 well plate for 30 min at 37 °C. Wells were then washed with Tris buffered saline with
Tween-20 (TBST) and blocked with 0.5% casein in TBST for 30 min at 37 °C. After washing
with TBST, 0.2 μg/well of recombinant extracellular domains of CD80 or CD86 fused with
Fc region of human IgG1 (sCD80, sCD86) (R&D Systems Inc., Minneapolis, MN) in PBSCM
plus 1% BSA was added to each well for 30 min at 37 °C. Wells were then washed 3 times
with TBST and incubated with anti-human IgG antibodies conjugated to alkaline phosphatase
(DAKO Corporation) in PBSCM plus 1% BSA for 30 min at 37 °C. Wells were washed 3 times
with TBST and developed with p-nitrophenyl phosphate (Sigma–Aldrich). Alkaline
phosphatase activity was assayed by measuring the optical density at 405 nm.

2.6. Gene transfer analysis
Cells were seeded in 48 well plates and allowed to grow until 85% confluent. The cells were
then incubated with Ad vectors (100 vp/cell) or no virus in DMEM:F12 50:50 with 2% FBS
for 1.5 h at 37 °C. For blocking experiments, the cells were pre-incubated with recombinant
Ad7 or Ad11 fiber (0.1, 0.05, 0.025 mg/ml). For all blocking trials, incubation occurred for 10
min at 37 °C before virus was incubated with the cells for 1.5 h at 37 °C. Virus was then
removed and the cells were rinsed with PBS and grown in growth media. After 36 h the cells
were lysed and the luciferase assay was performed with the Luciferase Assay System (Promega,
Madison, WI). The protein concentration in the cell lysates was determined with DC Bio-Rad
protein assay to allow normalization of the gene expression data to the number of cells.
Background luciferase activities were subtracted from the readings. All of the samples were
done in triplicate and the mean average and standard deviation were calculated.

2.7. RT-PCR analysis
Cells were seeded in 24 well plates and grown to 85% confluency. Cells were incubated without
virus or with wild-type Ad3, Ad7, Ad11, Ad14, Ad21, Ad35, and Ad50 at 10 vp/cell for 1.5 h
at 37 °C. The cells were rinsed with PBS and grown in growth media for 6 h. The cells were
washed and total cellular RNA was extracted using RNeasy RNA Isolation Kit (Qiagen) per
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the manufacturer’s instructions. Nucleotide sequence identity existing within the E1A genes
of the B1 and B2 species allowed only two sets of primers for detection of E1A: a pair B1 E1A
and a pair B2 E1A (below). Primers were also designed for the detection of the mRNA of
CD80, CD86, and actin. The actin primers used were suitable for recognizing human and
hamster actin. RT-PCR was performed using the following primers: B1 E1A (5′-TGA GAC
ACC TGC GCT TCC TG-3′, 5′-TCA TTG CCT TGG CAG TTT CCG-3′), B2 E1A (5′-ATG
AGA GAT TTG CGA TTT CTG-3′, 5′-TTA TTG TCT TGG ACG TTT CCG TG-3′), CD80
(5′-ATG GGC CAC ACA CGG AGG CAG-3′, 5′-TTA TAC AGG GCG TAC ACT TTC-3′),
CD86 (5′-ATG GAT CCC CAG TGC ACT ATG-3′, 5′-TTA AAA ACA TGT ATC ACT TTT
G-3′), Actin (5′-ATG GAT GAT GAT ATC GCC G-3′, 5′-CTA GAA GCA TTT GCG GTG
G-3′) using One-Step RT-PCR kit following the protocol of the manufacturer (Qiagen).

