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Abstract: Numerous human adenovirus (AdV) types are endowed with arginine–glycine–aspartic
acid (RGD) sequences that enable them to recognize vitronectin-binding (αv) integrins. These RGD-
binding cell receptors mediate AdV entry into host cells, a crucial early step in virus infection. Integrin
interactions with adenoviruses not only initiate receptor-mediated endocytosis but also facilitate
AdV capsid disassembly, a prerequisite for membrane penetration by AdV protein VI. This review
discusses fundamental aspects of AdV–host interactions mediated by integrins. Recent efforts to
re-engineer AdV vectors and non-viral nanoparticles to target αv integrins for bioimaging and the
eradication of cancer cells will also be discussed.
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1. Introduction

Long before the clever Ulysses used a hollow wooden horse to transport the Greek
army into the city of Troy (epic poem by Virgil in the Aeneid), mammalian viruses adopted
a similar strategy to invade host cells, albeit at the molecular level. Foremost among these
molecular con artists are integrins, which are the focus of this review. Integrins are het-
erodimeric membrane glycoproteins consisting of an alpha and beta subunit that recognize
a variety of extracellular matrix proteins (ECMs) [1] (Figures 1 and 2). Ligand binding to
these receptors involves the recognition of discreet amino acid sequences displayed on
the surface of ECMs. For example, certain integrins latch onto the arginine, glycine, and
aspartic acid (RGD) motifs displayed on vitronectin and fibronectin [2,3]. The binding of
these ligands generally requires the presence of divalent metal cations such as magnesium
or manganese. Initial ligand binding promotes transition of the integrin from an inactive
(bent) to an active (extended) conformation [4]. Integrin ligation by ECMs can trigger cell
spreading, cell adhesion, cell migration, and endocytosis [2,5]. Engagement of the beta
integrin cytoplasmic domain with elements of the cell cytoskeleton facilitates these cellular
processes [3,6].

In the early 1990s, new information, specifically in the realm of microbial pathogen-
esis, emerged concerning the role of integrins to mediate cell infection. Bacteria such
as Yersinia [7] and Bordetella pertussis [8] were shown to bind to β1 and β2 integrins,
respectively, and that these interactions led to pathogen uptake into susceptible host cells.
Integrins were also reported to mediate cell binding of several mammalian viruses includ-
ing echovirus 1 [9] and foot-and-mouth disease virus [10].

Knowledge of integrin association with diverse microbial pathogens served as an
impetus for investigating whether human adenovirus also interacts with integrins. In
this regard, very early reports indicated that human species C adenoviruses produced
a so-called toxic factor during the infection of host cells, resulting in the disruption of
cell monolayers in vitro [11,12]. Subsequently, this toxic factor was shown to be the AdV
penton base protein [13], an outer capsid protein that contains an RGD sequence [14].
Mutations that alter the RGD sequence in the AdV2 penton base eliminated the cell round-
ing/detachment of this protein [15]. These observations suggested that the penton base
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was interacting with cell integrins and causing cell detachment rather than acting as a toxic
component for cells.
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Figure 1. Three-dimensional structure of integrin αvβ3. The inactive (bent) form of the integrin 
(without its bound RGD ligand) is shown as a ribbon diagram with the αv subunit in blue and the 
β3 subunit in red (A). The C-terminus of these subunits are inserted into the cell membrane, whereas 
the N-terminal domains are involved in ligand binding. The extended (active) form of the integrin 
is shown in (B) with the location of the bound RGD ligand indicated by an *. A surface rendering of 
the alpha subunit (red) and beta subunit (blue) with the bound cyclo-RGDF peptide (stick figure) in 
the interface between the αv and β3 subunits is shown in (C). Reprinted by permission from Hynes, 
2002, Cell press [3]. 

 

Figure 1. Three-dimensional structure of integrin αvβ3. The inactive (bent) form of the integrin
(without its bound RGD ligand) is shown as a ribbon diagram with the αv subunit in blue and the β3
subunit in red (A). The C-terminus of these subunits are inserted into the cell membrane, whereas the
N-terminal domains are involved in ligand binding. The extended (active) form of the integrin is
shown in (B) with the location of the bound RGD ligand indicated by an *. A surface rendering of
the alpha subunit (red) and beta subunit (blue) with the bound cyclo-RGDF peptide (stick figure) in
the interface between the αv and β3 subunits is shown in (C). Reprinted by permission from Hynes,
2002, Cell press [3].
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Figure 2. Diagram of the αv integrin family and natural ligands. αv integrins comprise five different
heterodimeric receptors within the larger family of 24 known integrin molecules [3]. The majority of
αv integrins recognize extracellular (ECM) ligands such as vitronectin and fibronectin that contain an
RGD sequence. These receptor–ligand interactions foster cell adhesion and cell migration, processes
crucial for maintaining normal cell homeostasis.

1.1. Vitronectin-Binding Integrins αvβ3 and αvβ5 Promote AdV Uptake into Cells

In 1993, an investigation carried out in collaboration with David Cheresh, an expert in
integrin cell biology [2], provided strong evidence that the vitronectin-binding integrins
αvβ3 and αvβ5 were receptors for the AdV2 penton base [16]. Unlike conventional
receptors, αv integrins were responsible for virus uptake into cells rather than initial
virus attachment. Interestingly, the primary AdV2 attachment receptor, designated CAR
(Coxsackie and Adenovirus Receptor) was not identified until 1997 by Jeff Bergelson and
his colleagues at the University of Pennsylvania [17].

Evidence for integrin involvement in virus uptake was obtained by using complemen-
tary cell biological and molecular genetic approaches. Human M21-L4 melanoma cells
expressing αvβ3 and αvβ5 integrins supported AdV infection as well as virus uptake,
whereas M21-L12 cells lacking these integrins did not [16]. Function-blocking monoclonal
antibodies to αvβ3 and αvβ5, as well as synthetic RGD integrin-binding peptides but not
RGE (non-integrin-binding) peptides, interfered with AdV internalization into cells. And
RGD integrin antagonists had no effect on virus attachment, consistent with the role of
integrins in virus uptake rather than cell binding [16]. Other vitronectin-binding integrins,
αvβ6 and αvβ8, function as receptors for mouse adenovirus-1 and adenovirus-3 but not
for human adenoviruses [18].

The expression of a soluble form of recombinant αvβ5 integrin, comprising the entire
extracellular domain, enabled a demonstration of its direct binding to AdV [19]. Soluble
αvβ5 integrin bound directly to the species C AdV2 and the AdV2 penton base, as well
as to its natural ligand, vitronectin, but not to a distinct ECM, fibronectin in solid-phase
binding assays. Several other AdV types belonging to species B (AdV3), E (AdV4), and D
(AdV37) also bound to this integrin. Moreover, soluble recombinant αvβ5 competed for
AdV2-mediated gene delivery to various human cell types in vitro, indicating its role in
virus infection.

1.2. Cryo-EM Structure Analyses of AdV in Complex with Integrins

Seeing is said to be believing. This adage was put to the test by examining the structure
of AdV in complex with various ligands including integrins. The foundation of these studies
was established by the cryoelectron microscopy (cryoEM) structure analysis of AdV alone
at 35 Å resolution by Phoebe Stewart and her colleagues [20], in which they used the



Viruses 2024, 16, 770 4 of 13

crystal structure of the major outer AdV capsid protein, hexon [21], to determine the phases.
Subsequently, improved cryoEM image reconstructions of AdV were achieved as part of a
long-standing collaboration with Phoebe Stewart (Case Western Reserve University) and
Vijay Reddy (University of Minnesota, Hormel Inst).

