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Abstract: Adenoviruses represent exceptional candidates for wide-ranging therapeutic applications,
from vectors for gene therapy to oncolytics for cancer treatments. The first ever commercial gene
therapy medicine was based on a recombinant adenovirus vector, while most recently, adenoviral
vectors have proven critical as vaccine platforms in effectively controlling the global coronavirus
pandemic. Here, we discuss factors involved in adenovirus cell binding, entry, and trafficking; how
they influence efficiency of adenovirus-based vectors; and how they can be manipulated to enhance
efficacy of genetically modified adenoviral variants. We focus particularly on endocytosis and how
different adenovirus serotypes employ different endocytic pathways to gain cell entry, and thus,
have different intracellular trafficking pathways that subsequently trigger different host antiviral
responses. In the context of gene therapy, the final goal of the adenovirus vector is to efficiently
deliver therapeutic transgenes into the target cell nucleus, thus allowing its functional expression.
Aberrant or inefficient endocytosis can impede this goal, therefore, it should be considered when
designing and constructing adenovirus-based vectors.

Keywords: adenovirus; endocytosis; vectors; gene therapy

1. Introduction

Adenoviruses (AdVs) can cause mild health problems, like acute respiratory, gas-
trointestinal, and ocular infections, but have no oncogenic potential in humans [1]. To
ensure viral progeny, AdVs need to efficiently infect permissive cells that will enable both
adenoviral entry and replication of DNA. The life cycle of AdVs can be simply divided
into several stages: binding to a receptor expressed on a cell surface, entry into the cell
by endocytosis, endosomal escape, trafficking through the cytoplasm, and docking at the
nuclear pore complex (NPC), followed by nuclear entry of the adenoviral genome. Once
adenoviral DNA enters the nucleus, expression of early and late genes allows assembly of
new viral particles and their release from the host cell is enabled.

Thanks to their features, like the relative ease with which their genome can be modified
as well as relative tolerance towards genetic manipulation, AdVs have been recognized
as promising vectors for gene transfer. Today, according to the Wiley database on Gene
Therapy Trials Worldwide, AdVs present 17.5% of vectors used in gene therapy clinical
trials (https://a873679.fmphost.com/fmi/webd/GTCT; accessed on 10 August 2021).
The first ever commercial gene therapy medicine was recombinant adenovirus encoding
human p53 tumor suppressor gene, Gendicine, registered for the treatment of head and
neck cancers on the market in China [2]. Besides being vectors for gene transfer, AdVs are
widely used as vectors for vaccination. Numerous AdV vaccine candidates for treating
infectious diseases and cancer are under investigation, with the most important milestone
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being achieved when European Medicines Agency recently approved three AdV-vector-
based vaccines: one against Ebola (Zabdeno; Ad26.ZEBOV [3]) and two against Covid-19
(ChAdOx1 nCoV-19 [4] and Ad26.COV2.S [5]), demonstrating the efficacy of AdV-based
vaccines as tools for controlling pandemic outbreaks.

We distinguish the two types of commonly used adenoviral vectors: replication-
defective and oncolytic adenoviruses. Due to molecular engineering, replication-defective
AdVs cannot replicate in infected cells, however they provide high expression of transgenes
with minimum expression of AdV proteins. Unlike replication-defective AdVs (also known
as vectors), oncolytic AdVs selectively replicate in and lyse cancer cells, and are, therefore,
commonly used vectors in clinical trials for cancer gene therapy [6]. The world first
oncolytic virus product was also an adenovirus, Oncorine (H101), an oncolytic adenovirus
intended to be used in combination with chemotherapy as a treatment for patients with late-
stage refractory nasopharyngeal cancer [7]. Currently, a large number of AdV platforms
are being developed for oncology applications, for example, Enadenotucirev, a clinical
stage oncolytic AdV with broad potential to target solid tumor carcinomas [8]; DNX-2401;
Delta-24-RGD oncolytic AdV, developed as immunotherapeutic treatment for recurrent
malignant glioma [9]; and TILT-123, a human AdV5/AdV3 chimeric oncolytic adenovirus
encoding for tumor necrosis factor alpha and human interleukin 2 aimed at generating an
anti-cancer immune response [10].

To fulfil its role as a vector, an AdV needs to successfully deliver its DNA genome to
the host nucleus, a process highly influenced by AdV intracellular translocation. In this
review, we discuss which factors are involved in AdV endocytosis, focusing mainly on
receptors and endocytic scaffold proteins, as well as the influence of a particular type of
endocytosis on AdV intracellular trafficking.

1.1. Human Adenoviruses

Human adenoviruses (HAdVs) are non-enveloped double stranded DNA viruses with
icosahedral capsids of approximately 90 nm in diameter and mass of ~150 megadaltons [11].
HAdVs consist of 13 structural proteins that form the outer capsid of icosahedral geometry
and the inner core, where double-stranded DNA is bound with the core proteins. Major
building blocks of the HAdV capsid are hexon and penton. There are 240 copies of the
hexon trimer, and 12 pentons comprising an extended fiber protein non-covalently attached
to the penton base protein. The fiber protein is composed of tail, shaft, and knob domains,
the latter containing several loops. In addition, capsids comprise minor proteins IIIa,
VI, VIII, and IX [12]. HAdVs are classified into seven subgroups, A–G [13], according
to hemagglutination and serum neutralization reactions or by genome sequencing and
bioinformatics analysis (International Committee on Taxonomy of Viruses—ICTV). HAdV
infection starts with binding to the primary receptor at the cell surface. Primary receptor
usage differs between different HAdVs serotypes. After initial attaching to the primary
receptor, HAdV binds αv integrins on the cell surface through an RGD peptide sequence
present in the penton base of the virus [14]. This interaction triggers internalization of
HAdV, as well as a number of signaling events that lead to virus cell entry within the
endosomal compartment [15]. Partial disassembly of the capsid occurs prior to membrane
penetration, however the escape of incoming adenoviruses from endosomes is dependent
on the viral membrane lytic protein VI, whose lytic activity is pH-independent [16,17].
Once liberated from the endosome, the fibreless HAdV capsid is transported towards
the nucleus along a network of microtubules [18] and motor proteins, such as dynein
(unidirectional movement) or kinesin (bidirectional) [19,20]. Final docking of the HAdV
capsid occurs at the nuclear pore and the HAdV genome enters the nucleus [21], where it
remains episomal. A scheme of HAdV cell entry is presented on Figure 1.
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Figure 1. Schematic representation of different steps in adenovirus infection, ultimately leading to delivery of the viral 
genome to the host cell nucleus. 1. Adenovirus basic structure and various possible binding receptors. 2. Internalization 
of the virion by different mechanisms of endocytosis. 3. Virion trafficking within vesicles and endosome acidification, 
followed by virion escape. 4. Docking at the nuclear pore complex and delivery of the adenoviral genome. Abbreviations: 
CAR – coxsackie and adenovirus receptor; MHC1—major histocompatibility complex class 1; DSG2—desmoglein 2, 
HSPG—heparan sulfate proteoglycans, FX—factor X, EE—early endosome, LE—late endosome, EEA1—early endosome 
antigen 1, LAMP1—lysosomal-associated membrane protein 1, HAdVC—human adenovirus subgroup C, HAdVB—hu-
man adenovirus subgroup B, NPC—nuclear pore complex. 
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Contact between an HAdV and a cell is achieved through interactions of adenoviral 

capsid proteins with receptors expressed on the cell surface. Different HAdV types bind 
to different receptors on target cells and the presence of specific receptors on certain cell 
types defines HAdV tropism. Additionally, HAdV receptors differ in the ability to allow 
HAdV attachment and/or internalization. To date, many molecules on the cell surface 
have been shown to enable HAdV binding: coxsackie and adenovirus receptor (CAR), 
CD46, desmoglein-2, sialic acid, heparan sulfate proteoglycans (HSPG), integrins, GD1a 
glycan, major histocompatibility complex (MHC) class I, CD80, CD86, scavenger receptor, 
and others [22]. In addition, molecules like lactoferrin [23] and coagulation zymogens [24] 
can bridge receptor-independent HAdV binding to the target cell. 

The earliest studies of HAdV intracellular trafficking indicated that different sero-
types exhibit different trafficking pathways within the host cell. Depending on the sero-
type, HAdV capsids either accumulate in the lysosomes (human adenovirus type 7, 
HAdV7) or are trafficked directly to the nuclear envelope (human adenovirus type 5, 
HAdV5) [25]. Currently, the majority of information known about HAdV intracellular 
trafficking comes from studying HAdVs belonging to subgroups C (human adenovirus 
type 2, HAdV2 and HAdV5) and B (human adenovirus type 35, HAdV35). These two sub-
groups use different primary receptors, CAR (HAdV5) and CD46 (HAdV35), directing 
them toward different internalization mechanisms. Subgroup B serotypes accumulate in 

Figure 1. Schematic representation of different steps in adenovirus infection, ultimately leading to delivery of the viral
genome to the host cell nucleus. 1. Adenovirus basic structure and various possible binding receptors. 2. Internalization
of the virion by different mechanisms of endocytosis. 3. Virion trafficking within vesicles and endosome acidification,
followed by virion escape. 4. Docking at the nuclear pore complex and delivery of the adenoviral genome. Abbreviations:
CAR – coxsackie and adenovirus receptor; MHC1—major histocompatibility complex class 1; DSG2—desmoglein 2,
HSPG—heparan sulfate proteoglycans, FX—factor X, EE—early endosome, LE—late endosome, EEA1—early endosome
antigen 1, LAMP1—lysosomal-associated membrane protein 1, HAdVC—human adenovirus subgroup C, HAdVB—human
adenovirus subgroup B, NPC—nuclear pore complex.

