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Adenoviruses have attracted much attention as probes to study biological processes such as
DNA replication, transcription, splicing, and cellular transformation. More recently these
viruses have been used as gene-transfer vectors and oncolytic agents. On the other hand,
adenoviruses are notorious pathogens in people with compromised immune functions. This
article will briefly summarize the basic replication strategy of adenoviruses and the key
proteins involved and will deal with the new developments since 2006. In addition, we
will cover the development of antivirals that interfere with human adenovirus (HAdV) rep-
lication and the impact of HAdV on human disease.

Members of the family Adenoviridae are non-
enveloped icosahedral viruses that repli-

cate in the nucleus. In recent years, new DNA
amplification techniques and sequencing ef-
forts have led to the identification of many new
human and nonhuman adenoviruses (AdV).
The human adenoviruses (HAdV) are grouped
as seven species (formerly called “subgroups”),
HAdV-A–G, in the Mastadenovirus genus.
Within the species, distinct “types” (formerly
called “serotypes”) are recognized based on the
absenceof serological cross-neutralization. With
the advent of high-throughput sequencing of
new virus isolates, a debate sparked around the
question how sequence data should be used to
define types and species (Aoki et al. 2011; Seto
et al. 2011).

The successful propagation in tissue culture
of small DNA tumor viruses like adenoviruses,
polyoma virus, and SV40 opened up the field of
studies on the replication and transcription of

the genomes of these viruses in the 1960s and
1970s (Tooze 1980; Yaniv 2009). These studies
yielded many of the basic principles of mamma-
lian DNA replication. AdV DNA replication was
reviewed in detail in Hay (1966), Van der Vliet
(1996), and Van der Vliet and Hoeben (2006).
The mechanisms of AdV DNA replication have
now been firmly established, and many of the
roles of the key actors in the process have been
elucidated in detail. During the last decade, the
advancement in acquiring insight in the molec-
ular processes involved in AdV DNA replication
slowed down as the interest of many groups
shifted from the study of viral DNA replication
to the study of cellular processes.

A DETAILED MODEL OF ADENOVIRUS
REPLICATION

HAdV contain a linear double-stranded ge-
nome of about 36 kb with inverted terminal
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repetitions of �100 bp. Both 50 termini are co-
valently attached to a 55-kDa terminal protein
(TP). AdV DNA replication is a very efficient
process. Within 40 h, an infected cell produces
approximately one million copies of viral DNA.
Much information on the replication mecha-
nism came from an in vitro system that repli-

cates HAdV-5 and -2 DNA with purified pro-
teins. Two identical origins of replication are
located within the inverted terminal repeats,
covering �1–50 bp. The terminal 18 bp form
the minimal origin and the remainder act as the
auxiliary origin (Fig. 1A). Protein-primed DNA
synthesis starts by covalent addition of a dCMP
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Figure 1. (A) Structure of the adenovirus type 5 origin and regions required for interaction with viral and cellular
proteins. (B) Schematic representation of the initiation of DNA replication illustrating how the nucleotides 4–6
are used as a template for the formation of the pTP-CAT complex. The complex subsequently displaces to pair
with nucleotides 1–3 of the template stand, after which the elongation continues.
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residue to an 80-kDa precursor of the TP (pTP).
Replication requires three viral proteins en-
coded by E2 genes: pTP, AdV DNA polymerase
(AdV Pol), and the DNA-binding protein
(DBP). Two cellular transcription factors, NFI
and Oct-1, bind the auxiliary origin and thereby
enhance initiation several hundredfold. In the
final stages of replication, pTP is cleaved by a
viral protease to TP, resulting in progeny DNA,
which is subsequently packaged in virions.

Multiple interactions between the three vi-
ral and two cellular proteins and the origin or-
chestrate the formation of a preinitiation com-
plex. This step is accompanied by subtle changes
in the origin structure by DBP and by extensive
origin bending, mainly induced by NFI and
Oct-1. Initiation occurs at position 4 of the tem-
plate (sequence 30-G1TAG4TA) followed by for-
mation of a pTP-trinucleotide intermediate,
pTP-CAT (Fig. 1B). This pTP-CAT intermediate
jumps back three bases and becomes paired
with template residues 1–3 (King and Van der
Vliet 1994). This jumping-back mechanism ex-
plains the presence of a short 3-bp (or some-
times 2- or 4-bp) repeat sequence in the first
10 bp of all AdV origins (De Jong et al. 2003).
For replication to begin at an internal site, rather
than at the genome termini, appears to be a
common feature among protein-primed repli-
cation systems (see below). A specific amino
acid in pTP, Ser580 in HAdV-5, is used as a
primer for covalent binding of dCMP by AdV
Pol, generating pTP-C (Desiderio and Kelly
1981; Smart and Stillman 1982). During, or
shortly after the three-nucleotide jump, AdV
Pol dissociates from pTP (King and van der
Vliet 1994). This leads to an increased rate of
polymerization and proofreading. Further dis-
assembly of the preinitiation complex takes
place when NFI dissociates early in initiation,
whereas Oct-1 dissociates only when the recog-
nition site has become single stranded on pass-
ing of the replication fork (van Leeuwen et al.
1997). The pTP-CAT intermediate is efficiently
elongated by the combined action of AdV Pol
and DBP, leading to the formation of a new
duplex genome and the displacement of the
nontemplate strand. The ITRs of displaced non-
template strands may anneal together (either