2.8. Immunofluorescence imaging
Cells were seeded on sterilized 18 mm × 18 mm cover slips and allowed to grow as described
above until 85% confluent. The cells were then incubated without virus or infected with wild-
type Ad3, Ad5, Ad7, Ad11, and Ad35 at 10 vp/cell for 1.5 h at 37° C. The cells were rinsed
with PBS and grown in growth media for 36 h. The cover slips were rinsed with cold (4 °C)
PBS, fixed with absolute methanol at −20 °C for 7 min, rinsed with cold PBS, and post-fixed
with 3% formaldehyde at room temperature (RT) for 15 min. Following fixation the cells were
rinsed and washed with four changes of PBS and blocked in blocking buffer (PBS with 1%
BSA) for 15 min at RT. The cells were then incubated with anti-Ad hexon rabbit polyclonal
antibodies in blocking buffer for 1 h at RT. The cells were then rinsed and washed with four
changes of PBS and blocked in blocking buffer for 15 min at RT. The cells were then incubated
with goat anti-rabbit IgG conjugated to Alexa 488 for 1 h in blocking buffer at RT. The
coverslips were finished by washing through four changes of PBS and then incubating in
Hoechst 33342 (Molecular Probes) for 4 min. The cells were washed in PBS overnight at 4 °
C. The cover slips were mounted to glass slides in 0.1% p-phenylene diamine (PPD) (Sigma–
Aldrich) in 1:9 PBS:glycerol, sealed with fingernail polish, and stored at −20 °C. Images were
obtained through the high resolution imaging facility at UAB. To better view the staining on
the printed images the green staining color was replaced with the color white.

3. Results
3.1. Recombinant Ad fiber proteins from Ad subspecies B1 and B2 bind to cells expressing
CD80 and CD86

To assess the ability of Ad subspecies B1 (Ad7) and B2 (Ad11) to bind to CD80 and CD86,
we incubated recombinant Ad fiber proteins with CHO-CD80 and CHO-CD86 cells, followed
by detection via flow cytometry (Fig. 1). Neither Ad fiber bound to the parental CHO cells,
which do not express CD80 or CD86. However, expression of human CD80 or CD86 conferred
the ability of both Ad fibers to bind to the CHO-CD80 and CHO-CD86 cells. The Ad11 fiber
showed a slightly higher fluorescent labeling than the Ad7 fiber did on both cell lines. Both
Ad fibers were also able to bind to HeLa cells, which express both CD80 and CD86 (Short et
al., 2004, this study). However, on these cells the possibility of additional receptors, such as
CD46 or other unidentified proteins could be responsible for the high level of binding.

3.2. Ad fiber proteins from Ad subspecies B1 and B2 interact specifically with CD80 and CD86
To confirm the ability of Ad fiber proteins from Ad subspecies B1 and B2 to interact with
CD80 and CD86, we performed an ELISA to assay the interaction of the knob domain of Ad3,
Ad7, Ad11, and the species C Ad5 fiber proteins with CD80 (Fig. 2A) and CD86 (Fig. 2B).
The fiber proteins of all three Ad species B members, Ad3, Ad7, and Ad11, showed similar
levels of specific binding to both CD80 and CD86, whereas Ad5 showed no binding with CD80
or CD86.
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3.3. Recombinant Ad fiber proteins from Ad subspecies B1 and B2 specifically block CD80-
and CD86-mediated gene transfer of Ad5/3 pseudotyped vectors

Ad3 has previously been shown capable of infecting cells via CD80 and CD86 (Short et al.,
2004). To further demonstrate the ability of Ad subspecies B1 and B2 members to interact with
CD80 and CD86, we assayed the Ad fiber proteins from Ad7 and Ad11 for their ability to
block CD80- and CD86-dependent transduction of an Ad5 vector pseudotyped with the Ad3
fiber-knob domain (Ad5/3luc1) (Fig. 3A and C). Both Ad7 and Ad11 fiber proteins were able
to block Ad5/3luc1 transduction on the CHO-CD80 and CHO-CD86 cells; however, neither
protein had any effect on transduction of the same cells by an Ad5 vector (Fig. 3B and D). The
level of inhibition of the Ad5/3luc1 vector ranged from 80 to 90% on the CHO-CD80 and
CHO-CD86 cells for each Ad fiber protein at a concentration of 100 μg/ml. Additionally,
Ad5/3luc1 gene transfer to HeLa cells was blocked by 95% by both Ad7 and Ad11 fiber
proteins at a concentration of 100 μg/ml.