1.2. Role of the Fiber Receptors’ Interactions in Human Adenovirus Cell Entry

Contact between an HAdV and a cell is achieved through interactions of adenoviral
capsid proteins with receptors expressed on the cell surface. Different HAdV types bind
to different receptors on target cells and the presence of specific receptors on certain cell
types defines HAdV tropism. Additionally, HAdV receptors differ in the ability to allow
HAdV attachment and/or internalization. To date, many molecules on the cell surface
have been shown to enable HAdV binding: coxsackie and adenovirus receptor (CAR),
CD46, desmoglein-2, sialic acid, heparan sulfate proteoglycans (HSPG), integrins, GD1a
glycan, major histocompatibility complex (MHC) class I, CD80, CD86, scavenger receptor,
and others [22]. In addition, molecules like lactoferrin [23] and coagulation zymogens [24]
can bridge receptor-independent HAdV binding to the target cell.

The earliest studies of HAdV intracellular trafficking indicated that different serotypes
exhibit different trafficking pathways within the host cell. Depending on the serotype,
HAdV capsids either accumulate in the lysosomes (human adenovirus type 7, HAdV7) or
are trafficked directly to the nuclear envelope (human adenovirus type 5, HAdV5) [25].
Currently, the majority of information known about HAdV intracellular trafficking comes
from studying HAdVs belonging to subgroups C (human adenovirus type 2, HAdV2 and
HAdV5) and B (human adenovirus type 35, HAdV35). These two subgroups use different
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primary receptors, CAR (HAdV5) and CD46 (HAdV35), directing them toward different
internalization mechanisms. Subgroup B serotypes accumulate in lysosomes, whereas
subgroup C serotypes traffic rapidly to the nuclear envelope, revealing different kinetics
of endosomal escape. Subgroup C serotypes’ optimum pH for membrane lysis matches
the one of early sorting endosomes, while subgroup B serotypes’ optimum matches the
pH of late endosomes or lysosomes [26]. Thus, HAdV intracellular trafficking is clearly
determined by the initial interaction with the cellular receptor.

To fulfil their function as vectors for gene therapy, HAdV need to successfully deliver
the gene of interest to the nucleus of target cells. A major limitation of HAdVs when
considered as vectors for gene therapy is their inability to accomplish gene delivery to
specific cells of interest. This can be circumvented by targeting HAdV towards molecules
specifically expressed on the target tissue. Targeting strategies employing manipulation
of the HAdV genome among others include peptide incorporation to the HI loop and
C-terminus of the knob domain, serotype chimerism, fiber/knob replacement, and combi-
natorial approaches—chimeric HAdV composed of fiber/knob domains from alternative
serotypes, fiber-xenotyped HAdV vectors displaying fibers from nonhuman AdV species,
and knobless HAdV fiber–fibritin fusion [6]. Genetic incorporation of peptides into the
HVR (hypervariable region) of hexon and C-terminus of the pIX are also possible [27].

Importance of the fiber–receptor interaction was corroborated in the experiments
when swapping the fiber protein between different serotypes (known as pseudotyping)
resulted in altered intracellular trafficking of modified HAdV. Namely, Ad5f7, a chimeric
vector composed of the HAdV5 capsid with the fiber replaced by the HAdV7 fiber, exhib-
ited intracellular trafficking characteristics more similar to those of HAdV7 rather than
HAdV5, suggesting that substitution of the HAdV7 fiber had a significant impact on in-
tracellular trafficking of the HAdV5 capsid and delivery of the HAdV5 genome to the
nucleus [28]. Similarly, recycling of the chimeric capsids comprising the HAdV5 long fiber
and HAdV35 knob toward the plasma membrane has been described. While Ad5 virus
efficiently escaped from the endosomal environment early after infection, Ad5/35L virus
entered late endosomal/lysosomal compartments and remained there for at least 2 h. Some
of the Ad5/35L virions reached the nucleus in late endosomes/lysosomes, while other
virions appeared to be transported in a retrograde manner and deposited in or around
adhesion foci at the cell surface. Taken together, these data demonstrate that even though
only the fiber knob domain was different between Ad5 and Ad5/35L vectors, they selected
different intracellular trafficking routes [29]. The dominant role of the fiber—receptor
interaction for HAdV endocytosis was further described in the context of heparan sul-
phate proteoglycans (HSPGs) and coagulation factor X (FX). The vitamin-K-dependent
carboxylation/gamma-carboxyglutamic (Gla) domain of the FX protein is responsible for
Ca2+-dependent phospholipid membrane binding, and therefore, plays crucial roles in
the interaction of FX with its binding partners [30]. The importance of FX binding is clear
when AdVs are systemically administered. It was shown that FX binds to the HAdV5
hexon via an interaction between the FX Gla domain and hypervariable regions of the
hexon surface, thus directing HAdV5 towards a CAR-independent alternative infection
pathway involving HSPGs [31]. Contrary to HAdV5, in the presence of FX, the serotype 35
fiber-pseudotyped vector HAdV5F35 accumulated in the late endosomal compartment,
resulting in a delay in its vesicular release and nuclear import. Furthermore, HAdV5F35
was released in significant amounts in the extracellular medium via exocytosis, resulting in
lower numbers of particles reaching the nucleus [32]. Of note, presence of FX increased
transduction efficiency of subgroup D fiber-pseudotyped viruses [33], indicating that dom-
inance of fiber over FX is dependent on fiber serotype and receptor engagement. The
interaction of HAdV with the blood coagulation factors and the resulting influence on liver
transduction and HAdV biodistribution has been previously reviewed [34].

Conversely, targeting AdGFP-QM10, an HAdV5 vector expressing a green fluorescent
protein (GFP) as a reporter gene and harboring a GHPRQMSHVY peptide (QM10) insertion
within the fiber shaft, to an alternative entry pathway on airway cells seemed to confer
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upon the vector a significant advantage in terms of gene transfer efficiency in a number of
cell lines. Virions of AdGFP-QM10 were endocytosed in higher numbers than virions of
the control vector and were directed to a compartment different from the early endosomes
targeted by members of subgroup C. AdGFP-QM10 was found to accumulate in late
endosomal and low-pH compartments, suggesting that QM10 acted as an endocytic ligand
of the lysosomal pathway [35].

More recently, HAdV5 retargeted towards folate receptor alpha (FRα), which is highly
expressed on ovarian cancer cells, was evaluated for virotherapy application. Unfortunately,
despite increased binding efficiency, the recombinant vectors with FRα-targeting peptide
incorporated in the HI loop of HAdV5 fiber failed to efficiently transduce target cells via
FRα due to defective intracellular trafficking following entry via FRα. This indicates that
whilst the FRα targeting peptides used in this study may have potential for applications
for targeted drug delivery, they require additional refinement for targeted virotherapy
applications [36].

Interventions aimed at introducing novel tropism can modify cell entry of newly
designed AdV vectors, potentially resulting in impaired endocytosis or intracellular traf-
ficking of adenoviral vectors. Even though it has been generally accepted that AdV fiber
protein mediates attachment of virions to cells and that fibers dissociate during endocytic
uptake [37], it is obvious that both fiber and knob alone, i.e., interaction with the receptor,
likely modulate intracellular trafficking as well. For example, by directing the AdV vector
to a degradative environment, like lysosomes, and thus modifying the presentation of
the virus to host immune recognition systems, and as such presenting an obstacle in gene
therapy. Therefore, before considering HAdV targeting through ligand modification, one
should study receptor–ligand interaction in order to ensure compatibility with viral uptake
and intracellular trafficking.

There is no doubt HAdV binding to primary receptor influences downstream en-
docytosis pathways, however the role of the penton base RGD domain should not be
disregarded in this process. It has been found that for both CAR- and CD46-interacting
vectors, deletion of the RGD motif in the penton base reduces the rate of virus particle
internalization into human cells. Moreover, RGD motif-dependent interactions with cel-
lular integrins support efficient virus escape from endosomes [38–40]. However, deleting
the RGD motif did not change transduction efficiency of HAdV5 in rat hepatocytes and
endothelial cell lines in vitro [41]. It has been shown that wild-type (wt) and ∆RGD HAdV5
viruses behave differently in 3D and 2D cultures, with ∆RGD viruses consistently show-
ing a lower relative transduction in 3D cultures when compared to wt viruses. In 2D
cultures, this was receptor- and cell line-dependent [42]. In vivo, the penton RGD motif
has been shown to be involved in the splenic accumulation of HAdV5 particles following
intravascular delivery. ∆RGD HAdV5 exhibits decreased splenic uptake in immune cells,
corresponding with decreased levels of innate antiviral cytokines, indicating that this
mutation may be beneficial in limiting antiviral responses when using HAdV-based vectors
for intravascular applications [43,44].