The locations of the integrin-binding RGD sites on the Ad2 were determined by image
reconstruction of the AdV in a complex with a monoclonal antibody directed against
the penton base IRGDTRATR sequence [22]. Each penton base was shown to have five
extended loops of ~22 Å with exposed RGD motifs. Fab fragments derived from the RGD-
binding monoclonal antibody but not the intact antibody neutralized the virus in vitro.
This suggested that the close spacing of the integrin-binding loops of the penton base, as
well as the presence of the proximal N-terminal fiber domain, did not permit complete
antibody saturation of all five RGD sites. Support for this hypothesis was obtained in
subsequent BIAcore binding analyses in which only ~1.7 intact IgG antibodies bound to
each penton base on the virus particle, whereas ~4.2 Fab fragments of the same antibody
could bind [22]. Importantly, the cryoEM structure determination of AdV12, a virus that
has a relatively short RGD loop comprising 17 amino acids, in complex with integrin αvβ5
revealed that integrins bind in a multimeric array (~4–5 molecules per penton base) [23]
(Figure 3). The ability of adenoviruses to bind integrins in this multivalent format has
also been observed with an AdV9 penton base and integrin αvβ3 [24]. Integrin clustering
on the virus surface may be due to the ability of the integrins to adopt slightly different
conformations, thereby maximizing their close spatial orientations on the virus. Thus, the
AdV structure favors the binding of αv integrins while limiting the binding of potentially
neutralizing antibodies.
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Figure 3. Multimeric associations of AdV2 and Ad12 with integrin αvβ5. CryoEM image recon-
struction of Ad2 (left) and Ad12-integrin αvβ5 (right). In (A), the virus–integrin complexes are
viewed along their icosahedral 3-fold axis. The hexons of the Ad particles are depicted in blue, the
integrin is in red, and the penton base is in gold. In (B), the penton–integrin complexes are shown
in-side view with the N-terminus of the fiber shaft (left) shown in green. The scale bars are 100 Å.
Reprinted by permission from Chiu et al. 1999, Wiley publications [23].
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2. Consequences of Integrin Binding to Adenovirus Particles

The clustering of four–five integrins by multiple penton base proteins displayed at
each of the 12 vertices of the icosahedral AdV particle mediates several important functions
for virus entry into host cells. Integrin clustering likely promotes cell-signaling processes
that activate AdV endocytosis. In support of this concept, the penton base with its five
RGD loops causes the activation of SyK kinase in lymphoid cells, whereas monomeric RGD
peptides do not [25]. Importantly, the endocytosis of AdV via cell integrins was shown to
accompany the activation of phosphoinositide-3-OH kinase (PI3K), and this signaling event
was required for virion uptake into cells [26]. This lipid kinase interfaces with downstream
activators of the cell cytoskeleton, such as the Rho family of GTPases, and the Rho family
cell-signaling molecules, Rac1 and CDC42, promote AdV uptake [27].

Integrin clustering by the penton base provides another beneficial function for virus
entry. The binding of multiple integrins appears to loosen the vertex of the viral capsid, thus
favoring the release of the membrane lytic protein VI molecule from inside the virion [28,29].
Protein VI plays a crucial role in disruption of the cell endosome, allowing for the escape of
internalized virions into the cell cytosol [30,31].

The continuing improvement in cryoEM techniques and associated CCD cameras
have led to an even greater understanding of the AdV structure and the basis for virus
interactions with integrins and other host molecules [32–34]. A more detailed cryoEM
analysis of integrin αvβ5 bound to each RGD loop in the penton base of AdV12 suggested
that the binding of this receptor induces a conformational change in the penton, which
facilitates the disassembly of the entire vertex region of the virus [35].

These cryoEM structural studies are consistent with recent cell biological studies of
AdV cell entry [36]. Early AdV capsid disassembly begins at the cell surface and elicits
a cell-signaling response involving calcium flux into the cell, leading to the generation
of sphingomyelinase. This enzyme produces ceramide, which accumulates in endocytic
vesicles containing internalized adenovirus particles, thereby promoting endosome rupture
by protein VI.

The Role of Different αv Integrins and Other Integrin Types in Human AdV Cell Entry

As noted above, the vitronectin-binding integrins αvβ3 and αvβ5 are the major
receptors involved in AdV uptake into cells. And integrin αvβ5 has been reported to have
a unique role in endocytosis and the degradation of its natural ligand, vitronectin [37].
Moreover, integrin αvβ5 was found to have a selective role in promoting AdV-mediated
membrane penetration [38]. In addition to αvβ3 and αvβ5, integrin αvβ1 can also facilitate
AdV entry into certain transformed cell lines such as HEK293, on which integrins αvβ3
and αvβ5 are poorly expressed [39].

Besides the vitronectin-binding integrins αvβ1, αvβ3, and αvβ5, other types of inte-
grins can also interact with adenoviruses and promote infection. One of these is integrin
αMβ2 [40]. This receptor is a member of the β2 integrin family and is highly expressed
on hematopoietic cells, including monocyte/macrophages. Interestingly, αMβ2 acts as an
attachment receptor for adenovirus cell attachment. Thus, virus binding is inhibited by the
presence of a soluble penton base or a function-blocking antibody to αMβ2. The entry of
the virus into monocyte/macrophages is enhanced by the presence of αv integrins.

Certain adenoviruses associated with severe ocular infections, such as AdV37, have
been shown to use αvβ1 as well as α3β1 integrin to infect human corneal epithelial cells [41].
Since primary human corneal epithelial cells lack β3 and β5, each of these different β1
integrins could serve as either primary or secondary receptors or both on these cells.

Species F human adenoviruses, including types 40 and 41, are a frequent cause of
gastrointestinal diseases. Strikingly, these viruses lack the RGD motif in their penton
base, although they readily infect intestinal epithelial cells. Recent studies indicated that
laminin-binding integrins containing the α6 subunit serve as a co-receptor for AdV40/41
uptake and infection [42].



Viruses 2024, 16, 770 6 of 13

Even though most adenovirus types use one or more integrin types, certain viruses do
not employ integrins to invade host cells. A well-documented example of this is canine
adenovirus type 2 (CAV2), which uses its fiber protein to interact with CAR-1 on both rodent
and human neuronal cells [43]. The use of this primary attachment receptor is sufficient to
promote the retrograde axonal transport of virions, a feature that might facilitate the use of
this non-human virus as a vector for neurologic diseases [44].

It has also been reported that keratinocytes and airway epithelial cells derived from
beta 5 integrin-deficient mice support similar levels of AdV5 infection as normal cells
expressing this integrin [45]. It is possible that infection proceeds solely via CAR or perhaps
in concert with other αv integrin co-receptors, such as αvβ1 or αvβ3. In related studies,
primary cultured hepatocytes were shown to express only CAR but not αv integrins, and
the adenovirus infection of these cells proceeded solely through fiber–CAR association [46].
The infection of liver hepatocytes in vivo is even more complex. In this case, plasma-
derived clotting factors direct the virus to heparin sulfate moieties on the surface of these
cells, thereby circumventing the use of CAR or integrins [47].

Although this is not the focus of this review, other diverse RNA and DNA viruses
utilize integrins for infection. A few examples are the Epstein–Barr virus (EBV), which uses
αvβ6 and αvβ8 to trigger fusion of its envelope with host cells [48]; foot-and-mouth disease
virus (FMDV), which interacts with multiple αv integrins to achieve infection [49]; and
hantaviruses, which bind to β3 integrins to infect human tissues and cause hemorrhagic
fever with renal pathology [50].

3. Modifications of AdV to Alter Cell Tropism

As previously discussed, virus cell tropism is primarily mediated by penton base
binding to αv integrins as well as fiber-mediated attachment to receptors such as CAR [51].
In general, this broad cell tropism is controlled by both types of receptors and cannot be
completely abrogated by deleting either of these interactions with different receptors via
mutagenesis. Instead, ablation of both interactions is required to reduce cell tropism [52].
This finding has potential clinical relevance for the use of AdV to treat human diseases
including cancer. In general, AdV vectors injected intravenously or intraperitoneally have a
propensity to be taken up in the liver, thus hindering the transduction and killing of tumor
cells that may be located outside this organ. By contrast, removal of the CAR-binding se-
quences in the fiber and the integrin-binding RGD motif in the penton base greatly reduced
AdV vector-targeting of the liver, as well as other tissues when administered intraperi-
toneally in a mouse model [53]. These findings raised the possibility of reengineering AdV
vectors to avoid the natural tropism of the virus by ablating binding to its normal receptors,
combined with the addition of targeting sequences that recognize molecules preferentially
displayed on tumor cells, thereby increasing the specificity and efficiency of cell killing.

