
�v�3 Integrin Is Required for Efficient Infection of Epithelial
Cells with Human Adenovirus Type 26
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ABSTRACT Human adenoviruses (HAdVs) are being explored as vectors for gene
transfer and vaccination. Human adenovirus type 26 (HAdV26), which belongs to the
largest subgroup of adenoviruses, species D, has a short fiber and a so-far-unknown
natural tropism. Due to its low seroprevalence, HAdV26 has been considered a
promising vector for the development of vaccines. Despite the fact that the in vivo
safety and immunogenicity of HAdV26 have been extensively studied, the basic biol-
ogy of the virus with regard to receptor use, cell attachment, internalization, and in-
tracellular trafficking is poorly understood. In this work, we investigated the roles of
the coxsackievirus and adenovirus receptor (CAR), CD46, and �v integrins in HAdV26
infection of human epithelial cell lines. By performing different gain- and loss-of-
function studies, we found that �v�3 integrin is required for efficient infection of
epithelial cells by HAdV26, while CAR and CD46 did not increase the transduction
efficiency of HAdV26. By studying intracellular trafficking of fluorescently labeled
HAdV26 in A549 cells and A549-derived cell clones with stably increased expression
of �v�3 integrin, we observed that HAdV26 colocalizes with �v�3 integrin and that
increased �v�3 integrin enhances internalization of HAdV26. Thus, we conclude that
HAdV26 uses �v�3 integrin as a receptor for infecting epithelial cells. These results
give us new insight into the HAdV26 infection pathway and will be helpful in further
defining HAdV-based vector manufacturing and vaccination strategies.

IMPORTANCE Adenovirus-based vectors are used today for gene transfer and vacci-
nation. HAdV26 has emerged as a promising candidate vector for development of
vaccines due to its relatively low seroprevalence and its ability to induce potent im-
mune responses against inserted transgenes. However, data regarding the basic biol-
ogy of the virus, like receptor usage or intracellular trafficking, are limited. In this
work, we found that efficient infection of human epithelial cell lines by HAdV26 re-
quires the expression of the �v�3 integrin. By studying intracellular trafficking of
fluorescently labeled HAdV26 in a cell clone with stably increased expression of
�v�3 integrin, we observed that HAdV26 colocalizes with �v�3 integrin and con-
firmed that �v�3 integrin expression facilitates efficient HAdV26 internalization.
These results will allow further improvement of HAdV26-based vectors for gene
transfer and vaccination.
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receptor

Adenoviruses are nonenveloped double-stranded DNA viruses with an icosahedral
capsid approximately 90 nm in diameter and a mass of 150 MDa (1). The major

building blocks of the adenoviral capsid are the hexon and penton proteins. On each
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vertex, there is an extended fiber protein noncovalently attached to the penton base
protein (2). A broad knowledge of adenovirus molecular biology and the relative
ease with which the genome can be manipulated have made adenoviruses attrac-
tive as vectors for gene transfer and vaccination (3). Adenovirus-based vectors
rapidly infect a broad range of human cells and induce strong innate responses (4)
that positively influence adaptive T- and B-cell responses (5). Adenovirus-based
vectors currently represent a leading choice for vectors used in gene therapy
clinical trials aimed at treating inherited diseases, infections, and cancer (http://
www.abedia.com/wiley/vectors.php).

Human adenoviruses (HAdVs) belong to the genus Mastadenovirus of the family
Adenoviridae and comprise more than 60 distinct serotypes divided into 7 species or
subgroups (A to G) (6–8). The most common and best-described HAdV so far is the
species C human adenovirus type 5 (HAdV5). HAdV5 infection starts with binding to the
coxsackievirus and adenovirus receptor (CAR), followed by interaction of the RGD
sequence motif present on the penton base with the �v integrins on the cell surface,
allowing internalization of the viral particle (9). HAdV5 has very high in vitro transduc-
tion efficiency and levels of gene expression; however, disadvantages are the high level
and frequency of preexisting immunity in human populations. The seroprevalence of
HAdV5 ranges from 50 to 90% depending on the geographical region (10, 11).
Preexisting immunity may limit the efficiency of adenovirus-based vaccine vectors, and
thus, development of new strategies to evade undesired antivector host immune
responses, such as vectors based on adenoviruses that occur at low prevalence in
human populations, is needed. Some rare human adenovirus types are under evalua-
tion, including HAdV35 (species B) and HAdV26 (species D), as well as adenoviruses
from nonhuman primates (12, 13). Vaccine vectors based on HAdV26 and HAdV35 have
been extensively studied and are listed as interventions in more than 40 clinical trials,
either alone or in prime-boost regimes (https://clinicaltrials.gov).

As mentioned above, HAdV26 belongs to species D, the largest group of HAdVs (14),
which are mainly known to be responsible for eye infections and for gastrointestinal
infections in immunocompromised individuals. Similarly to the majority of HAdVs,
HAdV26 has RGD motifs in the penton base that can mediate integrin binding. In
contrast to HAdV5, which has a long fiber containing 22 beta repeat motifs, HAdV26 has
a relatively short fiber with only 8 beta repeats (15). Also, unlike HAdV5, HAdV26 does
not bind coagulation factor X (16).

Although the safety and immunogenicity of HAdV26-based vaccine vectors in vivo
are well established (17–20), the basic biology of the virus, such as receptor usage, is
less well understood. Several molecules have been identified as cellular receptors
for HAdVs (21). As discussed above, HAdV5 from species C uses CAR as the primary
receptor for facilitating entry into cells (22), while HAdV35 from species B utilizes CD46
as the primary receptor (23). HAdV5 also uses �v integrins as coreceptors mediated by
interaction with the RGD sequence in the penton base (24). Integrins are heterodimers
of noncovalently associated � and � subunits assembled into 24 different receptors.
They are major receptors for cell adhesion to extracellular matrix proteins and activate
many intracellular signaling pathways after binding to cognate ligands. Several studies
have reported that HAdV26 utilizes CAR, CD46, and/or integrins as receptors for
infecting target cells in vitro. Abbink et al. reported that HAdV26 transduces B16F10-
CD46 cells, mouse B16F10 melanoma cells that stably express the BC1 isoform of
human CD46 on the membrane, more efficiently than B16F10 cells, indicating that
HAdV26 is able to utilize CD46 as a receptor. However, transduction appeared to be less
efficient than for HAdVs from species B, suggesting that HAdV26 may utilize other
receptors in addition to CD46 (20). Recently, it has been shown that HAdV26 uses CD46
as a primary receptor in human peripheral blood mononuclear cells (PBMCs) and that
HAdV26 transduction was efficiently blocked by an anti-CD46 monoclonal antibody
(25).

Chen et al. compared the transduction efficiencies of HAdV5 and HAdV26 in CHO
cells (a cell line originally derived from the Chinese hamster ovary) stably expressing
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CAR (CHO-CAR) and control cells that did not express CAR (CHO-HVEM). They observed
that at the higher dose tested, the transduction efficiencies of the two viruses were
similar in CHO-CAR cells, indicating that HAdV26 could utilize CAR for cell binding. At
the same time, transduction in the CHO-HVEM cell line by HAdV26 was higher than that
by HAdV5, suggesting that HAdV26 can enter cells upon binding to alternative recep-
tors that HAdV5 is unable to use. In the same study, the authors investigated the
agglutination of CD46-expressing red blood cells from rhesus macaques by HAdV26. A
species B chimpanzee adenovirus serotype C1-based vector, which had previously been
shown to bind CD46, readily agglutinated red blood cells from rhesus macaques,
whereas this was not seen with HAdV26, suggesting that HAdV26 did not bind CD46
(26). Another study found that cyclic-RGD peptides partially inhibited human hepatoma
Hep3B cell killing by HAdV26, indicating a role of �v integrins in HAdV26 infection. In
the same study, the combination of an anti-CD46 antibody and cyclic-RGD peptides on
patient myeloma cells mediated complete protection against killing by HAdV26, sug-
gesting that both receptors, CD46 and �v integrins, are utilized by the virus to infect
these target cells (27). Finally, very recently, the scavenger receptor SR-A6 has been
implicated in facilitating HAdV26 entry into murine alveolar-macrophage-like MPI cells
(28). HAdV26 receptor usage has also been investigated for peripheral blood mono-
nuclear cells (25) or malignant B cells (27), while HAdV26 receptor usage in epithelial
cells is less well defined.