3.4. All members of Ad species B exhibit binding to cells expressing CD80 and CD86
To further confirm the ability of whole virions to specifically bind to CD80 and CD86 on the
cell surface, Ad species B were assayed by flow cytometry for their ability to bind to CHO
cells expressing CD80 and CD86 (Fig. 4). HeLa cells were used as a positive control to confirm
the ability of all viruses to successfully bind and be detected. This control also served as
verification that the anti-Ad hexon polyclonal antibodies recognized all of the Ad hexon
serotype variants. All members of the Ad species B were able to bind to the CD86-expressing
cells at an increased level when compared to the parental CHO cells. In the case of CD80, all
members were able to bind to the CD80-expressing cells to a significantly higher degree than
the CHO counterpart cell lines but exhibited a lower level of binding when compared with the
CHO-CD86 cells. There was no significant increase in binding of the Ad5 virus to any of the
CHO cell derivatives versus the CHO parental cell line. The variation in the ability of the
viruses to bind to the cells may be a result of varying affinities for CD80 and CD86 or of the
ability of the anti-Ad hexon antibody to detect the Ad serotype.

3.5. Expression of CD80 and CD86 on the cell surface enhances infection by members of Ad
species B

The expression of CD80 and CD86 by the HeLa, CHO, and CHO-derivative cells was evaluated
by RT-PCR (Fig. 5). PCR products of the expected size for CD80 (867 bp) and CD86 (990 bp)
were detected with CD80- or CD86-specific primers, respectively, in the HeLa cells and the
respective CHO-derivative cells, but not in the CHO or alternate CHO-derivative cells (Fig.
5A and B). To assess the ability of members of Ad species B to infect cells via CD80 and
CD86, CHO cells expressing CD80 or CD86 were infected with wild-type members of Ad
subspecies B1 and B2. E1A RNA transcripts were detected by RT-PCR at 6 h post-infection
for members of Ad subspecies B1 and B2, including serotypes 3, 7, 11, 14, 35, and 50, in the
HeLa (Fig. 5C), CHO (Fig. 5D), CHO-CD80 (Fig. 5E), and CHO-CD86 (Fig. 5F) cells. Ad5
was capable of infecting the HeLa cells, but no E1A transcripts were detected in any of the
CHO cells. Actin RNA transcripts were also detected to ensure an appropriate level of RNA
was used in each sample. All of the cells were infected with equal quantities of virus particles;
however, we did not quantify gene expression in these experiments due to the level of
sensitivity required. Qualitatively, there was a clear increase in E1A gene expression in CHO
cells expressing CD80 and CD86 when compared with the parental CHO cells.

3.6. Hexon accumulation of Ad species B members in cells expressing CD80 and CD86
To further demonstrate that CD80 and CD86 expression on CHO cells enhances infection by
members of Ad species B, we used immunofluorescent staining after infection to investigate
the accumulation of the Ad capsid protein hexon. Parental CHO cells without expression of
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CD80 or CD86, HeLa cells, and CHO cells expressing CD80 or CD86 were infected with wild-
type virus of two members of Ad subspecies B1 (Ad3, Ad7) and two members from Ad
subspecies B2 (Ad11, Ad35), as well as Ad5. After 36 h, the cells were analyzed by
immunofluorescence for the presence of the hexon protein (Fig. 6). Productive viral replication
is not believed to occur in the non-human CHO cells; however, the accumulation of the Ad
hexon protein was assayed, not productive viral particles. None of the CHO cells infected
showed significant levels of hexon accumulation. There were few cells with minimal
accumulation, presumably caused by non-specific background infection due to interactions
between the RGD motif on the Ad capsid and cellular integrins. All of the viruses were able
to infect the HeLa cells which resulted in an accumulation of hexon. After infection with the
Ad5 virus, both the CHO-CD80 and CHO-CD86 cells showed a pattern of hexon accumulation
similar to the pattern seen in the parental CHO cells with expression much lower than in the
HeLa cells. In contrast, CHO-CD80 and CHO-CD86 but not parental CHO cells showed
significantly increased hexon accumulation after infection with the Ad species B viruses.
Similar pattern of hexon staining was seen throughout the slides; captured fields are
representative. The elevated levels of hexon accumulation in HeLa, CHO-CD80 and CHO-
CD86 cells cannot be attributed to the capturing of the original input virus since the number
of stained spots within a single cell is much higher than the number of viral particles that could
theoretically enter the cell at the MOI of 10 vp/cell used in these experiments.