intra- or intermolecularly) to restore functional
origins that could serve as substrates for new
replication rounds. Newly generated Ad ge-
nome duplexes (formed either by replication
or the annealing of complementary displaced
single strands) may also enter subsequent rep-
lication rounds or be processed and encapsi-
dated into virions. A schematic representation
of the protein–protein interactions and the
protein–template interactions can be found in
an earlier version of this article (van der Vliet
and Hoeben 2006).

Although the mechanism of adenovirus
DNA replication is unique among the eukary-
otic viruses, it bears many similarities with
the protein-primed DNA replication of sever-
al bacteriophages such as the Bacillus subtilis
bacteriophages f29 and GA-1, the Escherichia
coli bacteriophage PRD1, and the Streptococcus
pneumoniae phage CP-1. Similar to AdV, these
phages contain linear double-stranded DNA
genomes, which are replicated by protein-
primed DNA replication mechanisms. The
replication leaves a TP covalently coupled to
the viral DNA (Blanco et al. 1989; Salas 1991;
Illana et al 1996). Also in the replication of
these bacteriophages, sliding-back or jumping-
back mechanisms are used in which the nu-
cleotides other than the 30 terminal nucleotides
are used as a template for the 50 terminal nucle-
otide that remains covalently coupled to the
phage’s TP (Salas 1991; Méndez et al. 1992; Cal-
dentey et al. 1993; Illana et al. 1996; Martı́n et al.
1996).

VIRAL REPLICATION PROTEINS

The Precursor TP

The precursor TP (pTP) is an 80-kDa protein
that functions as the primer for initiation. pTP
binds both single-strand DNA (ssDNA) and
double-strand DNA (dsDNA), and the affinity
of pTP for ssDNA might function in stabilizing
AdV Pol on partially unwound origin DNA
(de Jong et al. 2003). During initiation, AdV
Pol covalently couples the first dCMP residue
to Ser580 of pTP. The initiation of replication
by pTP-binding dCMP is well conserved in AdV.
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Hence almost all adenoviruses characterized
to date have a C residue at the 50 end of their
genome, suggesting an inherent preference of
pTP to bind dCMP. The single exception to
this rule has been found in the fowl adenovi-
rus-A (FAdV-A). In the FAdV-A isolates Phelps
and KUR, initiation starts with incorporation
of a dGMP. Interestingly, the highly similar
FAdV-A strain OTE is conventional and starts
initiation by binding of dCMP (Rademaker
et al. 2006). Studies with minireplicons showed
that the pTP and Pol of CELO-OTE and CELO-
Phelps do not have different specificities, but
rather show relaxed template specificity. This
allows these viruses to use 30-GTAGTAG as
well as 30-CTACTAC as templates for replication
initiation (Rademaker et al. 2006). This implies
the efficient formation of pTP-GMP complexes.
This is in contrast to HAdV-5, in which muta-
tion of G4 in the template strand fully blocked
replication initiation in vitro. For HAdV-5, even
in the absence of any template DNA, pTP-C-Pol
complexes are formed. The preference of
HAdV-5 pTP to bind dCMP was reduced in
the presence of manganese ions in the replica-
tion-initiation assay, suggesting that structural
factors govern the template specificity (King
and van der Vliet 1994).

The AdV DNA Polymerase

The AdV DNA polymerase (AdV Pol) belongs to
the distinct group of family B (or a-like) DNA
polymerases that uses a protein primer for the
initiation of replication. The crystal structure of
AdV Pol has not been determined, but sequence
comparisons with polymerases of known struc-
ture as well as biochemical and mutagenesis
studies have revealed AdV Pol’s general domain
organization (Fig. 2) (Joung et al. 1991; Joung
and Engler 1992; Knopf 1998; Liu et al. 2000;
Brenkman et al. 2001, 2002; Liu et al. 2003).
Besides consisting of the common polymerase
subdomains palm, fingers, and thumb, which
are associated with 50 –30 polymerase activity,
AdV Pol carries a 30 –50 exonuclease domain
that is necessary for its intrinsic proofreading
ability (King et al. 1997; Brenkman et al. 2002;
Liu et al. 2003). Furthermore, sequence com-
parisons have suggested that AdV Pol contains
certain insertions, termed TPR1 and TPR2,
which are specific for the protein-primed family
B polymerases (Blasco et al. 1990; Dufour et al.
2000). Although no information is available on
the roles of TPR1 and TPR2 in AdV Pol, studies
on the bacteriophage f29 provided some in-
sights into their function. The crystal structure