2. Different Endocytosis Pathways and Human Adenovirus Receptors

Endocytosis is the process of taking a particle or substance from outside of the cell
towards the inside in the form of an endocytic vesicle. Extracellular ligands that bind
to a specific cell surface receptor are internalized, along with their receptor/s, inside of
the newly formed endocytic vesicles. Internalized receptor–ligand complexes undergo
various fates, influenced by the nature of the vesicle. Many receptors release their ligand in
the acidic milieu of the late endosome. Afterwards, the receptors are usually sorted into
vesicles that recycle them to the plasma membrane, while the ligands are sorted into vesicles
that fuse with lysosomes. In this endocytic pathway, the released ligands are degraded
by lysosomal enzymes [45]. Except for being indispensable for the cell, endocytosis is
also hijacked by viruses for the cell entry. Both non-enveloped and enveloped viruses
share the same main steps and routes of viral entry, which begin with the attachment
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to the cell surface receptors and end with intracellular delivery of viral genome. After
binding to receptors, viruses can utilize two main paths to enter the cell, the endocytic
and non-endocytic routes. Unlike enveloped viruses, which can internalize host cells via
both non-endocytic fusion and the endocytic route, non-enveloped viruses, such as AdVs
can use only receptor-mediated endocytosis for efficient cell entry. The most commonly
considered endocytic route used by viruses is transport in clathrin-coated vesicles or pits,
but non-clathrin-coated pits, macropinocytosis, or caveolae are also used [46]. Besides
efficient binding to a specific receptor, a sufficient number of adenoviral particles per
cell (multiplicity of infection, MOI) is also required for efficient cell entry. For example,
it has been suggested that AdV endosomal escape is dependent on having an activated
macropinocytic pathway, however this may be relevant only at high MOI [47].

The role of clathrin and caveolin, two major endocytosis proteins, has been described
in internalization and sorting of some HAdV receptors. It has been reported that basolateral
sorting of the CAR, which anatomically is located at the tight junctions [48], proceeds
through interaction of a canonical YXXΦ motif with the clathrin adaptors AP-1A and
AP-1B [49], and that AP-1B knockdown in MDCK cells missorted CAR from recycling
endosomes to the apical surface of the cell [50]. Yet, it has been reported that CAR is
localized to a lipid-rich microdomain similar to that of the low-density lipoprotein receptor
(LDLR) but distinct from caveolin-1-containing caveolae and GPI-linked proteins [51].
Residence in a lipid-rich domain provides a mechanism that allows CAR to interact with
other cell adhesion proteins and function as a HAdV receptor. A study focusing on testing
whether CAR could leave lipid microdomains upon HAdV binding and internalize in
a clathrin-dependent pathway demonstrated that CAR internalization in neuronal cells
was lipid microdomain-, actin-, and dynamin-dependent, but clathrin-independent. In
addition, internalization of CAR was followed by degradation in lysosomes [52].

Clathrin involvement was reported also for another HAdV receptor, CD46. It has been
described that ligand binding and the cell type determine whether CD46 is internalized
by clathrin-coated pits or macropinocytosis. For instance, in nonlymphoid cells, CD46
is constitutively internalized via clathrin-coated pits and is recycled to the cell surface
while cross-linking of CD46 and measles virus elicits pseudopodial extension similar to
macropinocytosis [53]. Cell-type-dependent internalization of CD46 receptor is not the
only example of how cell type influences endocytic route. We will mention in the following
chapters how the same AdV can use different endocytic routes depending on host cell type.
Both clathrin and caveolin have been described as implicated in integrin internalization
mechanisms. It has been reported that the clathrin-mediated endocytic machinery facilitates
the endocytosis of RGD–integrin β3 clusters [54], while αvβ5 integrin was found to cluster
to flat clathrin lattices, dynamic actin-controlled hubs for clathrin-mediated endocytosis
and signaling of specific receptors [55,56].

2.1. Clathrin-Mediated Endocytosis

Early studies suggested that one of the first steps in the infectious cycle of HAdV2 is
internalization by the receptor-, coated pit-, and vesicle-mediated pathway [57]. Later, it
was reported that HAdV uptake was increased by overexpression of wild-type Rab5 and
decreased by dominant-negative Rab5, indicating a role for Rab5 in HAdV entry [58]. Soon
after, clathrin-mediated endocytosis, the best described receptor-mediated endocytosis
regulated by Rab5, became known as the major uptake pathway used by HAdV.

Clathrin-mediated endocytosis can be divided into three basic steps: (1) assembly of
clathrin coat, (2) invagination of clathrin-coated pits, and (3) releasing of clathrin-coated
vesicles into the cytosol [59]. A coated pit is assembled due to interaction of adapter
proteins, clathrin, and transmembrane receptors (cargo). We distinguish different endocytic
adapters that are crucial for early stages of clathrin-mediated endocytosis: adapter protein-
2 (AP-2), epidermal growth factor receptor substrate 15 (Eps15), Eps15-interacting protein
(Epsin), disabled protein 2 (Dab2), clathrin assembly lymphoid myeloid leukemia pro-
tein (AP180/CALM), and clathrin-associated sorting protein (CLASP) [60]. Subsequently,
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joining of different accessory and regulatory proteins that function as scaffolds, cargo
recruiters, membrane curvature generators, or sensors contributes to stabilization, matu-
ration, and dismissal of clathrin-coated vesicles, which are then sorted and transported
to various destinations in the cell [61]. Clathrin-mediated endocytosis is also dynamin-
dependent. Dynamin is a protein with GTPase activity and acts as scissors when it comes
to clathrin-coated vesicle separation from membrane [62].

Studies aimed at investigating whether HAdV2-mediated endocytosis was clathrin-
dependent have utilized various dominant negative forms of key regulators of clathrin-
mediated endocytosis, namely expression of dominant negative clathrin hub, eps15, and
discovered that impeding clathrin-mediated endocytosis restricted HAdV2 cell entry, es-
tablishing that clathrin-mediated endocytosis is the major entry pathway of HAdV2 [47].
Besides HAdV2, HAdV5 wild type and the non-infectious temperature-sensitive Ad2-ts1
mutant [63] also use clathrin-dependent endocytosis to internalize into epithelial cells.
Just as in the case of HAdV2, HAdV5 and Ad2-ts1 cell entry was dependent on clathrin
adaptors Eps15 and AP180. However, while HAdV2 and HAdV5 reached the cytosol in a
Rab5-independent manner, Ad2-ts1 depended on Rab5 for endocytosis and transport to
late endosomes and lysosomes. These data suggest that clathrin and dynamin-dependent
HAdV trafficking to early endosomes share a common set of factors, but can differ in their
requirements of Rab5 [64]. Even though the kinetics of Ad2-ts1 uptake into cells is compara-
ble to HAdV2, suggesting similar endocytic uptake mechanisms, it has been reported that
unlike HAdV2 and HAdV5, Ad2-ts1 uptake does not require CALM, a protein that controls
clathrin-mediated endocytosis and membrane transport between endosomes and the trans-
Golgi-network. Contrary to Ad2-ts1, which takes a route to late endosomes/lysosomes,
HAdV2 requires CALM for infectious endocytosis or endosomal escape. This suggests that
CALM directly or indirectly supports cytosolic escape of HAdV2 from early endosomes
or trans-Golgi-network membranes [65]. Clathrin-dependent endocytosis of HAdV2 was
shown to be cholesterol-dependent since cholesterol extraction from the plasma membrane
inhibited rapid HAdV2 endocytosis, endosomal escape, and nuclear targeting [66].

As stated in the previous section, HAdV retargeting is employed when target cells lack
a primary receptor, often CAR, or in cases when the aim is to avoid CAR-mediated cell entry.
A commonly used strategy involves abrogation of CAR-mediated cell entry coupled with
the introduction of targeting towards desired molecule. Examples of such targeting include
the use of bispecific molecules, for example targeting Fcγ receptor 1 of hematopoietic cells
using an adaptor comprising the extracellular CAR domain (which binds to the adenoviral
fiber knob protein, preventing interaction with the native primary receptor, CAR) and
the Fc portion of a human immunoglobulin G (CARex-Fc) for retargeting purposes. This
targeting resulted in AdV aggregates, which were internalized to the cells by phagocytosis.
Escape of Fcγ-R-targeted AdV from phagosomes was clathrin-dependent, i.e., clathrin
knockdown inhibited viral escape from phagosomes, indicating that Fcγ-R-mediated
transduction of hematopoietic cells requires early stages of clathrin-mediated endocytosis.
Thus, the authors proposed a cooperative interaction of clathrin-mediated endocytosis and
phagocytosis triggering phagosomal lysis and infection [67].

Use of clathrin-mediated endocytosis was reported also for non-CAR binding HAdV.
Cellular entry of human adenovirus type 37 (HAdV37), belonging to subgroup D, in
human corneal epithelial cells occurs primarily by clathrin-mediated endocytosis, but
in a dynamin-independent manner. Further, it was found that HAdV37 entry in these
cells depends on modification of actin, but does not require key components of canonical
clathrin-mediated endocytosis, such as epsin, endosomal acidification, or early endosome
antigen 1 (EEA1) [68]. It has been shown that HAdV37 uses GD1a glycan as a cellular
receptor [69], where the use of sialic acids appears a common mechanism evolved for
HAdV causing epidemic keratoconjunctivitis [70], but may also bind αvβ1 and α3β1
integrins for infection of human corneal cells [71].

When used at high multiplicity of infection, human adenovirus type 3 (HAdV3)
of subgroup B, which uses desmoglein-2 as primary receptor [72], can internalize via
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a clathrin-independent mechanism in the absence of fluid-phase stimulation. Still, the
majority of the HAdV3 particles were found in large endocytic vesicles and only a minor
fraction was found in clathrin-coated invaginations or vesicles, suggesting that clathrin
has a minor role in HAdV3 endocytosis. It is likely that clathrin is required for endosomal
escape of HAdV3 [73]. Of note, the internalization of a virus-like particle derived from
the HAdV3, called the adenoviral dodecahedron (Dd), in leukemic cells involved clathrin-
mediated energy-dependent endocytosis and strongly correlated with the expression of
αvβ3 integrin [74].