AdV vectors are now being reconfigured to circumvent normal receptor usage. This
effort largely arose from the pioneering efforts of David Curiel and his colleagues. In one
example, they modified the fiber protein of AdV5 by inserting an integrin-binding RGD
motif as well as a poly-L-lysine motif into the HI-loop of the fiber knob [54,55]. The doubly
modified vector lost its ability to bind to CAR in vitro while exhibiting a propensity to
target nonhuman primate pancreatic islets compared to non-modified vectors.

This AdV fiber RGD insertion strategy has recently been extended in recent phase
I human clinical trials for the treatment of glioblastoma [56]. In this study, more than a
dozen enrolled subjects with recurrent glioblastoma received an oncolytic AdV5 displaying
the fiber RGD sequence. The tumor selectivity of the Delta 24-RGD AdV5 vector was
provided by the deletion of the 24 base pairs in the E1A genomic regions of the vector,
while the RGD insertion facilitated integrin association with the tumor cells. Overall, this
safety investigation revealed that the vector, administered directly into the brain, appeared
to be safe, induced a local inflammatory reaction, and increased survival in a subset of
the subjects. Further human trials will be necessary to substantiate these findings and to
determine whether the inflammatory responses can be used to predict efficacy.
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Similar strategies involving the insertion of RGD into outer capsid proteins of AdV
vectors by other investigators appear to improve gene delivery to vascular smooth muscle
cells, which are refractory to unmodified AdV5 [57]. Removal of the clotting factor X-
binding region of the hexon in AdV5 and addition of an RGD peptide sequence improved
gene transfer to these cells. However, these hexon-altered vectors that enhance gene
transfer via an integrin-dependent manner were still susceptible to pre-existing neutralizing
antibodies to the virus, presumably through antibody recognition of the hexon, penton
base, and/or fiber. Thus, the in vivo efficacy of RGD-modified vectors delivered through
the blood stream may be reduced due to their elimination by host immune factors such
as antibodies.

In addition to smooth muscle vascular cells, endothelial cells can be targeted by AdV
vectors that have been modified to adhere to integrins such as αvβ3 [58]. The asparagine,
glycine, arginine (NGR) peptide sequence incorporated into the fiber of AdV5 or the hexon
protein enhanced gene delivery to vascular endothelial cells in vitro. The NGR sequence
recognizes integrins when presented as a linear peptide or amino peptidases (CD13) when
it is displayed as a circular molecule. In a similar way, NGR peptides are used for ligand-
directed delivery of different therapeutic molecules to neoplastic tissue, especially those
associated with angiogenesis [59].

Other specific human cell types that are generally refractory to transduction by AdV5-
based vectors may also be amenable to gene transfer using RGD-modified vectors. For
example, both human and murine T cells, which lack the primary receptor CAR but have
low levels of both αvβ3 and αvβ5, are generally resistant to adenovirus infection. However,
these cells can be transduced with a vector containing an RGD-modified fiber, which is also
viral replication-competent [60]. These findings offer the possibility of a pathway toward
the gene transfer of oncolytic adenoviruses to treat cancers arising in hemopoietic cell
types. In an expansion of this approach, AdV-transduced T cells were used as a reservoir of
oncolytic virus to infiltrate glioblastomas in the brain [61]. In this study, a Jurkat T-cell line
was infected with an oncolytic AdV vector bearing an RGD-modified fiber. These T cells
were then injected into the brains of mice bearing tumors derived from the transplantation
of a glioblastoma stem cell line, MGG8. This led to a restriction of tumor growth and
better survival. Whether these preclinical advances can be extended to humans and if they
have an acceptable safety profile remains to be determined. In addition, the production of
clinical-grade RGD-modified AdV vectors has been somewhat stymied by their propensity
to aggregate during virion purification in cesium chloride gradients. This is likely due to
the cross-linking of free sulfhydryl residues in the inserted RGD peptide, a problem that
can be circumvented by using iodixanol gradient centrifugation [62].

3.1. Integrin αvβ6 as a Novel Target for AdV Cancer Therapy

While integrins αvβ3, αvβ1, and αvβ5 are widely expressed on normal, healthy
epithelial cells, integrin αvβ6 is absent or present at very low levels on these cell types [63].
By contrast, keratinocytes that proliferate during the process of wound healing express
integrin αvβ6 concomitantly with its natural ligands’ fibronectin and tenascin [64]. Integrin
αvβ6 is also highly upregulated on different cancer cells [65], a situation that has provided
an opportunity to target cancer tissue with reengineered AdV vectors. However, most
human AdV vectors do not efficiently recognize this integrin αvβ6. This is likely because
the RGD present in the HAdV penton base is displayed in a different context than that
recognized by αvβ6. This was revealed by studies of several murine Ads (MAV-1 and
MAV-3), which have a different RGD flanking sequence, RGDLXXL(I), than that present in
human AdV. This distinct RGD sequence allows murine adenovirus type 1 to usurp αvβ6
integrins for infection of various cells in the central nervous system of C57/Bl6 mice [66].
Furthermore, incorporation of the RGDLXXL sequence into a human AdV allowed for
efficient gene transfer to cells expressing integrin αvβ6 [67].

Re-designed AdV vectors capable of targeting αvβ6 integrin have recently been
investigated in preclinical studies for cancer therapy. In one study, an oncolytic Adv5 vector
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containing deletions in the hexon, penton base, and fiber that ablates virus association
with CAR, integrins αvβ3 and αvβ5, as well as clotting factors, was equipped with a
20mer peptide (A20, NAVPNLRGDLQLAQKVART) inserted into the HI loop of the fiber
knob [68,69]. This RGD peptide sequence originally came from the GH loop of VP1 in
the foot-and-mouth disease virus (FMDV) that avidly associates with the αvβ6 integrin.
Intraperitoneal delivery of the αvβ6-targeted oncolytic Ad5Null-A20 vector allowed for the
infection of metastatic tumor tissue in a mouse model of ovarian cancer, and this resulted
in enhanced survival relative to mice receiving a control vector [70].

Targeting of integrin αvβ6 may be useful for eliminating other types of tumors,
including those arising in the pancreas [71,72]. In this regard, an oncolytic AdV5-based
vector ablated for CAR binding and containing the FMDV-derived RGD peptide inserted
into the fiber allowed for the efficient killing of αvβ6 integrin-expressing pancreatic cancer
cells [71]. Moreover, radiolabeled versions of this oncolytic virus were used to determine
the biodistribution of pancreatic tumor cells in mouse models, an approach that could
presage tumor imaging in human subjects [72].

3.2. Equipping Other Viruses and Non-Viral Nanoparticles with RGD Sequences

Although somewhat beyond the focus of this adenovirus-centric review, it is relevant
to mention that similar strategies for cancer therapy employ other viruses and nanoparticles
to target integrins expressed on malignant tissues.

An example of this is a baculovirus vector-based Autographa californica multiple nu-
cleopolyhedrovirus [73]. To target integrins on neoplastic cells, RGD sequences found in
the C-terminus of Coxsackie virus A9 and parechovirus 1 were fused to one of the major
envelope glycoproteins of the baculovirus vector. This RGD-modified virus was capable of
binding to A549 epithelial cells that express αv integrins relative to poor or no binding by
the unmodified baculovirus. In addition, the presence of the RGD sequence in the modified
vector provided a significant increase in cell transduction.