Since HAdV26 has been reported to use different molecules for cell entry, we wished
to investigate the roles of CAR, CD46, and �v integrins in mediating the entry of
HAdV26 into human epithelial cells. By performing different gain- and loss-of-function
studies, we found that �v�3 integrin is necessary for the efficient infection of epithelial
cells by HAdV26. At the same time, the presence of CAR or CD46 did not increase the
transduction efficiency of HAdV26. By studying intracellular trafficking of fluorescently
labeled HAdV26 in A549 cells and in A549 cells with increased expression of �v�3
integrin, we observed that �v�3 integrin expression allowed better internalization of
HAdV26. Additionally, we have shown that in an A549 cell clone with increased �v�3
integrin expression, HAdV26 colocalizes with �v�3 integrin. Thus, we conclude that
HAdV26 uses �v�3 integrin as a receptor for infecting epithelial cells.

RESULTS
HAdV26 binds and infects A549 and SK-OV-3 cells less efficiently than HAdV5

and HAdV35. Studies regarding HAdV26 transduction efficiency and receptor usage in
epithelial cells are limited. Therefore, in this work, we investigated the transduction
efficiencies of HAdV26 in A549 and SK-OV-3 epithelial cell lines, which are often used
in adenovirus research. Several molecules have been reported to function as HAdV26
receptors: CAR, CD46, and �v integrins. In order to determine the expression levels of
these molecules on A549 and SK-OV-3 cells, we assessed the expression of CAR; CD46;
and the integrins �v, �v�3, and �v�5 on the surfaces of the cells by flow cytometry.
While SK-OV-3 cells were found to be CAR negative, A549 cells showed high expression
of CAR. A549 and SK-OV-3 cells both showed high expression of CD46 and �v integrins;
however, SK-OV-3 cells expressed more CD46 and �v integrin than A549 cells. Expres-
sion of �v�3 and �v�5 integrins, known receptors for the RGD motif that is present in
the adenovirus penton base, was disparate between the two cell lines. A549 cells
expressed very small amounts of �v�3 integrin and showed expression of �v�5
integrin, while SK-OV-3 cells expressed �v�3 integrin, but the level of �v�5 integrin was
very low (Fig. 1).

Next, the efficiency of HAdV26 in transducing A549 and SK-OV-3 cells was investi-
gated (Fig. 2). HAdV5 and HAdV35 were used as representatives of HAdVs known to
utilize the receptors CAR and CD46, respectively. As an additional control, we used
HAdV26F35, a chimeric vector based on HAdV26 that has been pseudotyped with the
HAdV35 fiber.

HAdV5, HAdV35, and HAdV26F35 were found to transduce A549 cells much better
than HAdV26. HAdV26 transduced A549 cells 1,000-fold less efficiently than HAdV5. The
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transduction efficiency of HAdV26 was comparable to that of HAdV5 in SK-OV-3 cells,
i.e., HAdV26 transduced SK-OV-3 cells only 3-fold less efficiently than HAdV5 (Fig. 2A).
HAdV26 showed 4-fold higher reporter gene expression in SK-OV-3 cells than in A549
cells (Fig. 2B). This may indicate that SK-OV-3 cells express higher levels of the
molecule(s) that HAdV26 uses as a receptor than A549 cells.

To investigate whether the relatively low level of transduction efficiency observed
for HAdV26 in A549 and SK-OV-3 cells (compared to the other vectors) is caused by low
levels of binding and/or inefficient internalization of the virus, we measured the
binding and internalization of HAdV5, HAdV26, HAdV35, and HAdV26F35 in A549 and
SK-OV-3 cells. While the levels of binding and internalization of HAdV5, HAdV35, and
HAdV26F35 in A549 cells were comparable, binding and internalization of HAdV26

FIG 1 Flow cytometry analysis of known adenovirus receptors, CAR, CD46, �v�3, �v�5, and �v integrin, on surfaces of A549 and SK-OV-3 cells. The cells were
detached and incubated with specific antibodies on ice, and cell surface expression of CAR, CD46, �v, �v�3, and �v�5 integrins was analyzed by flow cytometry.
The following antibodies were used to detect the studied receptors: RcmB (CAR), MEM-258 (CD46), LM609 (�v�3), P1F6 (�v�5), and 272-17E6 (�v). Green and
violet represent primary-antibody staining in the A549 and SK-OV-3 cells, respectively. Results are from two independent experiments (n � 2). MFI, mean
fluorescence intensity expressed in arbitrary units.

FIG 2 Transduction efficiencies of HAdV5, HAdV26, HAdV35, and HAdV26F35 in A549 and SK-OV-3 cells.
(A) Comparison of transduction efficiencies of HAdV5, HAdV26, HAdV35, and HAdV26F35 in A549 and
SK-OV-3 cells. The results are presented as absolute values in relative light units (RLU) per milligram of
protein. (B) Transduction efficiencies of HAdV26 in A549 and SK-OV-3 cells. The results are presented as
fold A549 transduction efficiency. Transduction efficiency was measured by luciferase activity assay 48 h
after infection. The results are expressed as means and standard deviations. **, P � 0.01; ***, P � 0.001.
Results are from three independent experiments (n � 3).
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were found to be poor on this cell line. Compared to HAdV5, HAdV26 was found to bind
6-fold and to internalize 14-fold less efficiently in A549 cells (Fig. 3A). In SK-OV-3 cells,
the amounts of both bound and internalized HAdV26 were comparable to those of
HAdV5. However, in comparison to AdV35, HAdV26 was less efficient in both binding
and internalization in this cell line. In the same cell line, HAdV35 and HAdV26F35 were
found to bind and internalize more than 10-fold more efficiently than HAdV5 (Fig. 3B).
A comparison of the binding and internalization of HAdV26 in A549 and SK-OV-3 cells
is shown in Fig. 3C. It was seen that HAdV26 bound 3-fold and internalized 1.5-fold
better to SK-OV-3 cells than to A549 cells. These data indicate that the low transduction
efficiency of HAdV26 in A549 cells is caused by decreased binding of the virus,
suggesting that it is due to comparatively small amounts of the HAdV26 receptor on
A549 cells.