The importance of clathrin-mediated endocytosis for functional infection with sub-
group C HAdVs was indirectly confirmed in hematopoietic cells. It has been proposed
that nonpermissivity of these cells, especially B lymphocytes, could be the consequence of
inefficient subgroup C HAdV particle uptake caused by inadequate localization of clathrin,
in addition to low CAR expression. It was noted that in epithelial cells the clathrin is
observed in association with membranes, while in the hematopoietic cell lines it is found
predominantly in the cytoplasm. Thus, altered clathrin-coated pit endocytosis could ex-
plain the weak subgroup C HAdV uptake in B cells [75]. Expression of HAdV receptors
other than CAR or integrins was not assessed in this study.

2.2. Lipid Rafts and Caveolin-Mediated Endocytosis

Over the years, as we learned more and more about HAdV biology, it has become
increasingly obvious that adenovirus uses multiple different pathways to enter the cell.
Thus, it has been reported that, in certain cases, HAdVs can also use lipid rafts and caveolae
as routes of cell entry.

When discussing lipid rafts and caveolae, it is important to define these two terms
accurately. Lipid rafts are dynamic low-density membrane microdomains (10–200 nm) that
are rich in free cholesterol and glycosphingolipids [76]. Although lipid rafts are membrane
domains, the plasma membrane is not the only location where lipid rafts occur; it is now
known that lipid rafts reside also in intracellular membranes, as well as in extracellular
vesicles. Among other functions, lipid rafts play roles in signal transduction, cholesterol
homeostasis, receptor activation, and forming sorting platforms for targeted protein and
lipid trafficking [77]. Caveolae are specialized lipid rafts microdomains that consist of
small plasma membrane invaginations (60–80 nm in diameter) at the cell surface. The inner
layer of caveolae is composed of proteins called caveolins, while the outer layer consists
of protein cavins. Three main caveolin proteins found in caveolae of mammalian cells are
caveolin-1 (cav-1), caveolin-2 (cav-2), and muscle-specific caveolin-3 (cav-3), with cav-1
being the main structural component of caveolae since it has capacity to induce formation
of caveolae. Caveolae are directly involved in the internalization of membrane components,
extracellular ligands, bacterial toxins, and several non-enveloped viruses [78]. In the
context of HAdV, endocytosis that occurs in lipid rafts can be both caveolin-dependent
or -independent.

There are two scenarios that describe fate of cargo after detachment of caveolae from
the plasma membrane. In the first scenario, caveolae fuse with an early endosome and
follow the classical endosomal–lysosomal degradation pathway. In the second scenario,
caveolae fuse with the caveolar endosome and are targeted specifically to endoplasmic retic-
ulum (ER), therefore, cargo will avoid the classical degradational endocytic pathway [79].
Both scenarios happen frequently, and the composition of the plasma membrane within the
caveolar vesicle is critical for the function of caveolae in intracellular membrane trafficking,
which, in fact, determines if caveolae will fuse with the caveolar endosome or the classical
early endosome [80].

Studies on HAdVs that use lipid raft/caveolin-mediated endocytosis for cell entry
have not been as extensive as studies on clathrin-mediated endocytosis. The first evidence
of caveolae-mediated HAdV cell entry was shown in mature plasmocytic cells, which, in
contrast to B lymphocytes, are efficiently infected by HAdVs despite aberrant clathrin-
mediated entry [75]. Efficient infection of mature plasmocytic cells with HAdV5 is not the
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result of clathrin-coated pit endocytosis, since this process is inefficient in these cells, but
rather caveolae/lipid-raft-mediated entry, since it has been shown that HAdV5 colocalizes
with caveolae/lipid rafts in plasmocytes. Moreover, inhibiting caveolae endocytosis by
depletion of cholesterol or expression of dominant negative caveolin-1 in these cells reduced
HAdV5 infectivity. Thus, it is possible that HAdVs use caveolae endocytosis when a
clathrin-dependent pathway is not available [81]. The authors of this study also proposed
that targeting HAdVs towards caveolae may represent an alternative approach to enhancing
uptake in most hematopoietic cells. They employed this hypothesis in their subsequent
work. By investigating the endocytic pathway of chimeric adenoviral vectors harboring
fibers constituted of the N-terminal domain of HAdV2 and the knob domain of a bovine
virus, BAdV4, HAdV2/BAdV4, they demonstrated that a CAR-independent AdV vector
can use lipid raft/caveolae endocytosis in CAR-negative cell lines. Uptake of HAdV
modified in such a way led to non-altered intracellular trafficking without endosomal
retention. This indicated that by forcing HAdVs to take advantage of a non-clathrin
pathway, it is possible to compensate for the deficiency in endosomolysis associated with
the use of some fiber-modified adenoviral constructs [82].

Above, we discussed how HAdV37 uses primarily clathrin-mediated endocytosis to
enter human corneal epithelial cells. This same virus can enter human keratocytes through
caveolae. It has been shown that cholesterol-rich lipid raft microdomains and caveolin-
1 are essential for HAdV37 entry into primary human corneal fibroblasts. Cholesterol
depletion, using methyl-β-cyclodextrin, profoundly reduced viral infection and HAdV37
was identified in caveolin-1-rich endosomal fractions after infection. In their study, HAdV2,
a non-corneal pathogen, appeared to also utilize the caveolar pathway for entry into
A549 cells but failed to infect corneal cells entirely, indicating virus- and cell-specific
tropism [83]. These findings suggest both a redundancy and cell specificity in mechanisms
of adenoviral entry.

2.3. Macropinocytosis

Another endocytic pathway, macropinocytosis, has been described as involved in
infectious entry of subgroup B HAdV. Macropinocytosis involves nonspecific intake of
extracellular material in vesicles called macropinosomes, whose size varies between 0.2
and 10 µm [84]. During growth-factor-induced macropinocytosis, actin polymerizes and
cell membrane remodels into macropinosome-forming protrusions. Macropinocytosis is
independent of dynamin-2, and the main factors regulating macropinocytosis are PAK-1,
Arf6, and Rho factors of the GTPase family—Rac1 and Cdc42 [85].

It has been described that HAdV3, unlike HAdV5, uses dynamin-independent endocy-
tosis for rapid infectious entry into epithelial and hematopoietic cells. HAdV3 endocytosis,
which spatially and temporally coincided with enhanced fluid-phase uptake, was sensitive
to macropinocytosis inhibitors targeting F-actin, protein kinase C, the sodium–proton
exchanger, and Rac1, but not Cdc42. Within the infection pathway, HAdV3 was found in
macropinosomes that also contained the CD46, αv integrins, and the C-terminal binding
protein 1 of E1A (CtBP1). The authors also observed that infection of hematopoietic cells
with HAdV5 was independent of CtBP1 but sensitive to clathrin siRNA, further confirming
that HAdVs of different serotypes can infect the same cells in a different manner, not only
receptor wise but also endocytosis wise [73].

Macropinocytosis is a cell entry pathway for another subgroup B member, low sero-
prevalent HAdV35. Infectious entry of HAdV35 into HeLa cells, human kidney HK-2
cells, and normal human lung fibroblasts, requires CD46, integrins, PKC, a sodium/proton
exchanger, actin, Rac1, Pak1, and CtBP1, but not heparan sulfate and, variably, the large
GTPase dynamin. HAdV35 infection is independent of expression of the carboxy-terminal
domain of AP180, but is inhibited by the F-actin inhibitor jasplakinolide, the Pak1 inhibitor
IPA-3, or amiloride (EIPA), which are known inhibitors of macropinocytosis. Similar obser-
vations were made using small interfering RNAs against factors driving macropinocytosis,
including the small GTPase Rac1, Pak1, or the Pak1 effector C-terminal binding protein 1
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(CtBP1). Like HAdV3, HAdV35 colocalized with fluid-phase markers in large endocytic
structures that were positive for CD46, αv integrins, and also CtBP1 [86]. These data extend
earlier observations for HAdV3 and establish macropinocytosis as an infectious pathway
for subgroup B HAdVs in epithelial and hematopoietic cells.

Since both HAdV3 and HAdV35 can use CD46 as a receptor, one can hypothesize that
CD46 directs HAdVs towards macropinocytosis, indicating that fiber–receptor interaction
plays a major role in this decision. This is further corroborated by the fact that while
the HAdV3 enters epithelial and hematopoietic cells using macropinocytosis, a viral-
like particle composed of only 12 copies of HAdV3 penton base uses clathrin-mediated
endocytosis [74].