An even greater expansion of the integrin-targeting strategies involves the use of
synthetic nanoparticles displaying RGD sequences for bioimaging and the therapeutic
treatment of cancers [74]. To image small clusters of tumor cells in vivo, nanoparticles
comprising gold, silver sulfide, iron oxide, palladium, or technetium were coated with
various forms of the RGD peptide to target αv integrins on the tumor cells, as well as on
neovascular (angiogenic) tissues [74]. These novel nanoparticles provided a more accurate
localization of minute tumor masses [75] (Figure 4).

RGD-coated nanoparticles not only have the potential to enhance tumor imaging, but
they also might be able to eradicate cancer. In one example, RGD-coated nanoparticles
having the ability to bind to integrin αvβ3 were loaded with an anti-tumor agent, paclitaxel,
to kill targeted tumor cells in vivo [76]. The combination of more selective tumor targeting
by virtue of displaying the RGD motif as well as subsequent killing by paclitaxel appeared
to enhance survival in tumor-bearing mice.

Besides metal-based nanoparticles, lipid-based (liposomes), derivatized with RGD
peptides, are also being investigated [77]. The advantage of using liposomes as a clinic
modality is that these particles can carry both hydrophilic and lipophilic drugs with inher-
ent controlled release and with increased half-life in the circulation, as well as a satisfactory
safety profile. And like metal-based nanoparticles, they can be readily equipped with
integrin-binding RGD peptides. One of the first liposome-delivered drugs was a product
known as Doxil, which carried doxorubicin, an anti-tumor molecule that was originally
approved by the FDA in 1995 [78]. Subsequently, other liposome formulations such as those
carrying paclitaxel have entered phase II clinical trials [79]. As with metal-based nanoparti-
cles bearing RGD sequences, liposomes displaying various RGD peptide sequences have
also been deployed to enhance the delivery of doxorubicin or paclitaxel, resulting in
increased survival in mouse models of C26 carcinoma [80] or glioma, respectively [81].
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emission spectra from 500–1200 nm can be derivatized with multiple RGD peptides (outlined in
grey oval) to target various integrins (ABIR; alpha beta integrin receptor) depicted in the membrane
cartoon (lower left). These nanoparticles, when administered in mouse models, show preferential
tumor accumulation over time (lower right panel). Reprinted with permission from Tang et al.
copyright 2015, ACS publications [75].

4. Conclusions and Future Endeavors

The identification of a “toxic factor” produced during adenovirus infection led to
the discovery that many adenoviruses use integrins as receptors for virus uptake into
cells. Recognition of the vitronectin-binding integrins is mediated by RGD peptide se-
quences present in the AdV penton base of most but not all species of adenovirus. These
vitronectin-binding integrins play a major role in cell entry by triggering intracellular
signaling pathways upon penton base ligation. They also facilitate capsid disassembly and
the release of protein VI, beginning at the cell surface and finishing in the early endosome.
Biochemical analyses combined with cryoEM structural studies revealed multivalent asso-
ciations of αvβ5 integrin with the adenovirus penton base. These fundamental research
findings have provided an opportunity to reengineer adenoviral vectors for bioimaging
and potentially for the eradication of solid tumors.

In one clinical application, AdV peptide sequences that mediate the virus attachment
receptor (CAR), as well as sequences involved in αvβ3 and αvβ5 integrin association, were
deleted. These changes were then combined with the insertion of a specific RGD peptide
into the fiber protein that selectively recognizes integrin αvβ6, a receptor that is highly
expressed on neoplastic tissue. This retargeted viral vector enabled improved efficacy for
the treatment of glioblastoma in preclinical and early phase I trials. Similar efforts are being
brought forth with the use of other viruses, as well as metallic-based nanoparticles and
other synthetic compositions. Despite these technical advances, it remains to be determined
how effective these strategies will be in treating different metastatic cancers and the extent
to which the adaptive and innate host immune will limit vector efficacy. Nonetheless, in
the coming years, we are likely to see more examples of AdV engineering, including those
that limit vector association with neutralizing antibodies, clotting factors, and other host
molecules to improve their tissue specificity and safety. A recent example of this is the
use of oncolytic Ad vectors displaying the RGD-binding motif for integrin αvβ6 that are
also coated with cationic nanoparticles [82]. These cationic moieties serve to limit vector
association with clotting factors.

Additional sites in the AdV vector may be suitable for the insertion of RGD-targeting
motifs. For example, an RGD sequence was inserted into the hypervariable region 5 (HVR5)
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in the hexon to improve vector targeting in smooth muscle tissue [83]. Other non-viral forms
of adenovirus that have higher safety profiles than those of intact AdV particles might also
serve as a platform for cell targeting. One of those is the AdV dodecahedron, a multivalent
complex of the virus penton base and/or fiber protein that maintains the ability to recognize
cell integrins [84]. A less well-known platform for cell targeting may be vault nanoparticles.
Vaults are natural constituents of host cells that can be generated as recombinant virus-
like particles [85,86]. Recombinant vault nanoparticles have already been equipped with
the adenovirus protein VI lytic peptide [87,88], as well as RGD peptides [89], to enhance
cell transduction. These engineered synthetic and recombinant cell-based platforms may
eventually supplant AdV vectors as sustainable drug carriers.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were included in this manuscript.

Acknowledgments: The author thanks the many collaborators, students, and postdoctoral fellows
whose contributions made some of these studies possible.

Conflicts of Interest: The author declares no conflicts of interest. The writing of the manuscript and
the decision to publish prior data was solely that of the author.

References
1. Fu, G.; Wang, W.; Luo, B. Overview: Structural biology of integrins. Methods Mol. Biol. 2012, 757, 81–99. [PubMed]
2. Cheresh, D.A.; Spiro, R.C. Biosynthetic and functional properties of an Arg-Gly-Asp-directed receptor involved in human

melanoma cell attachment to vitronection, fibronectin, and von Willebrand factor. J. Biol. Chem. 1987, 262, 17703–17711. [CrossRef]
[PubMed]

3. Hynes, R.O. Integrins: Bidirectional, allosteric signaling machines. Cell 2002, 110, 673–687. [CrossRef] [PubMed]
4. Takagi, J.; Springer, T.A. Integrin activation and structural rearrangement. Immunol. Rev. 2002, 186, 141–163. [CrossRef] [PubMed]
5. Moreno-Layseca, P.; Icha, J.; Hamidi, H.; Ivaska, J. Integrin trafficking in cells and tissues. J. Nat Cell Biol. 2019, 2, 122–132.

[CrossRef] [PubMed]
6. Delon, I.; Brown, N.H. Integrins and the actin cytoskeleton. Curr. Opin. Cell Biol. 2007, 19, 43–50. [CrossRef] [PubMed]
7. Isberg, R.R. Discrimination between intracellular uptake and surface adhesion of bacterial pathogens. Science 1991, 252, 934–938.

[CrossRef] [PubMed]
8. Relman, D.; Tuomanen, E.; Falkow, S.; Golenbock, D.T.; Saukkonen, K.; Wright, S.D. Recognition of a bacterial adhesion by

an integrin: Macrophage CR3 (aMb2, CD11b/CD18) binds filamentous hemagglutinin of Bordatella pertussis. Cell 1990, 61,
1375–1382. [CrossRef] [PubMed]

9. Bergelson, J.; Shepley, M.P.; Chan, B.M.C.; Hemler, M.E.; Finberg, R.W. Identification of the integrin VLA-2 as a receptor for
echovirus 1. Science 1992, 255, 1718–1720. [CrossRef]

10. Fox, G.; Parry, N.R.; Barnett, P.V.; McGinn, B.; Rowlands, D.J.; Brown, F. The cell attachment of foot-and-mouth disease virus
includes the amino acid sequence RGD (arginine-glycine-aspartic acid). J. Gen. Virol. 1989, 70, 625–637. [CrossRef]

11. Everett, S.F.; Ginsberg, H.S. A toxinlike material separatable from type 5 adenovirus particles. Virology 1958, 6, 770–771. [CrossRef]
[PubMed]

12. Peirera, H.G. A protein factor responsible for the early cytopathic effect of adenoviruses. Virology 1958, 6, 601–611. [CrossRef]
[PubMed]