Downregulation of �v integrin decreases the transduction efficiency of HAdV26.
To investigate the importance of CAR, CD46, and �v integrin in contributing to the
transduction efficiency of HAdV26 in A549 and SK-OV-3 cells, we decided to down-
regulate those molecules, alone or in combination, and measure the transduction
efficiency of HAdV26. To downregulate the target receptor(s), we transfected cells with
CAR-, CD46-, and/or �v integrin-specific small interfering RNA (siRNA) (50 nM) and, 48
h posttransfection, confirmed the efficiency of silencing by flow cytometry. Downregu-
lation of CAR, CD46, and �v integrin was specific and did not influence expression of
the other observed molecules (Fig. 4). As expected, downregulating CAR (alone or in
combination with CD46 or �v integrin) almost abolished HAdV5 transduction of A549
cells (Fig. 5A). Silencing of CD46 significantly decreased transduction of HAdV35 (Fig.
5C) and HAdV26F35 (Fig. 5D) but increased transduction of HAdV26 (Fig. 5B). Down-
regulation of CAR and, to a greater extent, �v integrin decreased the transduction
efficiency of both HAdV26 (Fig. 5B) and HAdV26F35 (Fig. 5D). The most prominent

FIG 3 (A and B) Binding and internalization of HAdV5, HAdV26, HAdV35, and HAdV26F35 in A549 cells (A) and in SK-OV-3 cells
(B). The results are expressed as fold control value, i.e., the value obtained for HAdV5, plus standard deviations. (C) Binding and
internalization of HAdV26 in A549 and SK-OV-3 cells. The results are presented relative to A549 plus standard deviations. For
both binding and internalization, cells were first incubated with HAdV5, HAdV26, HAdV35, and HAdV26F35 on ice for 1 h,
Multiplicity of infection (MOI), 1,000 viral particles (vp)/cell. To measure binding, unbound viruses were removed by rinsing the
cells with cold trypsin and PBS and collected by scraping the cells. For internalization measurement, unbound viruses were
removed as described above, and the cells were transferred to 37°C and incubated for 1 h, allowing the viruses to enter the
cells. The Cells were then rinsed twice with warm trypsin, dispersed, and pelleted by centrifugation. For both binding and
internalization, total (cellular plus viral) DNA was extracted from the cells and used for quantification of viral DNA by qPCR,
using the CMV region as a target sequence. **, P � 0.01; ***, P � 0.001. Results are from three independent experiments
(n � 3).
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effect on HAdV26 transduction was observed in the case of �v integrin downregulation,
which decreased HAdV26 transduction efficiency 3-fold in comparison to cells trans-
fected with the scrambled siRNA control (Fig. 5B). These data indicate that �v integrin
could be a receptor for HAdV26 in A549 cells. The same effect was observed in another
CAR-positive cell line, HeLa, where downregulation of �v integrin decreased HAdV26
transduction efficiency 3-fold in comparison to cells transfected with scrambled siRNA
(data not shown). Similar results were obtained in SK-OV-3 cells. Since SK-OV-3 cells are
CAR negative, we downregulated only CD46 and/or �v integrins. Downregulating �v
integrin in SK-OV-3 cells decreased the transduction efficiency of all 4 studied viruses
(Fig. 6); however, the decrease was highest for HAdV26. Downregulating �v integrin in
SK-OV-3 cells decreased HAdV26 transduction efficiency 5-fold compared to controls
(Fig. 6B). That �v integrin is necessary for HAdV26 transduction efficiency was also
confirmed in the M21 melanoma cell line variants M21L and M21L4. The transduction
efficiency of HAdV26 was much higher in M21L4 cells, which are �v integrin positive,
than in M21L cells, which are �v integrin negative (Fig. 7).

FIG 4 Flow cytometry analysis of CAR, CD46, and �v integrin on surfaces of A549 and SK-OV-3 cells after downregulation
by specific siRNA transfection. Cells were transfected with specific siRNA at a final concentration of 50 nM, and 48 h later,
surface expression of CAR, CD46, and �v integrin was determined. The following antibodies were used to detect the
studied receptors: RcmB (CAR), MEM-258 (CD46), and 272-17E6 (�v integrin). The results are shown as percentages of the
value for the control, i.e., cells transfected with scrambled siRNA. Results are from two independent experiments (n � 2).

FIG 5 Transduction efficiencies of HAdV5 (A), HAdV26 (B), HAdV35 (C), and HAdV26F35 (D) in A549 cells after downregulation of CAR,
CD46, and/or �v integrin by specific siRNA transfection. Cells were transfected with specific siRNA at a final concentration of 50 nM
and infected 48 h later with HAdV5, HAdV26, HAdV35, and HAdV26F35 at an MOI of 1,000 vp/cell. Transduction efficiency was
measured by luciferase activity assay 48 h after infection. The results are presented as fold control, i.e., cells transfected with scrambled
siRNA, plus standard deviations. *, P � 0.05; **, P � 0.01; ***, P � 0.001. Results are from three independent experiments (n � 3).
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Downregulating CD46 alone or in combination with �v integrin in SK-OV-3 cells
decreased the transduction efficiency of HAdV35 (Fig. 6C) and HAdV26F35 (Fig. 6D), but
also HAdV26 (Fig. 6B), indicating that in this cell line CD46 could be involved in HAdV26
transduction efficiency. The roles of CAR and CD46 in HAdV26 transduction efficiency
were also studied in CHO cells overexpressing CAR (CHO-CAR) or CD46 (CHO-BC1). As
expected, increased expression of CAR significantly increased the transduction effi-
ciency of HAdV5. However, there was no impact on the transduction of the HAdV26,
HAdV35, or HAdV26F35 vector. Increased expression of CD46 significantly increased the
transduction efficiency of HAdV35 and HAdV26F35 but did not change the transduction
efficiency of HAdV5 or of HAdV26 (Fig. 8). Based on these data, we hypothesize that
HAdV26 uses �v integrin as a receptor for infecting epithelial cells, while CAR and CD46
are not crucial molecules in this process.

Downregulation of �v integrin decreases binding and internalization of HAdV26
in A549 cells. To further investigate the roles of CAR, CD46, and �v integrins in HAdV26
infection of A549 cells, we downregulated these molecules and subsequently deter-
mined their effects on the binding and internalization of HAdV26 compared to HAdV35

FIG 6 Transduction efficiencies of HAdV5, HAdV26, HAdV35, and HAdV26F35 in SK-OV-3 cells after downregulation of CD46
and/or �v integrin by specific siRNA transfection. Cells were transfected with specific siRNA at a final concentration of 50 nM
and infected 48 h later with HAdV5, HAdV26, HAdV35, and HAdV26F35 at an MOI of 1,000 vp/cell. Transduction efficiency was
measured by luciferase activity assay 48 h after infection. The results are presented as fold control, i.e., cells transfected with
scrambled siRNA, plus standard deviations. *, P � 0.05; **, P � 0.01. Results are from three independent experiments (n � 3).

FIG 7 Transduction efficiencies of HAdV5, HAdV26, HAdV35, and HAdV26F35 in M21L and M21L4 cells.
Cells were infected with HAdV5, HAdV26, HAdV35, and HAdV26F35 at an MOI of 1,000 vp/cell. Trans-
duction efficiency was measured by luciferase activity assay 48 h after infection. M21L cells are �v
integrin negative, and M21L4 cells are �v integrin positive. The results are presented as absolute values
in RLU per milligram of protein and are shown as means plus standard deviations. ***, P � 0.001. Results
are from two independent experiments (n � 2).
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and HAdV26F35. Downregulation of CAR decreased both binding and internalization of
HAdV5 4- and 11-fold, respectively, in comparison to cells transfected with scrambled
siRNA (control). Downregulation of CD46 decreased the binding of HAdV35 3-fold and
HAdV26F35 5-fold compared to controls. As expected, downregulation of CD46 also
diminished internalization of HAdV35 but, surprisingly, had no effect on HAdV26F35
internalization. Downregulation of �v integrin significantly decreased binding and
internalization of HAdV26. While downregulating �v integrin decreased HAdV26 bind-
ing 3-fold, it almost completely abrogated internalization of the virus in A549 cells.
Downregulating CAR or CD46 had no influence on HAdV26 binding or internalization
(Fig. 9). These data confirm that �v integrin plays an important role in binding and
internalization of HAdV26 in A549 cells.