While subgroup B members use macropinocytosis as a cell entry pathway, subgroup
C HAdVs enter the cell mostly by clathrin-mediated endocytosis, however they can trig-
ger the macropinocytosis along the way. It has been reported that binding of HAdV2
to epithelial cells triggers macropinocytosis, coincident with the clathrin-mediated viral
uptake. Nevertheless, this HAdV2-induced macropinocytosis did not depend on viral en-
docytosis, nor was it needed for viral uptake. The authors suggested that macropinosome
formation and leakage is crucial for viral escape from endosomes and for infection [47].
How HAdV infection triggers macropinocytosis has been further studied during infec-
tion of the acinar epithelial cells of the lacrimal gland (LGAC) with HAdV5. Analysis
of fluorescein isothiocyanate (FITC)-dextran uptake and time-lapse video microscopy
of green fluorescent protein (GFP)-actin ruffling showed that HAdV5 could stimulate
macropinocytosis in LGAC, a process that could also be elicited by the fiber and knob
but not penton base. Additional studies suggested that macropinocytosis is important
for efficient HAdV5 transduction but that it does not participate directly in HAdV5 entry.
Taken together, these findings suggest that HAdV5 internalization into LGAC is through
a unique fiber-dependent pathway that may involve CAR and HS-GAGs, rather than
the penton base–integrin-mediated endocytic mechanism seen in other cell models so far
investigated [87].

2.4. Intracellular Trafficking

From all that has been discussed so far, one can conclude that HAdVs use multiple
different pathways for cellular entry. These paths will inevitably direct them to different
cytoplasmic compartments from which they need to escape to reach the nucleus. It is
generally accepted that the functional infection pathway of HAdVs involves entry and,
subsequently, escape from the early endosome. In human epithelial cells, HAdV5 is
internalized in to early endosomes [64] and is primarily found at the nuclear membrane
with only a small proportion colocalized with LAMP1, a marker of late endosome [88].
Besides viral factors that are involved in escape from the endosome, such as the previously
mentioned protein VI, there are also cellular molecules that regulate HAdV’s exit from the
endosome. Additionally, different routes of administration can impact the cell entry of
HAdVs when used in vivo, however this is beyond the scope of this review.

Unsuccessful delivery of the AdV genome may occur at several steps during the
process of infection, therefore, proper AdV intracellular trafficking is important when AdVs
are considered as vectors, both for gene therapy and vaccination. Aberrant intracellular
trafficking can be caused by binding to an inadequate receptor, exocytosis of the virion due
to trafficking via kinesin, or inability to escape the endosome and eventual degradation in
the endolysosome. Except aberrant genome delivery, unsuccessful infection also prevents
production of progeny virions. An outline of steps that can go wrong during AdV infection
is presented on Figure 2.
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HAdV-mediated membrane permeabilization and gene delivery [90]. 

The role of endosomes was also studied as a mechanism by which alveolar macro-
phages can avoid infection by HAdV5 during clearance. It has been reported that tran-
scription factor PU.1 uncouples HAdV5 internalization from infection by confining it to 
the endosome/lysosomal pathway. This study demonstrated that PU.1 blocked HAdV-
mediated endosome lysis and that HAdV5 colocalized entirely with endosomal markers 
in PU.1-expressing cells. Increased expression of PU.1 caused accumulation of HAdV5 in 
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without changing endosome acidification. Instead, PU.1 reduced expression of integrin 
β5, known to be crucial in HAdV-mediated endosome lysis [91]. 

Integrin αvβ5 proved to have an important role also in transduction efficiency of 
HAdV5, containing a pan integrin engaging RGD4C retargeting peptide in the HI loop of 
the fiber knob protein. By using an HEp-2 (human laryngeal carcinoma) cell model with 
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Figure 2. Unsuccessful delivery of the adenovirus genome may occur at several steps during the process of infection.
1. Binding an inadequate receptor that does not allow for internalization. 2. Vesicle trafficking via kinesin may lead to
exocytosis of the virion. 3. Inability to escape the endosome due to firm binding of the receptor may cause accumulation and
eventually lead to degradation in the endolysosome. 4. Unsuccessful infection prevents genome delivery and production of
progeny virions.

Early studies of AdV cell entry suggest that the interaction of αvβ5 integrin with
HAdV2 penton base facilitates the subsequent step of virus internalization into the cell.
These studies provided evidence for the involvement of a cellular receptor in virus-
mediated membrane permeabilization and proposed a novel biological role for αvβ5
integrin in the infectious pathway of an HAdV, beyond the binding step [89]. Later, it was
demonstrated that the intracellular domain of the integrin β5 subunit specifically regulates
HAdV-mediated membrane permeabilization and gene delivery [90].

The role of endosomes was also studied as a mechanism by which alveolar macrophages
can avoid infection by HAdV5 during clearance. It has been reported that transcription
factor PU.1 uncouples HAdV5 internalization from infection by confining it to the endo-
some/lysosomal pathway. This study demonstrated that PU.1 blocked HAdV-mediated
endosome lysis and that HAdV5 colocalized entirely with endosomal markers in PU.1-
expressing cells. Increased expression of PU.1 caused accumulation of HAdV5 in LAMP1-
positive vesicles and decreased transduction efficiency of the virus. Finally, PU.1 redirected
adenoviral trafficking in a manner similar to that caused by bafilomycin, but without
changing endosome acidification. Instead, PU.1 reduced expression of integrin β5, known
to be crucial in HAdV-mediated endosome lysis [91].

Integrin αvβ5 proved to have an important role also in transduction efficiency of
HAdV5, containing a pan integrin engaging RGD4C retargeting peptide in the HI loop of
the fiber knob protein. By using an HEp-2 (human laryngeal carcinoma) cell model with
different expression of αvβ3/5 integrin, we demonstrated that whilst internalization of
RGD-modified HAdV5 is considerably increased in an HEp2-β3 transfectant expressing a
very high amount of β3, transduction is reduced, consistent with reduced expression of β5
integrin. In this cell clone, the expression of β5 integrin becomes limited in transduction,
presumably owing to its crucial role in membrane permeabilization [39].



Pharmaceutics 2021, 13, 1585 12 of 18

Different HAdV serotypes utilize different endocytic compartments and show differ-
ent intracellular trafficking, which, ultimately, all result in productive infection. Indeed,
it was shown that HAdV7 from subgroup B firstly accumulated in the cytoplasm of
A549 cells and afterwards occupied acidic compartments (pH 5) over the first 2 h, with a
gradual shift toward neutrality by 8 h post-infection. HAdV7 partially colocalized with
α2-macroglobulin and late endosomal and lysosomal marker proteins, including Rab7,
mannose-6-phosphate receptor, and LAMP1. The pH optimum for membrane lysis by
HAdV7, as well as a chimeric HAdV5 capsid that expressed the HAdV7 fiber (Ad5f7) [28],
was pH 5.5 [92]. Thus, the native trafficking pathway for HAdV7 involves residence in late
endosomes and lysosomes, with information encoded in the HAdV7 fiber acting as a pH-
dependent trigger for membrane lysis and escape to the cytosol. Therefore, the retention of
HAdVs in late endosomal compartments does not necessarily need to be detrimental in
regards to HAdV function. Additionally, it can influence the way the host immune system
recognizes HAdVs, which has to be kept in mind when considering the design of HAdVs
as vectors for therapeutic gene transfer applications.

HAdVs are the most deployed viral platform for cancer applications. It has been
shown that changes occurring in tumor cells during development of resistance to an-
ticancer drugs can be beneficial for HAdV-mediated transgene expression. By using an
in vitro model consisting of a parental cell line, human laryngeal carcinoma HEp2 cells, and
a cisplatin-resistant clone CK2, we investigated the cause of increased HAdV5-mediated
transgene expression in CK2 as compared to HEp2 cells. We demonstrated that the primary
cause of increased HAdV5-mediated transgene expression in CK2 cells is not modulation
of receptors on the cell surface or change in HAdV5 attachment and/or internalization,
but is rather the consequence of decreased RhoB expression. While in CK2 cells at 30 min
post-infection, HAdV5 was located at the very border of the nucleus, in HEp2 cells, most
of the viruses were still scattered in the cytoplasm. Thus, we proposed that RhoB plays an
important role in HAdV5 post-internalization events and, more particularly, in HAdV5
intracellular trafficking [93]. Since RhoB has been shown to regulate endosome trans-
port by promoting actin assembly on endosomal membranes [94], one can imagine that
manipulation of RhoB could interfere with the endosomal retention of HAdV5.

3. Host Innate Immune Response and Human Adenovirus Escape from Endosome

Due to their pathogen-associated molecular patterns (PAMPs), HAdVs can activate
innate immune response. HAdV PAMPs are recognized by pattern-recognition receptors
(PRRs), among which the most prominent are Toll-like (TLRs), AIM2-like (ALRs), and
NOD-like receptors (NLRs) [95]. Following internalization into the endosome, adenoviral
DNA can be recognized by TLR9. Involvement of TLR9 in immune activation has been
reported for CAR- and CD46-utilizing HAdV vectors [96]. HAdV detection by NLRP3
containing inflammasome is dependent on HAdV penetration of endosomal membranes,
the release of the lysosomal protease cathepsin B into the cytoplasm, and the production
of reactive oxygen species. Inflammasome activation by HAdV5 also leads to NLRP3 and
cathepsin B-dependent, but caspase-1-independent, necrotic cell death, resulting in the
release of the proinflammatory molecule HMGB1. Thus, rupture of cathepsin-enriched
lysosomes during HAdV5 cell entry serves as a danger signal leading to the release of
proinflammatory mediators [97]. Additionally, it has been shown that HAdV-induced
inflammasome activation can be influenced by HAdV endosomal sorting. HAdV5 vectors
possessing human adenovirus type 16 (HAdV16) knob domains (HAdV subgroup B,
CD46-utilizing), Ad5f16, have shown greater localization to cathepsin-enriched lysosomes
prior to endosomal escape, which led to enhanced cytosolic release of cathepsins and
augmented reactive oxygen species production compared to HAdV5, even though both
viruses penetrate endosomal membranes with similar efficiency [98].