4. Discussion
CD80 and CD86 expressed on the cell surface enhanced the ability of the Ad species B to infect
cells. All members of Ad species B exhibited specific binding to the cells expressing CD80
and CD86 followed by E1A mRNA formation after infection of CD80- and CD86-expressing
CHO cells, whereas minimal levels were detected in parental CHO cells. Therefore, it appears
that all members of Ad species B could utilize CD80 and CD86 as cellular attachment receptors.
This finding is consistent with our recent report that Ad3 can utilize CD80 and CD86 as cellular
attachment receptors (Short et al., 2004), and is compatible with the facts that CD46 serves as
a B2-specific receptor (Gaggar et al., 2003) and that Ad3 is using CD46 as a cellular attachment
receptor (Sirena et al., 2004). Ad3 utilizes CD80 and CD86 as primary means of cellular entry
on human dendritic cells and possibly other hematopoietic cells but on HeLa cells still appears
to rely on additional cellular attachment receptors (Short et al., 2004), possibly including CD46.
This is likely the case with other members of Ad species B. Ad species B vectors have been
shown to efficiently transduce a variety of cells of hematopoietic origin as well as dendritic
cells (Knaan-Shanzer et al., 2001; Rea et al., 2001; Sakurai et al., 2003; Segerman et al.,
2000; Shayakhmetov et al., 2000; Short et al., 2004); this finding is consistent with the
expression of CD80 and CD86 by these cells (Caux et al., 1994; Engel et al., 1994; Lanier et
al., 1995). These vectors also infect mature dendritic cells with greater efficiency than they
infect immature dendritic cells (Short et al., 2004), which is consistent with the fact that CD80
and CD86 are up-regulated with dendritic cell maturation (Rea et al., 2001). Expression levels
of CD80 and CD86 on CHO cells used in this study represent the levels on mature dendritic
cells. In fact, in our earlier studies, we characterized physiological expression levels on CD80
and CD86 on human DCs and on these CHO cell lines (Short et al., 2004; Vasu et al., 2003;
Holterman et al., unpublished results). Ad species B vectors have also been generally
characterized by infecting neoplastic cells with moderate to high efficiencies, especially when
compared with other Ad serotypes (Davidoff et al., 1999; Haviv et al., 2002; Shayakhmetov
et al., 2002; Von Seggern et al., 2000; Zhang et al., 2003). CD80 and CD86 are dysregulated
in several neoplastic contexts resulting in their over-expression (Koyama et al., 1998; Maeda
et al., 2000; Mutti et al., 1998).

The finding that Ad species B members can utilize CD80 and CD86 as cellular attachment
receptors will help facilitate further development of these vectors for their use in vaccine and
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cancer gene therapy applications. Dendritic cells are potent antigen presenting cells and,
therefore, are the target of vaccine strategies (Rea et al., 1999; Rouard et al., 2000; Wan et al.,
1997). A complete understanding of the mechanism and consequences of Ad species B
infection of these cells may facilitate development of vectors that will stimulate an effective
immune response. The in vivo consequences of Ad species B infection via CD80 and CD86
on native dendritic cells have not yet been determined. Additional studies will be needed to
determine the suitability of Ad species B vectors for this application.