Blocking �v integrins decreases transduction efficiency of HAdV26 in A549
cells. While downregulating target receptors by the use of specific siRNA removes the
target mRNA and, hence, the protein from the cell, pharmacological inhibition by using
a specific inhibitor or antibody blocks the function of a protein without affecting
protein expression. Therefore, we decided to investigate the roles of cell surface CAR,
CD46, and �v integrins in HAdV26 transduction efficiency by reducing the accessibility
of these molecules with blocking antibodies. Blocking CD46 alone or in combination
with CAR and �v integrins efficiently decreased transduction of HAdV35 and
HAdV26F35 (Fig. 10C and D). This effect was very pronounced for HAdV26F35, where
blocking CD46 almost abrogated HAdV26F35 transduction efficiency in A549 cells.
Blocking CD46 had no influence on HAdV26 transduction efficiency. The transduction
efficiency of HAdV5 was influenced only by blocking CAR, alone or in combination with
�v integrins (Fig. 10A). Blocking the surface availability of �v integrins, alone or in
combination with both CAR and CD46, significantly decreased the transduction effi-
ciency of HAdV26. While blocking �v integrins alone or in combination with CAR
decreased HAdV26 transduction efficiency 2-fold (compared to cells incubated with an

FIG 8 Transduction efficiencies of HAdV5, HAdV26, HAdV35, and HAdV26F35 in CHO-CAR (A) and
CHO-BC1 (B) cells. CHO-CAR cells were incubated with HAdV5 knob (wild type or Y477A) and CHO-BC1
cells with anti-CD46 antibody (MEM258) or IgG1 control on ice for 1 h and then infected with HAdV5,
HAdV26, HAdV35, and HAdV26F35 at an MOI of 5,000 vp/cell. Transduction efficiency was measured by
luciferase activity assay 48 h after infection. CHO-CAR cells are CHO cells stably transfected with a plasmid
containing CAR cDNA, and CHO-R cells are CHO cells stably transfected with empty plasmid; CHO-K1 cells
are normal CHO cells, and CHO-BC1 cells are CHO cells stably transfected with a plasmid containing CD46
cDNA. The results are presented as absolute values in RLU per milligram of protein and are shown as
means plus standard deviations. ***, P � 0.001. Results are from three independent experiments (n � 3).
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irrelevant IgG), blocking �v integrins and CD46 at the same time decreased HAdV26
transduction efficiency 5-fold (Fig. 10B). Together, these results confirm that the
presence of �v integrin on the surfaces of A549 cells is important for the transduction
efficiency of HAdV26.

FIG 9 Binding and internalization of HAdV5, HAdV26, HAdV35, and HAdV26F35 in A549 cells after down-
regulating CAR, CD46, and �v integrins. Cells were transfected with specific siRNA at a final concentration of
50 nM and incubated 48 h later with HAdV5, HAdV26, HAdV35, and HAdV26F35 on ice for 1 h at an MOI of
1,000 vp/cell. To measure binding, unbound viruses were removed by rinsing the cells with cold trypsin and
PBS and collected by scraping the cells. For internalization measurement, unbound viruses were removed as
described above, and the cells were transferred to 37°C and incubated for 1 h, allowing the viruses to enter
the cells. The cells were then rinsed twice with warm trypsin, dispersed, and pelleted by centrifugation. For
both binding and internalization, total (cellular plus viral) DNA was extracted from cells and used for
quantification of viral DNA by qPCR, using the CMV region as a target sequence. The results are presented
as fold control, i.e., cells transfected with scrambled siRNA, plus standard deviations. **, P � 0.01; ***,
P � 0.001. Results are from three independent experiments (n � 3).

FIG 10 Transduction efficiencies of HAdV5 (A), HAdV26 (B), HAdV35 (C), and HAdV26F35 (D) in A549 cells after incubation
with anti-CAR, anti-CD46, and/or anti-�v integrin blocking antibodies. Cells were first incubated with antibodies on ice for 1
h, and then the viruses were added. The following antibodies, at a final concentration of 20 �g/ml, were used: RcmB (CAR),
MEM-258 (CD46), LM609 (�v�3), P1F6 (�v�5), and 272-17E6 (�v). Transduction efficiency was measured by luciferase activity
assay 48 h after infection. The results are presented as fold control, i.e., cells incubated with IgG, plus standard deviations. *,
P � 0.05; ***, P � 0.001. Results are from two independent experiments (n � 2).
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Overexpression of �v�3 integrin in A549 cells allows better transduction
efficiency and internalization of HAdV26. To further confirm the role of �v integrins
in the transduction efficiency of HAdV26, we decided to stably transfect A549 cells
with an �v integrin expression plasmid. We isolated three A549 cell clones with
increased expression of �v integrin on the cell surface: A549-D4, A549-F1, and A549-E6.
Among them, A549-E6 has the highest expression of �v integrins (Fig. 11A). In order to
determine if this increased expression of �v integrins has an influence on HAdV26
binding, we incubated A549, A549-D4, A549-F1, and A549-E6 cells with HAdV26 and
measured the binding of the virus by quantitative PCR (qPCR). In comparison to A549,
HAdV26 bound slightly better to all three clones, namely, 1.7-fold better to A549-D4
and A549-E6 cells and 1.3-fold better to the A549-F1 clone (Fig. 12A). However
increased internalization was observed only in clone A549-E6, in which HAdV26 inter-
nalized 1.6 times better than in A549 cells (Fig. 12B).

Next, we examined the influence of increased �v integrin expression on the trans-
duction efficiency of HAdV26. The efficiency of HAdV26 transduction was found to be

FIG 11 Expression of �v, �v�3, �v�5, and �1 integrins in A549 cell clones obtained by stable transfection of A549
cells with a plasmid containing �v integrin subunit cDNA. Cells were detached and incubated with specific
antibodies on ice, and cell surface expression of �v, �v�3, �v�5, and �1 integrins was analyzed by flow cytometry.
The following antibodies were used: LM609 (�v�3), P1F6 (�v�5), and 272-17E6 (�v). Representative geometric
mean (GEOMean) fluorescence intensities obtained in one of three independent experiments with similar results
are shown. The dashed red line in panel A represents expression of �v integrin in A549 cells.

FIG 12 Binding, internalization and transduction efficiency of HAdV26 in A549 cell clones with increased
expression of �v integrin. (A and B) Binding (A) and internalization (B) of HAdV26 in A549 cells and A549
cell clones with increased expression of �v integrin (A549-D4, A549-F1, and A549-E6). Cells were
incubated with HAdV26 on ice for 1 h at an MOI of 1,000 vp/cell. To measure binding, unbound viruses
were removed by rinsing the cells with cold trypsin and PBS and collected by scraping the cells. For
internalization measurement, unbound viruses were removed as described above, and the cells were
transferred to 37°C and incubated for 1 h, allowing the viruses to enter the cells. The cells were then
rinsed twice with warm trypsin, dispersed, and pelleted by centrifugation. For both binding and
internalization, total (cellular plus viral) DNA was extracted from cells and used for quantification of viral
DNA by qPCR, using the CMV region as a target sequence. The results are expressed as fold value
obtained for A549 plus standard deviations. (C) Transduction efficiencies of HAdV26 in A549 cells and
A549 cell clones with increased expression of �v integrin (A549-D4, A549-F1, and A549-E6). Transduction
efficiency was measured by flow cytometry 48 h after infection. The results are expressed as fold value
obtained for A549 plus standard deviations. *, P � 0.05; ** P � 0.01. Results are from three independent
experiments (n � 3).
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higher in all the cell clones with increased �v integrin expression than in the parental
A549 cells. The most increased transduction efficiency was observed for the A549-E6
cell clone, which expressed 6 times more integrins than A549 cells. HAdV26 transduced
A549-D4 and A549-F1 cells with similar efficiencies, 2.7- and 2.4-fold better than A549
cells, respectively (Fig. 12C). These data confirm that �v integrin is important for both
binding and transduction of HAdV26.