13. Boudin, M.L.; Boulanger, P. Assembly of adenovirus penton base and fiber. Virology 1982, 126, 589–604. [CrossRef] [PubMed]
14. Neumann, R.; Chroboczek, J.; Jocrot, B. Determination of the nucleotide sequence for the penton base gene of human adenovirus

type 5. Gene 1988, 69, 153–157. [CrossRef] [PubMed]
15. Bai, M.; Harfe, B.; Freimuth, P. Mutations that alter an ArG-Gly-Asp (RGD) sequence in the adenovirus type 2 penton base protein

abolishes its cell-rounding activity and delay virus reproduction in flat cells. J. Virol. 1993, 67, 5198–5205. [CrossRef] [PubMed]
16. Wickham, T.J.; Mathias, P.; Cheresh, D.A.; Nemerow, G.R. Integrins avb3 and avB5 promote adenovirus internalization but not

virus attachment. Cell 1993, 73, 309–319. [CrossRef] [PubMed]
17. Bergelson, J.M.; Cunningham, J.A.; Droguett, G.; Kurt-Jones, E.A.; Krithivas, A.; Hong, J.S.; Horwitz, M.S.; Crowell, R.L.; Finberg,

R.W. Isolation of a common receptor for Coxsackie B viruses and adenoviruses 2 and 5. Science 1997, 275, 1320–1323. [CrossRef]
[PubMed]

https://www.ncbi.nlm.nih.gov/pubmed/21909908
https://doi.org/10.1016/S0021-9258(18)45436-1
https://www.ncbi.nlm.nih.gov/pubmed/2447074
https://doi.org/10.1016/S0092-8674(02)00971-6
https://www.ncbi.nlm.nih.gov/pubmed/12297042
https://doi.org/10.1034/j.1600-065X.2002.18613.x
https://www.ncbi.nlm.nih.gov/pubmed/12234369
https://doi.org/10.1038/s41556-018-0223-z
https://www.ncbi.nlm.nih.gov/pubmed/30602723
https://doi.org/10.1016/j.ceb.2006.12.013
https://www.ncbi.nlm.nih.gov/pubmed/17184985
https://doi.org/10.1126/science.1674624
https://www.ncbi.nlm.nih.gov/pubmed/1674624
https://doi.org/10.1016/0092-8674(90)90701-F
https://www.ncbi.nlm.nih.gov/pubmed/2364431
https://doi.org/10.1126/science.1553561
https://doi.org/10.1099/0022-1317-70-3-625
https://doi.org/10.1016/0042-6822(58)90123-5
https://www.ncbi.nlm.nih.gov/pubmed/13616188
https://doi.org/10.1016/0042-6822(58)90109-0
https://www.ncbi.nlm.nih.gov/pubmed/13616174
https://doi.org/10.1016/0042-6822(82)90151-9
https://www.ncbi.nlm.nih.gov/pubmed/6175080
https://doi.org/10.1016/0378-1119(88)90389-7
https://www.ncbi.nlm.nih.gov/pubmed/3224820
https://doi.org/10.1128/jvi.67.9.5198-5205.1993
https://www.ncbi.nlm.nih.gov/pubmed/8350395
https://doi.org/10.1016/0092-8674(93)90231-E
https://www.ncbi.nlm.nih.gov/pubmed/8477447
https://doi.org/10.1126/science.275.5304.1320
https://www.ncbi.nlm.nih.gov/pubmed/9036860


Viruses 2024, 16, 770 11 of 13

18. Bieri, M.; Hendrickx, R.; Bauer, M.; Yu, B.; Jetzer, T.; Dreier, B.; Mittl, P.; Sobek, J.; Plulckthun, A.; Greber, U.F.; et al. The
RGD-binding integrins avb6 and avb8 are receptors for mouse adenovirus1 and -3 infection. PLoS Pathog. 2021, 17, e1010083.
[CrossRef]

19. Mathias, M.; Galleno, M.; Nemerow, G.R. Interactions of soluble recombinant integrin avb5 with human adenoviruses. J. Virol.
1998, 72, 8669–8675. [CrossRef]

20. Stewart, P.L.; Burnett, R.M.; Cyrklaff, M.; Fuller, S.D. Image reconstruction reveals the complex molecular organization of
adenovirus. Cell 1991, 67, 145–154. [CrossRef]

21. Athappilly, F.K.; Murali, R.; Rux, J.J.; Cai, Z.; Burnett, R.M. The refined crystal structure of hexon, the major coat protein of
adenovirus type 2 at 2.9 Å resolution. J. Mol. Biol. 1994, 242, 430–445. [CrossRef] [PubMed]

22. Stewart, P.L.; Chiu, C.Y.; Huang, S.; Muir, T.; Zhao, Y.; Chait, B.; Mathias, P.; Nemerow, G.R. Cryo-EM visualization of an exposed
RGD epitope on adenovirus that escapes antibody neutralization. 1997. EMBO J. 1997, 16, 1189–1198. [CrossRef] [PubMed]

23. Chiu, C.Y.; Mathias, P.; Nemerow, G.R.; Stewart, P.L. Structure of adenovirus complexed with its internalization receptor, avb5
integrin. J. Virol. 1999, 73, 6759–6768. [CrossRef] [PubMed]

24. Veesler, D.; Cupelli, K.; Burger, M.; Graber, P.; Stehle, T.; Johnson, J.E. Single-particle EM reveals plasticity of interactions between
the adenovirus penton base and integrin avb3. Proc. Natl. Acad. Sci. USA 2014, 111, 8815–8819. [CrossRef] [PubMed]

25. Stupack, D.G.; Li, E.; Silletti, S.A.; Kehler, J.A.; Geahlen, R.L.; Hahn, K.; Nemerow, G.R.; Cheresh, D.A. Matrix valency regulated
integrin-mediated lymphoid adhesion via Syk Kinase. J. Cell Biol. 1999, 144, 777–787. [CrossRef] [PubMed]

26. Li, E.; Stupack, D.; Klemke, R.; Cheresh, D.A.; Nemerow, G.R. Adenovirus endocytosis via av integrins requires phosphoinositide-
3-OH Kinase. J. Virol. 1998, 72, 2055–2061. [CrossRef] [PubMed]

27. Li, E.; Stupack, D.; Bokoch, G.M.; Nemerow, G.R. Adenovirus endocytosis requires actin cytoskeleton reorganization mediated by
Rho Family GTPases. J. Virol. 1998, 72, 8806–8812. [CrossRef] [PubMed]

28. Greber, U.F.; Gomez-Gonzalez, A. Adenovirus-a blueprint for gene delivery. Curr. Opin. Virol. 2021, 48, 49–56. [CrossRef]
29. Greber, U.F.; Willetts, M.; Webster, P.; Helenius, A. Stepwise dismantling of adenovirus 2 during entry into cells. Cell 1993, 75,

477–486. [CrossRef]
30. Wiethoff, C.M.; Wodrich, H.; Gerace, L.; Nemerow, G.R. Adenovirus protei VI mediates membrane disruption following capsid

disassembly. J. Virol. 2005, 79, 1992–2000. [CrossRef]
31. Wiethoff, C.M.; Nemerow, G.R. Adenovirus membrane penetration: Tickling the tail of a sleeping dragon. Virology 2015, 479–480,

591–599. [CrossRef] [PubMed]
32. Saban, S.; Silvestri, M.; Nemerow, G.R.; Stewart, P.L. Visualization of a-helices in a 6 Å resolution cryoelectron microscopy

structure of adenovirus allows refinement of capsid protein assignments. J. Virol. 2006, 80, 12049–12059. [CrossRef] [PubMed]
33. Liu, H.; Wu, L.; Zhou, Z.H. Model of the trimeric fiber and its interactions with the pentameric penton base of human adenovirus

by cryo-electron microscopy. J. Mol. Biol. 2011, 406, 764–774. [CrossRef] [PubMed]
34. Reddy, V.S.; Yu, X.; Barry, M.A. Refined capsid structure of human adenovirus D26 at 3.4 Å resolution. Viruses 2022, 14, 414.