It has been proposed that HAdV37 can use different pathways to enter cells of different
origin which could account for a relative paucity of proinflammatory gene expression
upon infection with this virus [68,83]. In the case of HAdV37, the role of dynamin-2, a
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protein that allows detachment of the endocytic vesicle from the plasma membrane, in
triggering innate immune response has also been studied. Overexpression of dynamin-2
prior to viral infection led to a statistically significant increase in CXCL10 and CXCL8,
while downregulating dynamin-2 led to statistically significant reductions in CCL2, CCL5,
CXCL1, CXCL11, IL-1ra, IL-6, MIF, and Serpin E1 [99]. Connection of virus localization and
cytokine expression after HAdV infection was reported also for HAdV35 and HAdV26,
both used as vaccine platforms [100,101]. Of note, engagement of CD46 as a cellular
receptor appears to dampen the host immune response against the infected cell through
downregulation of C/ERPbeta, a situation that could have implications when CD46 binding
AdVs, like HAdV35, are considered for gene delivery and vaccine development [102]. It has
been shown that HAdV35 and HAdV26 accumulate in the late endosomal compartment
more extensively than HAdV5 at 2 to 8 h following infection and that innate immune
stimulation by all HAdV vectors was sensitive to inhibitors of endosomal acidification,
cathepsin B, and caspase 1 [103]. The role of endosomal escape in HAdV-triggered innate
response was seen also with Ad2-ts1 mutant, which is defective in endosomal escape [63].
While HAdV2 induced rapid phosphorylation of p38 and ERK, as well as a significant
cytokine response, Ad2-ts1 failed to activate p38 or ERK and induced only a limited
cytokine response [104].

Contrary to the neutralizing effect observed in epithelial cells, HAdV5 infection in the
presence of antiviral antibodies significantly increased FcR-dependent viral internalization
in macrophages. In direct correlation with the increased viral internalization, antiviral
antibodies amplified the innate immune response to HAdV5, as determined by the expres-
sion of NF-κB-dependent genes, type I IFNs, and caspase-dependent IL-1β maturation.
Confocal microscopy revealed subversion of natural tropism and targeting toward LAMP1-
positive phagolysosomes in HAdV5-infected macrophages in the presence of antiviral
antibodies, but not in epithelial cells. This skewing toward phagolysosomes amplified
innate immune response [105].

Taken together, these data suggest that route of entry of endosomal trafficking and
escape of HAdVs is a critical factor in the induction of innate immune response. Stalling
HAdVs in one of the endocytic vesicles can induce activation of the innate immune system
that otherwise would not happen. In addition, a dynein-mediated unidirectional movement
towards the perinuclear microtubule minus end results in faster capsid transport towards
the nucleus, therefore, kinesin-mediated bidirectional movement could slow down the
HAdV and possibly contribute to HAdV stalling [20]. Aberrant recognition by innate
immune sensors can be not only deleterious for potential vectors but can also cause
undesired host immune response. Therefore, correct intracellular trafficking of the HAdV
vector is needed not only to assure functionality in terms of successful delivery of transgene,
but also in order not to provoke unintended immune response and, hence, increase safety
of vectors intended for therapeutic applications.

4. Outlook

HAdV infection is a complex process involving several steps: binding to a primary
receptor, internalization, escape from the endosome, intracellular trafficking and finally
genome delivery to the nucleus. In this review we described how factors involved in
almost all those stages can be orchestrated by cellular endocytosis pathways. Endocytosis
can change HAdV receptors’ expression or influence their recycling, thus, impeding their
availability on the cell surface. Aberrant endocytosis itself can change the internalization
procedure of an HAdV and force it to use another method of cell entry. This can influence
not only transgene expression but can also trigger different host immune response which
in some instances can be undesired, but in others might be beneficial. Regardless of the fact
that AdVs are considered not to be very dangerous, adenoviral infection is a significant
cause of mortality in the immunocompromised individual, so understanding their means
of infection and entry may also be critical at the level of developing new antivirals to treat
such patients.
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In summary, the reasons for the different intracellular traffic of HAdVs of different
serotypes may be different: (1) binding to different receptors on the cell surface triggers
different signals for HAdVs to enter the cell; (2) HAdVs enter cells with different types
of endocytosis; (3) during intracellular trafficking, different HAdVs serotypes are found
in different types of endosomes, from which they may have different exit efficiencies; (4)
HAdV travel depends on motor proteins and others. When considering the use of HAdV-
based vectors for translational therapeutic applications, these represent key considerations
when designing constructs for optimal transgene expression in target cells.
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alpha(v)beta(3) and alpha(v)beta(5) integrins in internalization and transduction efficacies of wild type and RGD4C fiber-modified
adenoviruses. Virus Res. 2009, 139, 64–73. [CrossRef]

40. Nemerow, G.R.; Stewart, P.L. Role of alpha(v) integrins in adenovirus cell entry and gene delivery. Microbiol. Mol. Biol. Rev. 1999,
63, 725–734. [CrossRef]

41. Nicol, C.G.; Graham, D.; Miller, W.H.; White, S.J.; Smith, T.A.; Nicklin, S.A.; Stevenson, S.C.; Baker, A.H. Effect of adenovirus
serotype 5 fiber and penton modifications on in vivo tropism in rats. Mol. Ther. J. Am. Soc. Gene Ther. 2004, 10, 344–354. [CrossRef]

42. Chernyavska, M.; Schmid, M.; Freitag, P.C.; Palacio-Castañeda, V.; Piruska, A.; Huck, W.T.S.; Plückthun, A.; Verdurmen, W.P.R.
Unravelling Receptor and RGD Motif Dependence of Retargeted Adenoviral Vectors using Advanced Tumor Model Systems. Sci.
Rep. 2019, 9, 18568. [CrossRef]

43. Bradshaw, A.C.; Coughlan, L.; Miller, A.M.; Alba, R.; van Rooijen, N.; Nicklin, S.A.; Baker, A.H. Biodistribution and inflammatory
profiles of novel penton and hexon double-mutant serotype 5 adenoviruses. J. Control. Release Off. J. Control. Release Soc. 2012, 164,
394–402. [CrossRef]

44. Di Paolo, N.C.; Miao, E.A.; Iwakura, Y.; Murali-Krishna, K.; Aderem, A.; Flavell, R.A.; Papayannopoulou, T.; Shayakhmetov, D.M.
Virus binding to a plasma membrane receptor triggers interleukin-1 alpha-mediated proinflammatory macrophage response
in vivo. Immunity 2009, 31, 110–121. [CrossRef]

45. Doherty, G.J.; McMahon, H.T. Mechanisms of endocytosis. Annu. Rev. Biochem. 2009, 78, 857–902. [CrossRef] [PubMed]
46. Dimitrov, D.S. Virus entry: Molecular mechanisms and biomedical applications. Nat. Rev. Microbiol. 2004, 2, 109–122. [CrossRef]
47. Meier, O.; Boucke, K.; Hammer, S.V.; Keller, S.; Stidwill, R.P.; Hemmi, S.; Greber, U.F. Adenovirus triggers macropinocytosis and

endosomal leakage together with its clathrin-mediated uptake. J. Cell Biol. 2002, 158, 1119–1131. [CrossRef] [PubMed]
48. Raschperger, E.; Thyberg, J.; Pettersson, S.; Philipson, L.; Fuxe, J.; Pettersson, R.F. The coxsackie- and adenovirus receptor (CAR)

is an in vivo marker for epithelial tight junctions, with a potential role in regulating permeability and tissue homeostasis. Exp.
Cell Res. 2006, 312, 1566–1580. [CrossRef] [PubMed]

49. Carvajal-Gonzalez, J.M.; Gravotta, D.; Mattera, R.; Diaz, F.; Perez Bay, A.; Roman, A.C.; Schreiner, R.P.; Thuenauer, R.; Bonifacino,
J.S.; Rodriguez-Boulan, E. Basolateral sorting of the coxsackie and adenovirus receptor through interaction of a canonical YXXPhi
motif with the clathrin adaptors AP-1A and AP-1B. Proc. Natl. Acad. Sci. USA 2012, 109, 3820–3825. [CrossRef] [PubMed]

50. Diaz, F.; Gravotta, D.; Deora, A.; Schreiner, R.; Schoggins, J.; Falck-Pedersen, E.; Rodriguez-Boulan, E. Clathrin adaptor AP1B
controls adenovirus infectivity of epithelial cells. Proc. Natl. Acad. Sci. USA 2009, 106, 11143. [CrossRef] [PubMed]

51. Ashbourne Excoffon, K.J.D.; Moninger, T.; Zabner, J. The coxsackie B virus and adenovirus receptor resides in a distinct membrane
microdomain. J. Virol. 2003, 77, 2559–2567. [CrossRef]

52. Salinas, S.; Zussy, C.; Loustalot, F.; Henaff, D.; Menendez, G.; Morton, P.E.; Parsons, M.; Schiavo, G.; Kremer, E.J. Disruption
of the coxsackievirus and adenovirus receptor-homodimeric interaction triggers lipid microdomain- and dynamin-dependent
endocytosis and lysosomal targeting. J. Biol. Chem. 2014, 289, 680–695. [CrossRef] [PubMed]