Since it is known that �v integrin most frequently forms heterodimers with �1, �3,
�5, or �6 subunits, we determined the expression of �v�3, �v�5, �v�6, and �1 on the
surfaces of A549-D4, A549-F1, and A549-E6 cells. All three clones had the same levels
of expression of the �v�5 heterodimer (Fig. 11C) and the �1 integrin subunit (Fig. 11D)
as the parental A549 cells. Neither A549, A549-D4, A549-F1, nor A549-E6 showed
expression of �v�6 integrin (data not shown). However, clone A549-E6 was found to
have strikingly higher expression of �v�3 integrin than A549, A549-D4, or A549-F1 (Fig.
11B). Since clones A549-D4, A549-F1, and A549-E6 had expression levels of �v�5 (Fig.
11C) and �1 (Fig. 11D) comparable to those of A549 cells but showed increased
transduction efficiency with HAdV26, we conclude that the expression of �v�5 and �1
is not critical for HAdV26 binding or transduction. Based on the data with respect to the
greatly increased expression of �v�3 integrin in the A549-E6 clone, we assume that
�v�3 integrin is the molecule responsible for increased transduction efficiency of
HAdV26 in this cell clone. To further confirm this hypothesis, we stably transfected A549
cells with �3 integrin subunit expression plasmid and isolated 3 clones with increased
expression of �v�3 integrin: A549-B1, A549-B3, and A549-B4 (Fig. 13B). Even though all
3 clones with increased �3 integrin subunit expression, A549-B1, A549-B3, and A549-B4,
had increased expression of �v�3 integrin, they did not show increased binding (Fig.
14A) or internalization (Fig. 14B) with HAdV26, which is different than what was
observed with A549-E6. Nevertheless, the transduction efficiency of HAdV26 was
increased in all three clones (A549-B1, A549-B3, and A549-B4, 1.6-, 3.7-, and 5.4-fold,
respectively) (Fig. 14C). This increased transduction matched the increased expression
of �v�3 integrin. Stable transfection of the �3 integrin subunit in A549 cells did not
change the expression of �v�5 (Fig. 13C) or �1 (Fig. 13B), further confirming that their
presence is not crucial for HAdV26 transduction efficiency. We obtained similar results
in HEp2 cell clones with de novo expression of �v�3 integrin (29), where high expres-
sion of �v�3 integrin caused increased transduction efficiency of HAdV26 (data not
shown). The importance of �v�3 integrin in the transduction of A549 cells was also
confirmed by preincubating cells with vitronectin and RGD peptide, known ligands for
�v�3 integrin, prior to infection with HAdV26. Incubation with both vitronectin and
RGD peptide decreased the transduction efficiency of HAdV26 in A549 cells (Fig. 15).
Based on our results obtained in the A549-E6, A549-B3, and A549-B4 clones, we

FIG 13 Expression of �v, �v�3, �v�5, and �1 integrins in A549 cell clones obtained by stable transfection of A549
cells with a plasmid containing �3 integrin subunit cDNA. Cells were detached and incubated with specific
antibodies on ice, and cell surface expression of �v (A), �v�3 (B), �v�5 (C), and �1 (D) integrins was analyzed by
flow cytometry. The following antibodies were used: LM609 (�v�3), P1F6 (�v�5), and 272-17E6 (�v). Representative
geometric mean fluorescence intensities obtained in one of three independent experiments with similar results are
shown. The dashed red line in panel B represents expression of �v�3 integrin in A549 cells.
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conclude that �v�3 integrin is required for efficient transduction of epithelial cells with
HAdV26.

Since internalization of HAdV26 in A549 clones with increased expression of �v�3
integrin measured by qPCR did not completely correspond to increased transduction in
the cell clones, we decided to study intracellular trafficking of HAdV26 in A549,
A549-B4, and A549-E6 cells by confocal microscopy. We fluorescently labeled HAdV26
and observed its localization in the cells 2 h postinfection (Fig. 16A). In both A549-B4
and A549-E6 cell clones, the average amount of HAdV26 per cell was higher than in
parental A549 cells, i.e., 22 viruses per cell in A549 versus 40 and 82 viruses per cell in
A549-B4 and A549-E6 cells, respectively (Fig. 16B). Based on these data, we conclude
that overexpression of �v�3 integrin in A549 cells allows better internalization and
transduction efficiency of HAdV26.

HAdV26 shows colocalization with �v�3 integrin. To gain further insight into the
interaction between HAdV26 and �v�3 integrin, we asked if HAdV26 colocalizes with
�v�3 integrin in A549-E6, the cell clone with the highest expression of �v�3 integrin.
Fluorescently labeled HAdV26 was incubated with A549-E6 on ice for 30 min and then
transferred to 37°C for 1 min to trigger internalization. Immediately afterward, the cells
were transferred to ice to stop internalization. We assumed that at this time point we

FIG 14 Binding, internalization, and transduction efficiencies of HAdV26 in A549 cell clones with
increased expression of �3 integrin. (A and B) Binding (A) and internalization (B) of HAdV26 in A549 cells
and A549 cell clones with increased expression of �3 integrin (A549-B1, A549-B3, and A549-B4). Cells
were incubated with HAdV26 on ice for 1 h at an MOI of 1,000 vp/cell. To measure binding, unbound
viruses were removed by rinsing the cells with cold trypsin and PBS and collected by scraping the cells.
For internalization measurement, unbound viruses were removed as described above, and the cells were
transferred to 37°C and incubated for 1 h, allowing the viruses to enter the cells. The cells were then
rinsed twice with warm trypsin, dispersed, and pelleted by centrifugation. For both binding and
internalization, total (cellular plus viral) DNA was extracted from cells and used for quantification of viral
DNA by qPCR, using the CMV region as a target sequence. The results are expressed as fold value
obtained for A549 cells plus standard deviations. (C) Transduction efficiencies of HAdV26 in A549 cells
and A549 cell clones with increased expression of �3 integrin (A549-B1, A549-B3, and A549-B4).
Transduction efficiency was measured by flow cytometry 48 h after infection. The results are expressed
as fold value obtained for A549 cells plus standard deviations. *, P � 0.05; ** P � 0.01. Results are from
three independent experiments (n � 3).

FIG 15 Transduction efficiency of HAdV26 in A549 cells after incubation with vitronectin and RGD
peptide. Cells were first incubated with vitronectin (10 �g/ml) or RGD peptide (15 �g/ml) on ice for 1 h,
and then viruses were added. Transduction efficiency was measured by luciferase activity assay 48 h after
infection. The results are presented as fold control plus standard deviations. Results are from two
independent experiments (n � 2).
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should be able to capture colocalization between HAdV26 and �v�3 integrin if there
was any. About 80% of the HAdV26 virions detected under these conditions were found
to colocalize either partially or completely with �v�3 integrin, indicating that HAdV26
can use �v�3 integrin as a receptor for infecting epithelial cells (Fig. 17).

DISCUSSION

In this study, we found that HAdV26 uses �v�3 integrin as a receptor for infecting
epithelial cells. Until now, molecules that can serve as receptors for HAdV26 infection
have been studied mostly in cells circulating in blood. It has been shown that HAdV26
uses CD46 as a receptor for cell entry into human peripheral blood mononuclear cells
(25) and B cells (27). There are studies that show that other known adenovirus

FIG 16 Intracellular trafficking of Alexa Fluor 488-labeled HAdV26 in A549, A549-B4, and A549-E6 cells. (A) Cells were incubated with Alexa
Fluor 488-labeled HAdV26 (50,000 vp/cell) for 2 h at 37°C. Noninternalized viruses were rinsed away, and the cells were fixed with 2%
paraformaldehyde (PFA). Green, Alexa Fluor 488-labeled HAdV26; blue, nuclei stained with DAPI; red, actin cytoskeleton stained with
phalloidin. The images are maximum projections of confocal stacks. Representative confocal images are shown. Scale bars � 25 �m. (B)
Quantification of virus internalization efficiency, expressed as virus number per cell. The horizontal bars represent means, and the error
bars indicate standard deviations; the numbers of cells analyzed are indicated.
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receptors, like CAR and �v integrins, could be involved in HAdV26 infection (26). So far,
the only study regarding HAdV26 receptors in epithelial cells was done on HEp3 cells,
where it was shown that the RGD-4C peptide partially inhibited oncolysis by the species
D viruses HAdV17, HAdV24, HAdV26, and HAdV48, indicating involvement of �v
integrins in species D adenovirus infection (27). Therefore, in this study, we investigated
the roles of the above-mentioned molecules in HAdV26 infection of human epithelial
cells.