AdV

Exonuclease Palm Fingers

TPR1 TPR2

Palm Thumb
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I II III II/A III/B I/C

Figure 2. Representations of AdV and f29 polymerases showing the locations of conserved sequence motifs
and structural domains. The domain organization shown for f29 Pol was described previously by Kamtekar
et al. (2004) and is based on structural data. The domain organization depicted for AdV Pol is inferred from
that of f29 Pol and is based on the relative location of motifs shared among (many of ) the DNA polymerases.
Indicated for both polymerases are the most highly conserved of these sequence motifs within the exonuclease
domain (“Exo” motifs I, II, and III) and the polymerase region (“Pol” motifs I, II, and III, also known as,
respectively, motifs C, A, and B) (Wong et al. 1988; Bernad et al. 1989; Delarue et al. 1990). All representations
are to scale.
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of the f29 polymerase has been determined
(Kamtekar et al. 2004, 2006; Berman et al.
2007). In the phage f29 polymerase, TPR1 and
TPR2 form discrete subdomains. Based on these
structural data as well as biochemical studies
onf29 polymerase and its protein primer (Rod-
rı́guez et al. 2005), the TPR structures are
known to be responsible for specific binding
to the protein primer (TPR1) and/or suspected
to contribute to f29 Pol’s intrinsic strand-dis-
placement capacity (TPR2) and/or high pro-
cessivity (TPR1 and TPR2). They would con-
tribute to the latter two functionalities by
making part of the tunnels encircling, respec-
tively, the downstream template strand and the
upstream duplex product. These tunnels would
topologically and functionally resemble, respec-
tively, the helicases and sliding clamp proteins
of replisomes. Interestingly, sequence compari-
sons with the other protein-primed family B
polymerases indicate that the putative TPR2
domain of AdV Pol is rather large (Fig. 1) (Uil
et al. 2011), which might suggest that it has an
additional or different function.

Previously, AdV Pol function has mostly
been studied by biochemical assays using puri-
fied proteins or cell extracts (Liu et al. 2003).
Recent work, however, gave insight into the nu-
cleotide selection and proofreading functions
of AdV Pol in the context of full-fledged vi-
ral replication. In a study that aimed to make
mutator AdV polymerases that could serve in
viral directed evolution procedures, AdV Pol
mutants were made that carried single-amino-
acid substitutions in either the nucleotide bind-
ing pocket or the exonuclease active site (Uil
et al. 2011). Using a polymerase complementa-
tion approach (in which a polymerase-defective
virus is replicated on cells stably expressing the
AdV Pol), these mutants were tested for their
ability to support productive adenovirus repli-
cation. Furthermore, they were tested for muta-
tor activity by performing deep sequencing on
pools of replicated viruses.

Mutation of highly conserved residues with-
in the nucleotide binding pocket generally had
drastic effects on the ability to support Ad rep-
lication. For most of the mutants this would
have likely been owing to a decrease in viral

genome replication efficiency (rather than an
excessive mutation rate). Also most of the exo-
nuclease domain mutants tested were unable to
support AdV replication. Interestingly, all sub-
stitutions of the most highly conserved exo-
nuclease residues (those that contribute to the
metal ion binding framework of the exonuclease
active site) were found to be lethal for virus
replication. Mutations applied to the homologs
of these residues in other viral polymerases are
known to effectively knock out 30 –50 exonucle-
ase activity and therewith proofreading activi-
ty (Bernad et al. 1989; Esteban et al. 1994; Ab-
dus Sattar et al. 1996; Kuhn and Knopf 1996),
but are not necessarily lethal in the context of
productive virus replication, as has been found
for RB69, HSV, and CMV (Hwang et al. 1997;
Bebenek et al. 2001; Chou and Marousek 2008).
Therefore, barring nonspecific structural ef-
fects, the lethality of these mutations for adeno-
virus might point to an additional role of these
exonucleolytic residues. Perhaps related to this
issue is that homologous mutations in f29
polymerase result in a reduced velocity of DNA
polymerization on dsDNA templates (Soengas
et al. 1992; Esteban et al. 1994).