[CrossRef] [PubMed]
35. Lindert, S.; Silvestry, M.; Mullen, T.M.; Nemerow, G.R.; Stewart, P.L. Cryo-electron microscopy structure of an adenovirus-integrin

complex indicates conformation changes in both penton base and integrin. J. Virol. 2009, 83, 11491–11501. [CrossRef] [PubMed]
36. Greber, U.F.; Flatt, J.W. Adenovirus entry: From infection to immunity. Annu. Rev. Virol. 2019, 6, 177–197. [CrossRef] [PubMed]
37. Panetti, T.S.; McKeown-Longo, P.J. The alpha v beta 5 integrin receptor regulates receptor-mediated endocytosis of vitronectin.

J. Biol. Chem. 1993, 268, 11492–11495. [CrossRef] [PubMed]
38. Wickham, T.J.; Filardo, E.J.; Cheresh, D.A.; Nemerow, G.R. Integrin avb5 selectively promotes adenovirus mediated cell membrane

permeabilization. J. Cell Biol. 1994, 127, 257–264. [CrossRef] [PubMed]
39. Li, E.; Brown, S.L.; Stupack, D.G.; Puente, X.S.; Cheresh, D.A.; Nemerow, G.R. Integrin avb1 is an adenovirus coreceptor. J. Virol.

2001, 75, 5405–5409. [CrossRef]
40. Huang, S.; Kamata, T.; Takada, Y.; Ruggeri, Z.M.; Nemerow, G.R. Adenovirus interaction with distinct integrins mediates separate

events in cell entry and gene delivery to hematopoietic cells. J. Virol. 1996, 70, 4502–4508. [CrossRef]
41. Storm, R.J.; Persson, B.D.; Skalman, L.N.; Frangsmyr, L.; Lindstrom, M.; Rankin, G.; Lundmark, R.; Domellof, F.P.; Arnberg,

N. Human adenovirus type 37 uses ab1 and a3b1 integrins for infection of human corneal cells. J. Virol. 2017, 91, e02019-16.
[CrossRef]

42. Rajan, A.; Persson, B.D.; Frangsmyr, L.; Olofsson, A.; Sandblad, L.; Heino, J.; Takada, Y.; Mould, A.P.; Schnapp, L.M.; Gall, J.; et al.
Enteric species F human adenoviruses use laminin-binding integrins as co-receptors for infection of Ht-29 cells. Sci. Rep. 2018,
8, 10019. [CrossRef]

43. Soudais, C.; Laplace-Buihe, C.; Kissa, K.; Kremer, E.J. Preferential transduction of neurons by canine adenovirus vectors and their
efficient retrograde transport in vivo. FASEB J. 2001, 15, 2283–2285. [CrossRef]

44. Simao, D.; Pinto, C.; Fernandes, P.; Peddie, C.J.; Piersanti, S.; Collinson, L.M.; Salinas, S.; Saggio, I.; Schiavo, G.; Kremer, E.J.; et al.
Evaluation of helper-dependent canine adenovirus vectors in a 3D CNS model. Gene Ther. 2016, 23, 86–94. [CrossRef]

45. Huang, X.; Griffiths, M.; Wu, J.; Farese, R.V., Jr.; Sheppard, D. Normal development, would healing, and adenovirus susceptibility
in beta5-deficient mice. Mol. Cell Biol. 2000, 20, 755–759. [CrossRef] [PubMed]

46. Hautala, T.; Grunst, T.; Fabrega, A.; Freimuth, P.; Welsh, M.J. An interaction between penton base and av integrins plays a minimal
role in adenovirus-mediated gen transfer to hepatocytes in vitro and in vivo. Gene Ther. 1998, 5, 1259–1264. [CrossRef]

https://doi.org/10.1371/journal.ppat.1010083
https://doi.org/10.1128/JVI.72.11.8669-8675.1998
https://doi.org/10.1016/0092-8674(91)90578-M
https://doi.org/10.1006/jmbi.1994.1593
https://www.ncbi.nlm.nih.gov/pubmed/7932702
https://doi.org/10.1093/emboj/16.6.1189
https://www.ncbi.nlm.nih.gov/pubmed/9135136
https://doi.org/10.1128/JVI.73.8.6759-6768.1999
https://www.ncbi.nlm.nih.gov/pubmed/10400774
https://doi.org/10.1073/pnas.1404575111
https://www.ncbi.nlm.nih.gov/pubmed/24889614
https://doi.org/10.1083/jcb.144.4.777
https://www.ncbi.nlm.nih.gov/pubmed/10037798
https://doi.org/10.1128/JVI.72.3.2055-2061.1998
https://www.ncbi.nlm.nih.gov/pubmed/9499060
https://doi.org/10.1128/JVI.72.11.8806-8812.1998
https://www.ncbi.nlm.nih.gov/pubmed/9765425
https://doi.org/10.1016/j.coviro.2021.03.006
https://doi.org/10.1016/0092-8674(93)90382-Z
https://doi.org/10.1128/JVI.79.4.1992-2000.2005
https://doi.org/10.1016/j.virol.2015.03.006
https://www.ncbi.nlm.nih.gov/pubmed/25798531
https://doi.org/10.1128/JVI.01652-06
https://www.ncbi.nlm.nih.gov/pubmed/17005667
https://doi.org/10.1016/j.jmb.2010.11.043
https://www.ncbi.nlm.nih.gov/pubmed/21146538
https://doi.org/10.3390/v14020414
https://www.ncbi.nlm.nih.gov/pubmed/35216007
https://doi.org/10.1128/JVI.01214-09
https://www.ncbi.nlm.nih.gov/pubmed/19726496
https://doi.org/10.1146/annurev-virology-092818-015550
https://www.ncbi.nlm.nih.gov/pubmed/31283442
https://doi.org/10.1016/S0021-9258(19)50224-1
https://www.ncbi.nlm.nih.gov/pubmed/7685013
https://doi.org/10.1083/jcb.127.1.257
https://www.ncbi.nlm.nih.gov/pubmed/7523420
https://doi.org/10.1128/JVI.75.11.5405-5409.2001
https://doi.org/10.1128/jvi.70.7.4502-4508.1996
https://doi.org/10.1128/JVI.02019-16
https://doi.org/10.1038/s41598-018-28255-7
https://doi.org/10.1096/fj.01-0321fje
https://doi.org/10.1038/gt.2015.75
https://doi.org/10.1128/MCB.20.3.755-759.2000
https://www.ncbi.nlm.nih.gov/pubmed/10629031
https://doi.org/10.1038/sj.gt.3300722


Viruses 2024, 16, 770 12 of 13

47. Parker, A.L.; Waddinton, S.N.; Nicol, C.G.; Shayakhmetov, D.M.; Buckley, S.M.; Denby, L.; Kemball-Cook, G.; Ni, S.; Lieber,
A.; McVey, J.H.; et al. Multiple vitamin-K dependent coagulation zymogens promote adenovirus-mediated gene delivery to
hepatocytes. Blood 2006, 108, 2554–2561. [CrossRef]

48. Chesnokova, L.S.; Nishimura, S.L.; Hutt-Fletcher, L.M. Fusion of epithelial cells by Epstein-Barr Virus proteins is triggered by
binding of vial glycoproteins gHgL to integrins alphavbeta6 or alphavbeta8. Proc. Natl. Acad. Sci. USA 2009, 106, 20464–20469.
[CrossRef]

49. Wang, G.; Wang, Y.; Shang, Y.; Zhan, Z.; Liu, X. How foot-and-mouth disease virus receptor mediates foot-and-mouth disease
virus infection. Virol. J. 2015, 12, 9. [CrossRef] [PubMed]