We compared the transduction efficiencies of HAdV26 on the A549 and SK-OV-3 cell
lines and observed very low transduction efficiency of HAdV26 on A549 cells and higher
transduction efficiency of HAdV26 on SK-OV-3 cells, suggesting that the two cell lines
differ in the expression of the HAdV26 receptor. We also observed low binding and
internalization of HAdV26 in A549 cells, presumably reflecting inadequate amounts of
HAdV26 receptor for efficient infection. We found that A549 cells express CAR, CD46,
and �v integrins, while SK-OV-3 cells show expression only of CD46 and �v integrins
and have little or no CAR on their surfaces. Expression levels of CD46 and �v integrins,
namely, �v�3 and �v�5, known to be involved in binding the RGD sequence from the
adenovirus penton base, were different in the two cell lines. To investigate the roles of
the above-mentioned adenovirus receptors and to determine their importance for
HAdV26 infection, we downregulated CAR, CD46, and �v integrins and studied how this
downregulation influenced HAdV26 transduction efficiency. As reference viruses, we
used HAdV5, which uses CAR for initial binding and �v integrins as coreceptors, and
HAdV35, as a representative of a CD46 binding virus. Additionally, we used HAdV26F35,
a chimeric HAdV26 vector pseudotyped with the HAdV35 fiber, which we assumed uses
CD46 for cell binding. Confirmation of this assumption came from our own observation
that incubation of A549 with HAdV35 and HAdV26F35 for 4 h at 37°C resulted in a
significant decrease of CD46 on the cell surface, indicating that CD46 is internalized
together with these viruses upon binding (data not shown), indirectly confirming that
HAdV26F35 does indeed bind CD46. However, the transduction efficiency of this
chimeric virus might be altered because of the HAdV35 fiber and consequent differ-
ences in the engagement between the RGD motif present in the HAdV26 penton base
and integrins.

As expected, downregulation of CAR or �v integrin significantly decreased HAdV5
transduction, while downregulation of CD46 significantly decreased HAdV35 transduc-
tion efficiency in both A549 and SK-OV-3 cells, validating our cell model. Downregu-
lation of CAR slightly decreased HAdV26 transduction in A549 cells; however, since
SK-OV-3 cells have no CAR on their surfaces but are transduced better with this virus
than A549 cells, we assumed that CAR is not crucial for HAdV26 infection. This

FIG 17 Colocalization of Alexa Fluor 488-labeled HAdV26 with �v�3 integrin in A549-B6 cells. Cells were
incubated with Alexa Fluor 488-labeled HAdV26 (50,000 vp/cell) for 1 min at 37°C, fixed with 2% PFA, and
subsequently stained for �v�3 integrin expression (LM609). A representative confocal image of HAdV26
colocalized with �v�3 integrin is shown. The gray arrowheads indicate colocalization; the green
arrowhead indicates absence of colocalization. The pie chart represents quantification of the percentage
of colocalized HAdV26 with �v�3 integrin. The data were collected from 9 cells and 59 viruses that
infected the cells.
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assumption is further supported by results obtained in CHO-CAR cells, where increased
expression of CAR had no influence on HAdV26 transduction efficiency. Downregula-
tion of CAR in A549 cells had a very significant negative effect on HAdV35 transduction
efficiency, which came as a surprise, since it is well known that HAdV35 uses CD46 for
infecting cells (23). Since blocking CD46 availability with specific antibody had no
influence on HAdV35 transduction efficiency and downregulating CAR did not change
cell surface expression of CD46 or the binding or internalization of the virus, we could
assume that some other alteration happened. Since CAR directly interacts with actin
(30) and actin dynamics are needed for HAdV35 cytosol localization (31), one could
imagine that downregulating CAR might influence HAdV35 infection by modifying
actin dynamics and macropinocytosis, a process used by HAdV35 for cell entry. To our
knowledge, there are no published data discussing the influence of siCAR on HAdV35
transduction efficiency; however, further clarification of this observation is beyond the
scope of our work. Unexpectedly, downregulation of CD46 increased the transduction
efficiency of HAdV26 on A549 and HeLa cells, implying that the presence of the
molecule on the A549 cell surface has a negative influence on HAdV26 transduction.
We observed the opposite effect in the SK-OV-3 cell line, where downregulation of
CD46 decreased transduction efficiency, indicating that in SK-OV-3 cells CD46 contrib-
utes to the transduction efficiency of HAdV26. Downregulating CD46 by use of specific
siRNA did not change cell surface expression of any of the other investigated receptors,
namely, CAR, �v integrin, �v�3, or �v�5 integrin, showing that decreased HAdV26
transduction was not due to diminished abundance of cell surface receptor. This
observation is consistent throughout the study, but at this point, we cannot explain the
phenomenon, which seems to be cell specific. Our result is in line with data obtained
in peripheral blood mononuclear cells, for which it was reported that HAdV26 trans-
duction is CD46 dependent (25). Just like SK-OV-3 cells, peripheral blood mononuclear
cells are CAR negative (32), suggesting that the role of CD46 in HAdV26 transduction
efficiency might depend on other molecules present in the cells. Nevertheless, this
needs further investigation. Downregulation of �v integrin significantly decreased the
transduction efficiency of HAdV26 in A549, SK-OV-3, and HeLa cells, indicating that �v
integrin is involved in HAdV26 transduction in these cell lines. The same effect was
observed in the melanoma cell line M21 variants M21L and M21L4. The transduction
efficiency of HAdV26 was much higher in M21L4 cells, which are �v integrin positive,
than in M21L cells, which are �v integrin negative. Downregulation of �v integrin also
decreased the transduction efficiency of HAdV35, albeit much less than HAdV26F35.
Since HAdV26F35 possesses a penton base from HAdV26, it is possible that the spatial
organization of the RGD loop in HAdV26F35 is different from that in HAdV35, indicating
that the two viruses might use �v integrin in different manners. That �v integrin is
necessary for HAdV26 transduction was also confirmed by pretreating A549 cells with
specific blocking antibodies prior to infection. Blocking the surface availability of �v
integrin, alone or in combination with both CAR and CD46, significantly decreased the
transduction efficiency of HAdV26. Blocking CAR or CD46 alone had no effect on
HAdV26 infection. At the same time, blocking CD46 alone or in combination with CAR
or �v integrin abrogated HAdV26F35 transduction efficiency. Downregulation of �v
integrin also decreased binding and internalization of HAdV26 in A549 cells, while
downregulating CAR or CD46 had no influence on HAdV26 binding or internalization.
This confirms that �v integrin plays an important role in binding and internalization of
HAdV26 in A549 cells. Altogether, these data allow us to propose that �v integrin serves
as a receptor for HAdV26 in human epithelial cells.