As more information is gathered about human Ad, it is becoming increasingly clear that most
Ad serotypes have evolved a variety of mechanisms for infecting cells of various types. Ad5
uses CAR as its primary cellular receptor (Bergelson et al., 1997; Tomko et al., 2000) with
αV integrins as secondary receptors (Wickham et al., 1993). It was initially proposed that the
expression of CAR on a cell was the primary determinant of infection. Although appearing to
be the case in most cells in vitro and many in vivo, this scenario does not appear to represent
the entire situation. Ad5 can also infect cells by binding to the α2 subunit of the MHC class I
protein (Hong et al., 1997) and α3β1 integrins (Salone et al., 2003). Recently, Ad5 infection
via heparan sulfate glycosaminoglycans through the shaft domain of the Ad fiber protein has
been proposed to play a critical role in infection in vivo in the liver and possibly other organs
(Smith et al., 2002). Ad37, a member of species D which does not use CAR, has also been
shown to use multiple receptors including CD46 (Wu et al., 2004) and sialic acid residues
(Arnberg et al., 2000). A similar scenario of multiple receptors appears to be the case with the
Ad species B.

It has already been demonstrated that there are at least three distinct Ad species B cellular
attachment receptors. CD80 and CD86 can be utilized by all of the Ad species B, while CD46
appears to be an Ad subspecies B2-specific receptor (Gaggar et al., 2003; Segerman et al.,
2003b) which is also utilized by Ad3 (Sirena et al., 2004). However, what role each of these
receptors plays in vivo and in the natural context of Ad infection and pathology remains to be
determined. This complicates the picture of Ad biology as well as the development of these
vectors for therapeutic applications. The situation is not as simple as whether a specific cell
type expresses the receptor utilized by the particular serotype, but rather, which combination
of receptors the serotype can utilize are expressed by the target cells and what will be the impact
of each receptor pathway on the desired cellular effect. Furthermore, the goal of detargeting
the native tropism of the virus is no longer achieved by single mutations preventing the
interaction of the virus with one receptor but rather, eliminating the native tropism would have
to account for all of the receptor-binding sites. Finally, the biological significance of using
such a plethora of receptors has yet to be fully understood. For what purpose has Ad evolved
the use of such a varied array of cellular proteins as receptors and how does the biological
impact on the host vary with the use of the different receptors are questions that remain to be
investigated but may be critical in further harnessing these viruses for therapeutic purposes.
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Abbreviations
Ad  