50. Gavrilovskaya, I.N.; Brown, E.J.; Ginsberg, M.H.; Mackow, E.R. Cellular entry of Hantaviruses which cause hemorrhagic fever
with renal syndrome is mediated by b3 integrins. J. Virol. 1999, 73, 3951–3959. [CrossRef] [PubMed]

51. Roelvink, P.W.; Lee, G.M.; Einfeld, D.A.; Kovesdi, I.; Wickham, T.J. Identification of a conserved receptor-binding site on the fiber
proteins of CAR recognizing adenoviridae. Science 1999, 286, 1568–1571. [CrossRef]

52. Einfeld, D.A.; Schroeder, R.; Roelvink, P.W.; Lizonova, A.; King, C.R.; Wickham, T.J. Reducing the native tropism of adenovirus
vectors requires removal of both CAR and integrin interactions. J. Virol. 2001, 75, 11284–11291. [CrossRef]

53. Akiyama, M.; Thorne, S.; Kirn, D.; Roelvink, P.W.; Einfeld, D.A.; King, C.R.; Wickham, T.J. Ablating CAR and Integrin Binding in
adenovirus vectors reduces nontarget organ transduction and permits sustained bloodstream persistence following intraperitoneal
administration. Mol. Ther. 2004, 9, 218–230. [CrossRef]

54. Bilbao, G.; Contreras, J.L.; Dmitriev, I.; Smyth, C.A.; Jenkins, S.; Eckhoff, D.; Thomas, F.; Curiel, D.T. Genetically modified
adenovirus vector containing an RGD peptide in the HI loop of the fiber knob improves gene transfer to nonhuman primate
isolated pancreatic islets. Am. J. Transpl. 2002, 2, 237–243. [CrossRef]

55. Wu, H.; Seki, T.; Dmitriev, I.; Uil, T.; Kashentseva, E.; Han, T.; Curiel, D.T. Double modification of adenovirus fiber with RGD
and polylysine motifs improves coxsackie-adenovirus receptor-independent gene transfer efficiency. Hum. Gene Ther. 2002, 13,
1647–1653. [CrossRef]

56. Van Putten, E.H.P.; Kleijn, A.; van Beusechem, V.W.; Noske, D.; Lamers, C.H.J.; de Goede, A.L.; Idema, S.; Hoefnagel, D.;
Klozeman, J.J.; Fueyo, J.; et al. Convection enhanced delivery of the oncolytic adenovirus delta24-RGD in patients with recurrent
GBM: A phase 1 clinical trial including correlative studies. Clin. Cancer Res. 2022, 28, 1572–1585. [CrossRef]

57. Robertson, S.; Parker, A.L.; Clarke, C.; Duffy, M.R.; Alba, R.; Nicklin, S.A.; Baker, A.H. Retargeting FX-binding-ablated HAdV-5
to vascular cells by inclusion of the RGD-4C peptide in hexon hypervariable region 7 and the HI loop. J. Gen. Virol. 2016, 97,
1911–1916. [CrossRef]

58. Nestic, D.; Hozic, A.; Brkljaca, Z.; Butorac, A.; Pazur, K.; Jullienne, B.; Cindric, M.; Amriovic-Ristov, A.; Benihoud, K.; Majhen,
D. Integrin avb3 and disulfide bonds play important roles in NGR-retargeted adenovirus transduction efficiency. Life Sci. 2022,
291, 120116. [CrossRef]

59. Corti, A.; Curnis, F. Tumor vasculature targeting through NGR peptide-based drug delivery systems. Curr. Pharm. Biotechnol.
2011, 12, 1128–1134. [CrossRef]

60. Sengupta, S.; Ulasov, I.V.; Thaci, B.; Ahmed, A.U.; Lesniak, M.S. Enhanced transduction and Replication of RGD-fiber modified
adenovirus in primary T cells. PLoS ONE 2011, 6, e18091. [CrossRef]

61. Balvers, R.K.; Belcaid, Z.; den Hengel, S.K.V.; Kloezeman, J.; de Vrij, J.; Wakimoto, H.; Hoeben, R.C.; Debets, R.; Leenstra, S.;
Dirven, C.; et al. Locally-delivered T-cell-derived cellular vehicles efficiently track and deliver adenovirus delta24-RGD to
infiltrating glioma. Viruses 2014, 6, 3080–3096. [CrossRef]

62. Stepanenko, A.A.; Sosnovtseva, A.O.; Valikhov, M.P.; Chekhonin, V.P. A new insight into aggregation of oncolytic adenovirus
Ad5-delta-24- RGD during CsCl gradient ultracentrifugation. Sci. Rep. 2021, 11, 16088. [CrossRef]

63. Koivisto, L.; Bi, J.; Hakkinen, L.; Larjava, H. Integrin avb6: Structure, function and role in health and disease. Int. J. Biochem. Cell
Biol. 2018, 99, 186–196. [CrossRef]

64. Haapasalmi, K.; Zhang, K.; Tonnesen, M.; Olerud, J.; Sheppard, D.; Salo, T.; Kramer, R.; Clark, R.A.F.; Uitto, V.-J.; Larjava, H.
Keratinocytes in human wounds express avb6 integrin. J. Investig. Dermat. 1996, 106, 42–48. [CrossRef]

65. Bandyopadhyay, A.; Raghavan, S. Defining the role of integrin alphavbeta6 in cancer. Curr. Drug Targets 2009, 10, 645–652.
[CrossRef]

66. Guida, J.D.; Fejer, G.; Pirofski, L.A.; Brosnun, C.F.; Horwitz, M.S. Mouse adenovirus type 1 causes a fatal hemorrhagic en-
cephalomyelitis in adult C57Bl/6 but not Balb/C mice. J. Virol. 1995, 69, 7674–7681. [CrossRef]

67. Coughlan, L.; Vallath, S.; Saha, A.; Flak, M.; McNeishm, I.A.; Vassaux, G. In vivo retargeting of adenovirus type 5 to alphavbeta6
integrin results in reduced hepatocytotoxicity and improved tumor uptake following systemic delivery. J. Virol. 2009, 83,
6416–6428. [CrossRef]

68. Uusi-Kerttula, H.; Davies, J.; Coughlan, L.; Hulin-Curtis, S.; Jones, R.; Hanna, L.; Chester, J.D.; Parker, A.L. Pseudotyped
alphavbeta6 integrin-targeted adenovirus vectors for ovarian cancer therapies. Oncotarget 2016, 7, 27926–27937. [CrossRef]

69. Davies, J.A.; Marlow, G.; Uusi-Kerttula, H.K.; Seaton, G.; Piggott, L.; Badder, L.M.; Clarkson, R.W.E.; Chester, J.D.; Parker, A.L.
Efficient intravenous tumor targeting using the avb6 integrin-selective precision virotherapy Ad5null-A20. Viruses 2021, 13, 864.
[CrossRef]

https://doi.org/10.1182/blood-2006-04-008532
https://doi.org/10.1073/pnas.0907508106
https://doi.org/10.1186/s12985-015-0246-z
https://www.ncbi.nlm.nih.gov/pubmed/25645358
https://doi.org/10.1128/JVI.73.5.3951-3959.1999
https://www.ncbi.nlm.nih.gov/pubmed/10196290
https://doi.org/10.1126/science.286.5444.1568
https://doi.org/10.1128/JVI.75.23.11284-11291.2001
https://doi.org/10.1016/j.ymthe.2003.10.010
https://doi.org/10.1034/j.1600-6143.2002.20308.x
https://doi.org/10.1089/10430340260201734
https://doi.org/10.1158/1078-0432.CCR-21-3324
https://doi.org/10.1099/jgv.0.000505
https://doi.org/10.1016/j.lfs.2021.120116
https://doi.org/10.2174/138920111796117373
https://doi.org/10.1371/journal.pone.0018091
https://doi.org/10.3390/v6083080
https://doi.org/10.1038/s41598-021-94573-y
https://doi.org/10.1016/j.biocel.2018.04.013
https://doi.org/10.1111/1523-1747.ep12327199
https://doi.org/10.2174/138945009788680374
https://doi.org/10.1128/jvi.69.12.7674-7681.1995
https://doi.org/10.1128/JVI.00445-09
https://doi.org/10.18632/oncotarget.8545
https://doi.org/10.3390/v13050864