In order to further confirm the role of �v integrin in HAdV26 infection, we took a
different approach. Instead of downregulating �v integrin, we decided to upregulate
�v integrin in A549 cells, assuming that this would allow better HAdV26 transduction
efficiency. We isolated several stably transfected A549 clones with increased �v integrin
expression and measured binding, internalization, and transduction efficiency. In-
creased �v integrin expression in A549 cells resulted in slightly increased binding and
internalization of HAdV26, which was followed by significantly increased HAdV26
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transduction efficiency in the cell clone with the highest expression of �v integrin. Since
it is known that �v integrin exists in interaction with integrin subunits �1, �3, �5, �6,
and �8, creating the heterodimers �v�1, �v�3, �v�5, �v�6, and �v�8, among which
�v�3 and �v�5 bind the RGD sequence and serve as coreceptors for adenoviruses, we
wanted to determine the status of those heterodimers on the surfaces of A549 cells
resulting from increased expression of the �v integrin subunit. In transfected A549
clones with different levels of expression of the �v integrin subunit, we did not observe
changes in the expression of �v�5 or of �1 (and thus �v�1). However, in the A549 clone
with the highest expression of �v, we detected a large increase in the expression of
�v�3, suggesting that in this clone the larger amount of �v integrin subunit caused
augmentation of �3 integrin subunit expression. We did not detect expression of �v�6
integrin, and due to the lack of an adequate antibody, we did not measure the
expression of �v�8 integrin. However, previous reports have stated that A549 cells lack
both �v�6 and �v�8 integrins (33). Based on these observations, we conclude that the
molecule responsible for increased HAdV26 transduction efficiency is the �v�3 integrin.
We further corroborated this conclusion by isolating A549 cell clones stably transfected
with �3 subunit integrin cDNA. The integrin �3 subunit creates heterodimers only with
�v and �IIb subunits. Since the �IIb subunit is a marker of hematopoietic cells (34), we
assumed that in A549 cells, the �3 subunit would interact only with the �v subunit,
resulting in the �v�3 integrin. We isolated several clones with increased expression of
�v�3 and detected increased HAdV26 transduction efficiency in all of them, in accor-
dance with �v�3 integrin expression. We also determined the expression levels of �v,
�v�5, and �1 in these clones and verified that increase in �v�3 integrin did not change
the expression of any of them, further underlining that the transduction efficiency of
HAdV26 depended on the expression of the �v�3 integrin. Since the promiscuous
integrin subunits �1 and �v are synthesized in excess, the formation of any ��

heterodimer is dependent on the availability of the other subunit; thus, formation of
�v-containing heterodimers follows a hierarchical order. Therefore, the cell surface
copy numbers of, for example, �v�3 and �v�5 integrins are dependent on the amounts
of �3 and �5 subunits, respectively (29, 35). This can explain why in our A549 cell clones
stably overexpressing �v integrin we saw upregulation of only �v�3 and not �v�5
integrin, i.e., �3 and �5 integrin subunits compete for newly synthesized �v subunit,
causing differences in the expression of �v�3 and �v�5 heterodimers.

The discrepancy observed between transduction efficiency and binding/internaliza-
tion of HAdV26 in A549 clones with increased expression of �v�3 integrin measured by
qPCR could lie in a quite high dissociation constant (Kd) between the adenovirus
penton base and �v�3 integrin (415 � 62 nM) (36). Although this Kd refers to HAdV9,
we can assume that the Kd value would be similar for HAdV26, because they belong to
the same serotype. Since the binding assay is performed on ice, which does not allow
integrin clustering, it is possible that some information could be lost.

Even though the overall structure of the HAdV26 capsid is mostly similar to that of
HAdV5, there are some striking differences in structure between the two viruses. One
difference with possible implications for �v integrin binding is present in the penton
base structure. Sequence alignments between HAdV5 and HAdV26 showed that there
is a 12-residue deletion at the N terminus and two deletions in the RGD-containing loop
in the penton base of HAdV26 relative to species C (15). One could suspect that these
changes could render RGD from the HAdV26 penton less reachable by �v integrins.
HAdV26 has a relatively short fiber with only 8 beta repeats in the shaft compared to
22 repeats in the case of HAdV5. This short fiber is assumed to be fairly rigid, allowing
only limited bending (37). Bending of a long fiber allows easier interaction between
RGD from the penton of CAR binding adenoviruses and cell surface integrins, which
otherwise would not be possible. The RGD binding site on �v�3 integrin is situated on
the top of the integrin subunits and can be reached only when the integrin molecule
is activated, i.e., in the extended conformation. According to the current model, the
length of the extended �v�3 integrin is approximately 20 nm (38). The length of the
adenovirus fiber with 8-shaft beta repeats is 11 nm (39). Therefore, �v�3 integrin in its
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extended form should be able to span the distance between the cell surface and the
HAdV26 penton base and reach the RGD peptide, i.e., a rigid fiber should not impair
binding of HAdV26 to �v�3 integrin. In order to corroborate this, further research is
needed.

Adenovirus-mediated transduction efficiency reflects the sum of adenovirus
binding, internalization, and intracellular trafficking. Intracellular trafficking is best
understood for HAdV5 and includes clathrin-mediated dynamin-dependent endo-
cytosis followed by endosomal escape and cytosolic transport all the way to the
nucleus. This entire path is thought to be completed within approximately 90 min
of infection (40). For HAdV26, there are no detailed reports regarding intracellular
trafficking. Here, we studied intracellular trafficking of fluorescently labeled HAdV26
in A549 cells and two clones with increased expression of �v�3 integrin, A549-E6
and A549-B4, 120 min postinfection. The average amounts of internalized HAdV26
virions per cell in cell clones A549-E6 and A549-B4 were 4 and 2 times larger,
respectively, indicating that �v�3 integrin allows efficient internalization of HAdV26. Ad-
ditionally, we studied colocalization of HAdV26 and �v�3 integrin in A549-E6, the cell
clone with the highest expression of �v�3 integrin, and observed that at a very early
time point following binding, HAdV26 colocalizes with �v�3 integrin, confirming that
HAdV26 uses �v�3 integrin as a receptor in epithelial cells. By studying intracellular
trafficking of fluorescently labeled HAdV26 in A549 cells, we did not observe an
accumulation of HAdV26 in the proximity of the microtubule-organizing center, as has
been described for HAdV5 (41), indicating that HAdV26 might traffic differently from
HAdV5. Further studies are needed in order to learn more about HAdV26 intracellular
trafficking.

The data obtained in this study give us new insight into the HAdV26 infection
pathway, confirming that �v�3 integrin is required for efficient infection of epithe-
lial cells by HAdV26. Recently, Casiraghi et al. reported that �v�3 integrin strongly
affects the innate immune response in epithelial cells. They showed that �v�3
integrin greatly increased the immune response elicited by herpes simplex virus,
which had previously been shown to bind �v�3 integrin (42). This implies that
HAdV26 interaction with �v�3 integrin might also influence the innate immune
response in infected cells, and therefore, it would be interesting to investigate it in
more detail. Based on our data, one could wonder what the relationship of �v�3 is
to the previously reported receptor for the virus, namely, CD46, which has been
reported to be involved in binding of HAdV26 to PBMCs. We point out that PBMCs
have almost no expression of �v�3 and �v�5 integrin (43); thus, �v�3 integrin is
not available as a receptor for HAdV26 in these cells. The results obtained in this
study bring us new knowledge regarding HAdV26 receptor usage and should be
taken into account when using current or constructing new HAdV26-based vectors
for gene transfer and vaccination purposes.