53. Crimeen-Irwin, B.; Ellis, S.; Christiansen, D.; Ludford-Menting, M.J.; Milland, J.; Lanteri, M.; Loveland, B.E.; Gerlier, D.; Russell,
S.M. Ligand binding determines whether CD46 is internalized by clathrin-coated pits or macropinocytosis. J. Biol. Chem. 2003,
278, 46927–46937. [CrossRef] [PubMed]

54. Yu, C.-h.; Rafiq, N.B.M.; Cao, F.; Zhou, Y.; Krishnasamy, A.; Biswas, K.H.; Ravasio, A.; Chen, Z.; Wang, Y.-H.; Kawauchi, K.; et al.
Integrin-beta3 clusters recruit clathrin-mediated endocytic machinery in the absence of traction force. Nat. Commun. 2015, 6, 8672.
[CrossRef] [PubMed]

55. Zuidema, A.; Wang, W.; Kreft, M.; te Molder, L.; Hoekman, L.; Bleijerveld, O.B.; Nahidiazar, L.; Janssen, H.; Sonnenberg, A.
Mechanisms of integrin αVβ5 clustering in flat clathrin lattices. J. Cell Sci. 2018, 131, jcs221317. [CrossRef] [PubMed]

56. Leyton-Puig, D.; Isogai, T. Flat clathrin lattices are dynamic actin-controlled hubs for clathrin-mediated endocytosis and signalling
of specific receptors. Nat. Commun. 2017, 8, 16068. [CrossRef]

57. Varga, M.J.; Weibull, C.; Everitt, E. Infectious entry pathway of adenovirus type 2. J. Virol. 1991, 65, 6061–6070. [CrossRef]
58. Rauma, T.; Tuukkanen, J.; Bergelson, J.M.; Denning, G.; Hautala, T. rab5 GTPase regulates adenovirus endocytosis. J. Virol. 1999,

73, 9664–9668. [CrossRef]
59. Kaksonen, M.; Roux, A. Mechanisms of clathrin-mediated endocytosis. Nat. Rev. Mol. Cell Biol. 2018, 19, 313–326. [CrossRef]
60. Reider, A.; Wendland, B. Endocytic adaptors—Social networking at the plasma membrane. J. Cell Sci. 2011, 124, 1613–1622.

[CrossRef] [PubMed]
61. Mettlen, M.; Chen, P.-H.; Srinivasan, S.; Danuser, G.; Schmid, S.L. Regulation of Clathrin-Mediated Endocytosis. Annu. Rev.

Biochem. 2018, 87, 871–896. [CrossRef]
62. Mettlen, M.; Pucadyil, T.; Ramachandran, R.; Schmid, S.L. Dissecting dynamin’s role in clathrin-mediated endocytosis. Biochem.

Soc. Trans. 2009, 37, 1022–1026. [CrossRef] [PubMed]
63. Greber, U.F.; Webster, P.; Weber, J.; Helenius, A. The role of the adenovirus protease on virus entry into cells. EMBO J. 1996, 15,

1766–1777. [CrossRef]
64. Gastaldelli, M.; Imelli, N.; Boucke, K.; Amstutz, B.; Meier, O.; Greber, U.F. Infectious adenovirus type 2 transport through early

but not late endosomes. Traffic 2008, 9, 2265–2278. [CrossRef]
65. Imelli, N.; Ruzsics, Z.; Puntener, D.; Gastaldelli, M.; Greber, U.F. Genetic reconstitution of the human adenovirus type 2

temperature-sensitive 1 mutant defective in endosomal escape. Virol. J. 2009, 6, 174. [CrossRef]

http://doi.org/10.1016/j.virusres.2008.10.004
http://doi.org/10.1128/MMBR.63.3.725-734.1999
http://doi.org/10.1016/j.ymthe.2004.05.020
http://doi.org/10.1038/s41598-019-54939-9
http://doi.org/10.1016/j.jconrel.2012.05.025
http://doi.org/10.1016/j.immuni.2009.04.015
http://doi.org/10.1146/annurev.biochem.78.081307.110540
http://www.ncbi.nlm.nih.gov/pubmed/19317650
http://doi.org/10.1038/nrmicro817
http://doi.org/10.1083/jcb.200112067
http://www.ncbi.nlm.nih.gov/pubmed/12221069
http://doi.org/10.1016/j.yexcr.2006.01.025
http://www.ncbi.nlm.nih.gov/pubmed/16542650
http://doi.org/10.1073/pnas.1117949109
http://www.ncbi.nlm.nih.gov/pubmed/22343291
http://doi.org/10.1073/pnas.0811227106
http://www.ncbi.nlm.nih.gov/pubmed/19549835
http://doi.org/10.1128/JVI.77.4.2559-2567.2003
http://doi.org/10.1074/jbc.M113.518365
http://www.ncbi.nlm.nih.gov/pubmed/24273169
http://doi.org/10.1074/jbc.M308261200
http://www.ncbi.nlm.nih.gov/pubmed/12958316
http://doi.org/10.1038/ncomms9672
http://www.ncbi.nlm.nih.gov/pubmed/26507506
http://doi.org/10.1242/jcs.221317
http://www.ncbi.nlm.nih.gov/pubmed/30301780
http://doi.org/10.1038/ncomms16068
http://doi.org/10.1128/jvi.65.11.6061-6070.1991
http://doi.org/10.1128/JVI.73.11.9664-9668.1999
http://doi.org/10.1038/nrm.2017.132
http://doi.org/10.1242/jcs.073395
http://www.ncbi.nlm.nih.gov/pubmed/21536832
http://doi.org/10.1146/annurev-biochem-062917-012644
http://doi.org/10.1042/BST0371022
http://www.ncbi.nlm.nih.gov/pubmed/19754444
http://doi.org/10.1002/j.1460-2075.1996.tb00525.x
http://doi.org/10.1111/j.1600-0854.2008.00835.x
http://doi.org/10.1186/1743-422X-6-174


Pharmaceutics 2021, 13, 1585 17 of 18

66. Imelli, N.; Meier, O.; Boucke, K.; Hemmi, S.; Greber, U.F. Cholesterol is required for endocytosis and endosomal escape of
adenovirus type 2. J. Virol. 2004, 78, 3089–3098. [CrossRef] [PubMed]

67. Meier, O.; Gastaldelli, M.; Boucke, K.; Hemmi, S.; Greber, U.F. Early steps of clathrin-mediated endocytosis involved in
phagosomal escape of Fcgamma receptor-targeted adenovirus. J. Virol. 2005, 79, 2604–2613. [CrossRef] [PubMed]

68. Lee, J.S.; Mukherjee, S.; Lee, J.Y.; Saha, A.; Chodosh, J.; Painter, D.F.; Rajaiya, J. Entry of Epidemic Keratoconjunctivitis-Associated
Human Adenovirus Type 37 in Human Corneal Epithelial Cells. Invest. Ophthalmol. Vis. Sci. 2020, 61, 50. [CrossRef] [PubMed]

69. Nilsson, E.C.; Storm, R.J.; Bauer, J.; Johansson, S.M.; Lookene, A.; Ångström, J.; Hedenström, M.; Eriksson, T.L.; Frängsmyr, L.;
Rinaldi, S.; et al. The GD1a glycan is a cellular receptor for adenoviruses causing epidemic keratoconjunctivitis. Nat. Med. 2011,
17, 105–109. [CrossRef]

70. Baker, A.T.; Mundy, R.M. Human adenovirus type 26 uses sialic acid-bearing glycans as a primary cell entry receptor. Sci. Adv.
2019, 5, eaax3567. [CrossRef]

71. Storm, R.J.; Persson, B.D.; Skalman, L.N.; Frängsmyr, L.; Lindström, M.; Rankin, G.; Lundmark, R.; Domellöf, F.P.; Arnberg,
N. Human Adenovirus Type 37 Uses α(V)β(1) and α(3)β(1) Integrins for Infection of Human Corneal Cells. J. Virol. 2017, 91,
e02019-16. [CrossRef]

72. Wang, H.; Li, Z.Y.; Liu, Y.; Persson, J.; Beyer, I.; Möller, T.; Koyuncu, D.; Drescher, M.R.; Strauss, R.; Zhang, X.B.; et al. Desmoglein
2 is a receptor for adenovirus serotypes 3, 7, 11 and 14. Nat. Med. 2011, 17, 96–104. [CrossRef]

73. Amstutz, B.; Gastaldelli, M.; Kälin, S.; Imelli, N.; Boucke, K.; Wandeler, E.; Mercer, J.; Hemmi, S.; Greber, U.F. Subversion of
CtBP1-controlled macropinocytosis by human adenovirus serotype 3. EMBO J. 2008, 27, 956–969. [CrossRef]

74. Caulier, B.; Stofleth, G.; Hannani, D.; Guidetti, M.; Josserand, V.; Laurin, D.; Chroboczek, J.; Mossuz, P.; Plantaz, D. Evaluation of
the human type 3 adenoviral dodecahedron as a vector to target acute myeloid leukemia. Mol. Therapy. Methods Clin. Dev. 2021,
20, 181–190. [CrossRef] [PubMed]

75. Colin, M.; Renaut, L.; Mailly, L.; D’Halluin, J.C. Factors involved in the sensitivity of different hematopoietic cell lines to
infection by subgroup C adenovirus: Implication for gene therapy of human lymphocytic malignancies. Virology 2004, 320, 23–39.
[CrossRef] [PubMed]

76. Ripa, I.; Andreu, S.; López-Guerrero, J.A.; Bello-Morales, R. Membrane Rafts: Portals for Viral Entry. Front. Microbiol. 2021, 12,
631274. [CrossRef] [PubMed]