Viruses 2024, 16, 770 13 of 13

70. Uusi-Kerttula, H.; Davies, J.A.; Thompson, J.; Wongthida, P.; Evgin, L.; Shim, K.G.; Bradshaw, A.; Baker, A.T.; Rizkallah, P.J.; Jones,
R.; et al. Ad5Null-A20: A tropism modified, avb6 integrin-selective oncolytic adenovirus for epithelial ovarian cancer therapies.
Clin. Cancer. Res. 2018, 24, 4215–4224. [CrossRef]

71. Man, Y.K.S.; Davies, J.A.; Coughlan, L.; Pantelidou, C.; Blazquez-Moreno, A.; Marshall, J.F.; Hallden, G. The novel oncolytic
adenoviral mutant Ad5-3delta-A20T retargeted to avb6 integrins efficiently eliminates pancreatic cancer cells. Mol. Cancer Ther.
2018, 17, 575–587. [CrossRef]

72. Man, Y.K.S.; Foster, J.; Carapuca, E.; Davies, J.A.; Parker, A.L.; Sosabowski, J.; Hallden, G. Systemic delivery and SPECT/CT
in vivo imaging of 125I-labelled oncolytic adenoviral mutants in models of pancreatic cancer. Sci. Rep. 2019, 9, 12840.

73. Matilainen, H.; Makela, A.R.; Riikonen, R.; Saloniemi, R.; Korhonen, E.; Hyypia, T.; Heino, J.; Grabherr, R.; Oker-Blom, C. RGD
motifs on the surface of baculovirus enhance transduction of human lung carcinoma cells. J. Biotechnol. 2006, 125, 114–126.
[CrossRef]

74. Qui, W.; Chandra, J.; Abourehab, M.A.S.; Gupta, N.; Chen, Z.S.; Kesharwani, P.; Cao, H.L. New opportunities for RGD-engineered
metal nanoparticles in cancer. Mol. Cancer 2023, 22, 87.

75. Tang, R.; Xue, J.; Xu, B.; Shen, D.; Sudlow, G.P.; Achilefu, S. Tunable ultrasmall visible-to-extended near-infrared emitting silver
sulfide quantum dots for integrin-targeted cancer imaging. ACS Nano 2015, 9, 220–230. [CrossRef]

76. Schleich, N.; Po, C.; Jacobs, D.; Ucakar, B.; Gallez, B.; Danhier, F.; Preat, V. Comparison of active, passive, and magnetic targeting
to tumors of multifunctional paclitaxel/SPIO-loaded nanoparticles for tumor imaging and therapy. J. Control. Release 2014, 194,
82–91. [CrossRef]

77. Sheikh, A.; Alhakamy, N.A.; Md, S.; Kesharwani, P. Recent progress of RGD modified liposomes as multistage rocket against
cancer. Front. Pharmacol. 2022, 12, 803304. [CrossRef]

78. Barenholz, Y. Doxil- the first FDA-approved nano-drug: Lessons learned. J. Control. Release 2012, 160, 117–134. [CrossRef]
79. Koudelka, S.; Turanek, J. Liposomal paclitaxel formulations. J. Control. Release 2012, 163, 322–334. [CrossRef]
80. Amin, M.; Badiee, A.; Jaafari, M.R. Improvement of pharmacokinetic and antitumor activity of PEGylated doxorubicin by

targeting with N-methylated cyclic RGD peptide in mice bearing C-26 carcinomas. Int. J. Pharm. 2013, 458, 324–333. [CrossRef]
81. Liu, Y.; Ran, R.; Chen, J.; Kuang, Q.; Tang, J.; Mei, L.; Zhang, Q.; Gao, H.; Zhang, Z.; He, Q. Paclitaxel loaded liposomes decorated

with a multifunctional tandem peptide for glioma targeting. Biomaterials 2014, 35, 4835–4847. [CrossRef]
82. Man, Y.K.S.; Aguirre-Hernandez, C.; Fernandez, A.; Martin-Duque, P.; Gonzalez, R.; Hallden, G. Complexing the oncolytic Ad∆∆

and Ad-3∆∆-A-20T with cationic nanoparticles enhances viral infection and spread in prostate and pancreatic cancer models. Int.
J. Mol. Sci. 2022, 23, 8884. [CrossRef]

83. Vigne, E.; Mahfouz, I.; Dedieu, J.F.; Brie, A.; Perricaudet, M.; Yeh, P. RGD inclusion in the hexon monomer provides adenovirus
type 5-based vectors with a fiber knob-independent pathway for infection. J. Virol. 1999, 73, 5156–5161. [CrossRef]

84. Besson, S.; Vragniau, C.; Vassal-Stermann, E.; Dagher, M.C.; Fender, P. The adenovirus dodecahedron: Beyond the platonic story.
Viruses 2020, 12, 718. [CrossRef]

85. Rome, L.H.; Kickhoefer, V.A. Development of the vault particle as a platform technology. ACS Nano 2013, 7, 889–902. [CrossRef]
86. Mikyas, Y.; Makabi, M.; Raval-Fernandes, S.; Harrington, L.; Kickhoefer, V.A.; Rome, L.H. Cryoelectron microscopy imaging of

recombinant and tissue derived vaults: Localization of the MVP N termini and VPARP. J. Mol. Biol. 2004, 344, 91–105. [CrossRef]
87. Han, M.; Kickhoefer, V.A.; Nemerow, G.R.; Rome, L.H. Targeted vault nanoparticles engineered with and endosomalytic peptide

deliver biomolecules to the cytoplasm. ACS Nano 2011, 5, 6128–6137. [CrossRef]
88. Lai, C.Y.; Wiethoff, C.M.; Kickhoefer, V.A.; Rome, L.H.; Nemerow, G.R. Vault nanoparticles containing an adenovirus-derived

membrane lytic protein facilitate toxin and gene transfer. ACS Nano 2009, 3, 691–699. [CrossRef]
89. Xia, Y.; Ramgopal, Y.; Li, H.; Shang, L.; Srinivas, P.; Kickhoefer, V.A.; Rome, L.H.; Preiser, P.R.; Boey, F.; Zhang, H.; et al.

Immobilization of recombinant vault nanoparticles on solid substrates. ACS Nano 2010, 4, 1417–1424. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1158/1078-0432.CCR-18-1089
https://doi.org/10.1158/1535-7163.MCT-17-0671
https://doi.org/10.1016/j.jbiotec.2006.02.002
https://doi.org/10.1021/nn5071183
https://doi.org/10.1016/j.jconrel.2014.07.059
https://doi.org/10.3389/fphar.2021.803304
https://doi.org/10.1016/j.jconrel.2012.03.020
https://doi.org/10.1016/j.jconrel.2012.09.006
https://doi.org/10.1016/j.ijpharm.2013.10.018
https://doi.org/10.1016/j.biomaterials.2014.02.031
https://doi.org/10.3390/ijms23168884
https://doi.org/10.1128/JVI.73.6.5156-5161.1999
https://doi.org/10.3390/v12070718
https://doi.org/10.1021/nn3052082
https://doi.org/10.1016/j.jmb.2004.09.021
https://doi.org/10.1021/nn2014613
https://doi.org/10.1021/nn8008504
https://doi.org/10.1021/nn901167s

	Introduction 
	Vitronectin-Binding Integrins v3 and v5 Promote AdV Uptake into Cells 
	Cryo-EM Structure Analyses of AdV in Complex with Integrins 

	Consequences of Integrin Binding to Adenovirus Particles 
	Modifications of AdV to Alter Cell Tropism 
	Integrin v6 as a Novel Target for AdV Cancer Therapy 
	Equipping Other Viruses and Non-Viral Nanoparticles with RGD Sequences 

	Conclusions and Future Endeavors 
	References