MATERIALS AND METHODS
Cells, viruses, and antibodies. HEK293 (human embryonic kidney; ATCC CRL-1573), A549 (human

lung carcinoma; ATCC CCL-185), SK-OV-3 (human ovarian carcinoma; ATCC HTB-77), and HeLa (human
cervix adenocarcinoma; ATCC CCL-2) cells were obtained from the ATCC Cell Biology Collection and were
cultured according to the manufacturer’s instructions. Adherent CHO-K1 cells (Chinese hamster ovary
cells; ATCC CCL-61; CAR and CD46 negative) and CHO-CAR cells (CHO cells transfected to stably express
human CAR) were kind gifts from George Santis, King’s College London School of Medicine, London,
United Kingdom. CHO-BC1 cells (CHO cells stably transfected to express CD46) were previously described
(44). Melanoma M21 cell variants M21L and M21L4 (45) were kindly supplied by Urs Greber, University
of Zurich, Zurich, Switzerland. Replication-incompetent recombinant adenoviral vectors based on ade-
novirus types 5, 26, and 35 were previously constructed (20, 46). Viruses were propagated on HEK293
cells and purified by CsCl gradients. They carried either an enhanced green fluorescent protein (GFP) or
a luciferase gene driven by the cytomegalovirus (CMV) promoter as a reporter gene. Antibodies used for
flow cytometry, immunohistochemistry, colocalization, and infection competition analyses were as
follows: anti-CAR (RcmB) from Merck Millipore, anti-CD46 (MEM-258) from Thermo Fisher Scientific,
anti-�v�3 integrin (LM609) from Merck Millipore, anti-�v�5 integrin (P1F6) from Merck Millipore, anti-�v
(272-17E6) from Merck Millipore, anti-�1 (JB1A) from Merck Millipore, anti-�v�6 integrin (E7P6) from
Merck Millipore, and fluorescein isothiocyanate (FITC) goat anti-mouse IgG (catalog no. 554001) from BD
Pharmingen.
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Adenovirus infection assay. Adherent cells were incubated with viruses at 37°C, and transduction
efficiency was measured 48 h after infection by assaying for luciferase activity (Promega, Southampton,
United Kingdom) or by flow cytometry in the case of the GFP reporter. For the measurement of
transduction efficiency in the presence of function-blocking antibodies, cells were incubated with
antibodies at a final concentration of 20 �g/ml for 1 h on ice prior to incubation with viruses for 1 h on
ice. The cells were then rinsed and transferred to 37°C. Transduction efficiency was measured 48 h after
infection. For the measurement of transduction efficiency in the presence of vitronectin or RGD peptide,
cells were incubated with vitronectin or RGD peptide for 1 h on ice prior to incubation with viruses for
1 h on ice. The cells were then rinsed and transferred to 37°C. Transduction efficiency was measured 48 h
after infection. For the measurement of transduction efficiency after downregulating specific receptors
using siRNA, cells were transfected with the specific siRNA (50 nM final concentration) and infected with
adenoviruses 48 h later. Transduction efficiency was measured 48 h after infection.

Adenovirus labeling. After purification by banding in CsCl and dialysis against phosphate-buffered
saline (PBS) buffer, adenovirus particles were incubated with a 20-fold excess of chemically reactive Alexa
Fluor 488-TFP (Molecular Probes) for 2 h at room temperature in PBS buffer, pH 7.2. The labeled viral
particles were then purified of excess dye by dialysis using Zeba Spin desalting columns (Pierce). The
transduction efficiency of the modified vector was analyzed by transduction assay in HEK293 cells. Alexa
Fluor 488-TFP labeling did not alter the transduction efficiency of the labeled viruses.

siRNA experiments. To downregulate specific receptors, we used the following Silencer Select
predesigned siRNAs: CAR siRNA (s3774), CD46 siRNA (s8604), �v integrin siRNA (s7570), and scrambled
siRNA no. 1 (catalog no. 4390844), all from Thermo Fisher Scientific. Cells were transfected at a
confluence of 30 to 50% using Lipofectamine RNAiMax reagent (Invitrogen) according to the manufac-
turer’s protocol. The efficiency of silencing was verified 48 h after transfection by flow cytometry.

Flow cytometry. Flow cytometry was used to analyze the expression of CAR; CD46; �v integrin
subunit; �1 integrin subunit; and integrin heterodimers �v�3, �v�5, and �v�6. Briefly, adherent cells
were grown in tissue culture dishes, detached, and washed twice with PBS. Subsequently, the cells were
incubated on ice with the specific primary antibodies that recognized CAR, CD46, �v integrin, �1 integrin,
�v�3 integrin, �v�5 integrin, and �v�6 integrin. The binding of unlabeled primary antibodies was
revealed by using FITC-conjugated anti-mouse Ig as a secondary reagent.

Binding and internalization. Adherent cells were grown in 6-well dishes to 80% confluence.
Adenoviruses (1,000 physical particles per cell) were added to the cells and incubated for 1 h on ice. To
measure binding, unbound viruses were removed by washing the cells twice with cold trypsin and twice
with cold PBS. The cells were then harvested with a cell scraper and pelleted by centrifugation. To
measure internalization, unbound viruses were removed, warm growth medium was added, and the cells
were transferred to 37°C, allowing the viruses to enter the cells. After incubation at 37°C for 1 h, the cells
were washed twice with warm trypsin, dispersed, and pelleted by centrifugation. Total (cellular plus viral)
DNA was extracted using commercially available materials (DNeasy kit; Qiagen) and used to quantify viral
DNA. To measure the extent of viral attachment or internalization, viral DNA was quantified by qPCR on
100 ng of total DNA. Viral DNA was detected by qPCR using primers for the CMV sequence (CMV Rv,
CGATCTGACGGTTCACTAAACG; CMV Fw, TGGGCGGTAGGCGTGTA; CMV probe, TGGGAGGTCTATATAA
GC). The amount of viral DNA was normalized using expression of GAPDH (glyceraldehyde-3-phosphate
dehydrogenase).

Isolation of A549 cells stably expressing �v or �3 integrin. Integrin �v-expressing cell clones
A549-D4, A549-F1, and A549-E6 were established from A549 cells by stable transfection with the
pcDNA2004Neo(�)�v plasmid containing �v integrin subunit cDNA, which was purchased from Life
Technologies. Integrin �v�3-expressing cell clones A549-B1, A549-B3, and A549-B4 were established
from A549 cells by stable transfection with the pcDNA �3 plasmid containing integrin subunit �3 cDNA
(kindly provided by E. H. Danen, Amsterdam, The Netherlands). The plasmid was transfected into A549
cells using Lipofectamine (Invitrogen, La Jolla, CA). The cells were selected in the presence of G418
(0.6 mg/ml) and screened for �v or �v�3 integrin expression by flow cytometry.

Confocal microscopy. Cells (20,000 per coverslip) were seeded in 24-well plates. Two days later,
labeled adenoviruses were added to the cells (50,000 particles/cell) and incubated on ice for 30 min to
allow binding. Subsequently, the cells were transferred to 37°C for the indicated time. The cells were
fixed with 2% paraformaldehyde in PBS for 12 min at room temperature. Nuclei were labeled with DAPI
(4=,6-diamidino-2-phenylindole). Coverslips were slide mounted using Fluoromount (Southern Biotech).
Confocal laser scanning microscopy analyses were performed using a Leica TCS SP2 AOBS. Observations
were made with a 63� objective. The images showing intracellular trafficking of Alexa Fluor 488-labeled
HAdVs are maximum projections of 7 confocal stacks and were processed with the Leica Application
Suite X (LAS X) software platform, Adobe Photoshop CC software (Adobe Systems), and ImageJ. The
colocalization analysis was performed using digital images processed with a colocalization plug-in in
ImageJ.

Statistical analyses. All experiments were performed at least three times in duplicate or triplicate,
except flow cytometry experiments, which were performed twice. The results are expressed as means
and standard deviations and were analyzed either by t test or by two-way analysis of variance. We used
GraphPad Prism software. All P values of �0.05 were considered statistically significant.
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