77. Sezgin, E.; Levental, I.; Mayor, S.; Eggeling, C. The mystery of membrane organization: Composition, regulation and roles of lipid
rafts. Nat. Rev. Mol. Cell Biol. 2017, 18, 361–374. [CrossRef] [PubMed]

78. Pelkmans, L.; Helenius, A. Endocytosis via caveolae. Traffic 2002, 3, 311–320. [CrossRef]
79. Kiss, A.L.; Botos, E. Endocytosis via caveolae: Alternative pathway with distinct cellular compartments to avoid lysosomal

degradation? J. Cell Mol. Med. 2009, 13, 1228–1237. [CrossRef]
80. Shvets, E.; Bitsikas, V. Dynamic caveolae exclude bulk membrane proteins and are required for sorting of excess glycosphin-

golipids. Nat. Commun. 2015, 6, 6867. [CrossRef]
81. Colin, M.; Mailly, L.; Rogée, S.; D’Halluin, J.C. Efficient species C HAdV infectivity in plasmocytic cell lines using a clathrin-

independent lipid raft/caveola endocytic route. Mol. Ther. J. Am. Soc. Gene Ther. 2005, 11, 224–236. [CrossRef] [PubMed]
82. Rogée, S.; Grellier, E.; Bernard, C.; Loyens, A.; Beauvillain, J.C.; D’Halluin, J.C.; Colin, M. Intracellular trafficking of a fiber-

modified adenovirus using lipid raft/caveolae endocytosis. Mol. Ther. J. Am. Soc. Gene Ther. 2007, 15, 1963–1972. [CrossRef]
83. Yousuf, M.A.; Zhou, X.; Mukherjee, S.; Chintakuntlawar, A.V.; Lee, J.Y.; Ramke, M.; Chodosh, J.; Rajaiya, J. Caveolin-1 associated

adenovirus entry into human corneal cells. PLoS ONE 2013, 8, e77462. [CrossRef]
84. Palm, W. Metabolic functions of macropinocytosis. Philos. Trans. R. Soc. London. Ser. B Biol. Sci. 2019, 374, 20180285. [CrossRef]
85. Mercer, J.; Helenius, A. Virus entry by macropinocytosis. Nat. Cell Biol. 2009, 11, 510–520. [CrossRef]
86. Kälin, S.; Amstutz, B.; Gastaldelli, M.; Wolfrum, N.; Boucke, K.; Havenga, M.; DiGennaro, F.; Liska, N.; Hemmi, S.; Greber, U.F.

Macropinocytotic uptake and infection of human epithelial cells with species B2 adenovirus type 35. J. Virol. 2010, 84, 5336–5350.
[CrossRef]

87. Xie, J.; Chiang, L.; Contreras, J.; Wu, K.; Garner, J.A.; Medina-Kauwe, L.; Hamm-Alvarez, S.F. Novel fiber-dependent entry
mechanism for adenovirus serotype 5 in lacrimal acini. J. Virol. 2006, 80, 11833–11851. [CrossRef]

88. Maier, O.; Marvin, S.A.; Wodrich, H.; Campbell, E.M.; Wiethoff, C.M. Spatiotemporal dynamics of adenovirus membrane rupture
and endosomal escape. J. Virol. 2012, 86, 10821–10828. [CrossRef] [PubMed]

89. Wickham, T.J.; Filardo, E.J.; Cheresh, D.A.; Nemerow, G.R. Integrin alpha v beta 5 selectively promotes adenovirus mediated cell
membrane permeabilization. J. Cell Biol. 1994, 127, 257–264. [CrossRef]

90. Wang, K.; Guan, T.; Cheresh, D.A.; Nemerow, G.R. Regulation of Adenovirus Membrane Penetration by the Cytoplasmic Tail of
Integrin β5. J. Virol. 2000, 74, 2731–2739. [CrossRef] [PubMed]

91. Carey, B.; Staudt, M.K.; Bonaminio, D.; van der Loo, J.C.; Trapnell, B.C. PU.1 redirects adenovirus to lysosomes in alveolar
macrophages, uncoupling internalization from infection. J. Immunol. 2007, 178, 2440–2447. [CrossRef] [PubMed]

92. Miyazawa, N.; Crystal, R.G.; Leopold, P.L. Adenovirus serotype 7 retention in a late endosomal compartment prior to cytosol
escape is modulated by fiber protein. J. Virol. 2001, 75, 1387–1400. [CrossRef]

93. Majhen, D.; Stojanovic, N.; Vukic, D.; Pichon, C.; Leduc, C.; Osmak, M.; Ambriovic-Ristov, A. Increased Adenovirus Type 5
Mediated Transgene Expression Due to RhoB Down-Regulation. PLoS ONE 2014, 9, e86698. [CrossRef]

http://doi.org/10.1128/JVI.78.6.3089-3098.2004
http://www.ncbi.nlm.nih.gov/pubmed/14990728
http://doi.org/10.1128/JVI.79.4.2604-2613.2005
http://www.ncbi.nlm.nih.gov/pubmed/15681460
http://doi.org/10.1167/iovs.61.10.50
http://www.ncbi.nlm.nih.gov/pubmed/32852546
http://doi.org/10.1038/nm.2267
http://doi.org/10.1126/sciadv.aax3567
http://doi.org/10.1128/JVI.02019-16
http://doi.org/10.1038/nm.2270
http://doi.org/10.1038/emboj.2008.38
http://doi.org/10.1016/j.omtm.2020.11.009
http://www.ncbi.nlm.nih.gov/pubmed/33473357
http://doi.org/10.1016/j.virol.2003.09.043
http://www.ncbi.nlm.nih.gov/pubmed/15003860
http://doi.org/10.3389/fmicb.2021.631274
http://www.ncbi.nlm.nih.gov/pubmed/33613502
http://doi.org/10.1038/nrm.2017.16
http://www.ncbi.nlm.nih.gov/pubmed/28356571
http://doi.org/10.1034/j.1600-0854.2002.30501.x
http://doi.org/10.1111/j.1582-4934.2009.00754.x
http://doi.org/10.1038/ncomms7867
http://doi.org/10.1016/j.ymthe.2004.10.007
http://www.ncbi.nlm.nih.gov/pubmed/15668134
http://doi.org/10.1038/sj.mt.6300283
http://doi.org/10.1371/journal.pone.0077462
http://doi.org/10.1098/rstb.2018.0285
http://doi.org/10.1038/ncb0509-510
http://doi.org/10.1128/JVI.02494-09
http://doi.org/10.1128/JVI.00857-06
http://doi.org/10.1128/JVI.01428-12
http://www.ncbi.nlm.nih.gov/pubmed/22855481
http://doi.org/10.1083/jcb.127.1.257
http://doi.org/10.1128/JVI.74.6.2731-2739.2000
http://www.ncbi.nlm.nih.gov/pubmed/10684289
http://doi.org/10.4049/jimmunol.178.4.2440
http://www.ncbi.nlm.nih.gov/pubmed/17277151
http://doi.org/10.1128/JVI.75.3.1387-1400.2001
http://doi.org/10.1371/journal.pone.0086698


Pharmaceutics 2021, 13, 1585 18 of 18

94. Fernandez-Borja, M.; Janssen, L.; Verwoerd, D.; Hordijk, P.; Neefjes, J. RhoB regulates endosome transport by promoting actin
assembly on endosomal membranes through Dia1. J. Cell Sci. 2005, 118, 2661–2670. [CrossRef] [PubMed]

95. Hendrickx, R.; Stichling, N.; Koelen, J.; Kuryk, L.; Lipiec, A.; Greber, U.F. Innate immunity to adenovirus. Hum. Gene Ther. 2014,
25, 265–284. [CrossRef]

96. Iacobelli-Martinez, M.; Nemerow, G.R. Preferential activation of Toll-like receptor nine by CD46-utilizing adenoviruses. J. Virol.
2007, 81, 1305–1312. [CrossRef] [PubMed]

97. Barlan, A.U.; Griffin, T.M.; McGuire, K.A.; Wiethoff, C.M. Adenovirus membrane penetration activates the NLRP3 inflammasome.
J. Virol. 2011, 85, 146–155. [CrossRef] [PubMed]

98. Barlan, A.U.; Danthi, P.; Wiethoff, C.M. Lysosomal localization and mechanism of membrane penetration influence nonenveloped
virus activation of the NLRP3 inflammasome. Virology 2011, 412, 306–314. [CrossRef]

99. Lee, J.S.; Ismail, A.M.; Lee, J.Y.; Zhou, X.; Materne, E.C.; Chodosh, J.; Rajaiya, J. Impact of dynamin 2 on adenovirus nuclear entry.
Virology 2019, 529, 43–56. [CrossRef]

100. Custers, J.; Kim, D.; Leyssen, M.; Gurwith, M.; Tomaka, F.; Robertson, J.; Heijnen, E.; Condit, R.; Shukarev, G.; Heerwegh, D.; et al.
Vaccines based on replication incompetent Ad26 viral vectors: Standardized template with key considerations for a risk/benefit
assessment. Vaccine 2021, 39, 3081–3101. [CrossRef] [PubMed]

101. Zahn, R.; Gillisen, G.; Roos, A.; Koning, M.; van der Helm, E.; Spek, D.; Weijtens, M.; Grazia Pau, M.; Radošević, K.; Weverling,
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