adenovirus

Ad#  
adenovirus serotype #

CAR  
coxsackie and adenovirus receptor

CHO  
Chinese hamster ovary

6-HIS  
six consecutive histidine residues

PBSCM  
PBS with Ca and Mg

RGD  
Arg-Gly-Asp

TBST  
Tris buffered saline with Tween-20

sCD80  
sCD86, Recombinant extracellular domains of human CD80 or CD86 fused with
Fc region of human IgG1
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Fig. 1.
Recombinant Ad fiber proteins from Ad subspecies B1 and B2 bind specifically to cells
expressing CD80 and CD86. Binding of recombinant Ad7 fiber (gray profile) or Ad11 fiber
(shaded profile) to HeLa, CHO, CHO-CD86, and CHO-CD80 cell lines detected via flow
cytometry. Cells were incubated with Ad7 fiber, Ad11 fiber, or without Ad fiber (background)
followed by anti 6His mAb and anti-mouse IgG Abs conjugated to a fluorophore, Alexa 488.
Both Ad7 fiber and Ad11 fiber proteins bound specifically to HeLa, CHO-CD80, and CHO-
CD86 cell lines. Neither Ad7 fiber nor Ad11 fiber proteins bound to CHO cells.
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Fig. 2.
Ad fiber proteins from Ad subspecies B1 and B2 interact specifically with CD80 and CD86.
ELISA demonstrating the specific interaction between the recombinant Ad3 fiber-knob domain
and Ad7 and Ad11 fiber proteins and the soluble recombinant extracellular regions of (A)
CD80 and (B) CD86. Indicated amounts of recombinant Ad3 or Ad5 fiber-knob or Ad7 or
Ad11 fiber were adsorbed on plastic and incubated with 0.2 μg/well of recombinant
extracellular domains of CD80 or CD86 fused with Fc region of human IgG1 followed by anti-
human IgG Abs conjugated to alkaline phosphatase. Color reaction was developed with p-
nitrophenyl phosphate. Alkaline phosphatase activity was assayed by measuring the optical
density at 405 nm. Ad5 showed no specific binding to CD80 or CD86. Ad3 fiber-knob domain
(triangle), Ad5 fiber-knob domain (circle), Ad7 fiber (diamond), Ad11 fiber (square).
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Fig. 3.
Recombinant Ad fiber proteins from Ad subspecies B1 and B2 specifically block CD80 and
CD86-mediated gene transfer of Ad5/3 pseudotyped vectors. Cells were pre-incubated with
indicated amounts of recombinant Ad7 or Ad11 fiber. The cells were then incubated with Ad
vectors (100 vp/cell) or no virus, to determine the background luciferase activity. Virus was
removed and the cells were grown in growth media. After 36 h the cells were lysed and the
luciferase assay was performed. Recombinant Ad7 fiber and Ad11 fiber proteins specifically
block Ad5/3 pseudotyped vector (Ad5/3luc1) luciferase gene transfer (A and C) but have no
effect on Ad5 (Ad5luc1) gene transfer (B and D). Numbers on the horizontal axes are the
recombinant fiber concentrations in μg/ml. Relative light units normalized by protein
concentration in the sample (RLU/mg). Error bars = ±S.D.
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Fig. 4.
Members of Ad species B exhibit specific binding to cells expressing CD80 or CD86. Binding
of Ad serotypes with HeLa (black bars), CHO (white bars), CHO-CD80 (dark gray bars), and
CHO-CD86 (light gray bars) cells was analyzed. Cells were harvested with Versene and
incubated without virus or with 100 vp/cell of Ad3, Ad5, Ad7, Ad11, Ad14, Ad16, Ad21,
Ad34, Ad35, or Ad50 for 1.5 h at 4 °C. Cells were washed and incubated with anti-Ad hexon
rabbit antibodies followed by anti-rabbit IgG antibodies conjugated to Alexa 488 and analyzed
by flow cytometry. The labeled cells were gated and scored as positive or negative and the
percent of positive cells were plotted for each virus. All tested Ad species B members showed
increased binding to CHO-CD80 and CHO-CD86 vs. CHO cells. Ad5 did not show any
increased binding to CHO-CD80 or CHO-CD86 vs. CHO cells. Error bars = ±S.D.
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Fig. 5.
Surface expression of CD80 and CD86 allows infection by members of the Ad species B. RT-
PCR demonstrating RNA transcripts of (A) CD80 in HeLa (H) and CHO-CD80 (80) cells and
(B) CD86 in HeLa and CHO-CD86 cells (86), but neither in parental CHO cells (CH). E1 RNA
transcripts after infection with Ad species B serotypes are present for the Ad species B serotypes
in (C) HeLa, (E) CHO-CD80, and (F) CHO-CD86 cells but not (D) CHO cells. Numbers below
lanes represent Ad serotype used. (−) is a no template negative control.
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Fig. 6.
Hexon accumulation of Ad species B members from cells expressing CD80 and CD86. HeLa
cells and parental CHO cells without expression of CD80 or CD86 and CHO derivative cell
lines expressing CD80 or CD86 were infected with wild-type Ad subspecies B1 (Ad3, Ad7)
and B2 (Ad11, Ad35) and Ad5. Expression of the Ad capsid protein hexon (white) was detected
36 h post-infection by immunofluorescence. CHO-CD80 and CHO-CD86 cells were efficiently
infected by only the Ad species B, while the HeLa cells were infected by all of the Ad serotypes
and the CHO cells were only minimally infected by all of the Ad serotypes. Cell nuclei (blue)
stained with Hoechst 33342. (−) is for uninfected cells. Similar pattern of hexon staining was
seen throughout the slides; captured fields are representative.
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