Of the viable Adv Pol mutants, several caused
excess mutations during viral passaging, con-
firming the importance of the respective mu-
tated motifs for incoming nucleotide selection
and proofreading. For example, mutation of a
nonhighly conserved residue located in a loop
between two a helices of the fingers domain
(D827A) led to a degree of mutator activity. As
the concerning residue is not thought to direct-
ly contact the incoming nucleotide, it may be
that its substitution indirectly affects nucleotide
selection, for example, by changing the relative
positions of the two a helices. The strongest
mutator AdV Pols identified in the study were
those of two mutants of the exonuclease mo-
tifs I and II (Fig. 1). These mutants, T286I and
F421Y, carry substitutions of residues whose ho-
mologs in f29 are known to play a role in prim-
er terminus stabilization at the exonuclease ac-
tive site during proofreading (de Vega et al.
1996, 1998). The mutator activities found for
these mutants would support a similar role of
these highly conserved residues in AdV Pol.
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The AdV DBP

On infection the major viral replication pro-
tein produced is DBP. DBP binds dsDNA and
ssDNA, the latter in a cooperative fashion, and
it changes the DNA structure drastically (Kanel-
lopoulos et al. 1995). DBP is involved in several
steps during DNA replication. Besides protect-
ing ssDNA against nucleases, DBP acts during
initiation by stimulating binding of AdV Pol
and NFI, presumably by slight changes in the
configuration of origin DNA (Hay 1966; van
Breukelen et al. 2003; van der Vliet and Hoeben
2006). Moreover, DBP lowers the Km for cou-
pling of the first nucleotide to pTP. During elon-
gation, DBP enhances the rate and processivity
of AdV DNA polymerase and changes its sensi-
tivity to inhibitors. DBP, which has a helix de-
stabilizing activity, has an essential role in DNA
unwinding, which in vitro is an ATP-indepen-
dent process not requiring a helicase. DBP drives
template unwinding by formation of DBP mul-
timers.

Other Viral Proteins

In addition to the viral proteins directly in-
volved in DNA replication, HAdV encodes sev-
eral proteins that affect cellular processes that
are involved in the down-regulation of cellular
antiviral responses, stimulate cell-cycle progres-
sion, or inhibit the DNA-damage responses.
These factors facilitate and promote efficient
viral DNA replication in the cells. Many such
viral factors and processes have been reviewed
recently (Giberson et al. 2012).

Cellular Factors Optimize Initiation

The pTP-Pol complex binds weakly to the ori-
gin and can catalyze only minimal initiation. In
vitro replication assays facilitated the identifica-
tion of nuclear factors (NF) that enhance AdV
replication considerably, up to the levels ob-
served in vivo. NFI has been identified to be
identical to CTF-1, a cellular transcription fac-
tor, NFII is a topoisomerase type 1 required for
the synthesis of genome-length molecules, and
NFIII is identical to the transcription factor
Oct-1. NFI and Oct-1 form part of the preini-

tiation complex and both interact with AdV
DNA and with one of the viral replication pro-
teins (van der Vliet 1996; de Jong and van der
Vliet 1999; van der Vliet and Hoeben 2006).

NFI encompasses a family of cellular tran-
scription factors that also enhances initiation of
AdV DNA replication up to 60-fold. NFI binds
to position 25–38 in the origin of HAdV-5. Mu-
tation of this sequence reduces replication of
the virus in infected cells. The efficiency of ini-
tiation is highly dependent on the AdV Pol con-
centration, suggesting that AdV Pol is recruited
to the origin by an interaction with NFI. A sec-
ond way in which NFI stimulates initiation is by
changing the origin structure. NFI bends the
origin 608 as shown by scanning force micros-
copy (Mysiak et al. 2004a). The bending is de-
pendent on the conserved AT-rich sequence di-
rectly preceding the core recognition site of NFI.

Oct-1 belongs to the family of octamer-bind-
ing transcription factors containing a POU
DNA-binding domain. The POU domain has
a bipartite structure with two subdomains,
POU specific (POUs) and POU homeodomain
(POUhd), that both contribute to DNA binding
and to the stimulation of initiation. Oct-1 binds
next to the NFI recognition sequence at origin
position 39–47.

Whereas NFI interacts with AdV Pol, Oct-1
interacts with pTP and tethers it to the origin as
shown by a reduced dissociation rate of the pTP-
Pol-origin interaction (van Leeuwen et al. 1997).
Like in the case of NFI, stimulation of initiation
depends on the structural changes in the origin
induced by Oct-1. Scanning force microscopy
showed a 428-bend angle in origin DNA on
binding the Oct-1 POU domain, confirming
earlier biochemical data. Simultaneous binding
of NFI and Oct-1 induces an 828bend indicating
that both bends are oriented toward each other
(Mysiak et al. 2004b). Because both NFI and
Oct-1 act synergistically to enhance initiation,
this strengthens the notion that origin bending
is essential for initiation, presumably by facili-
tating the optimal assembly of a preinitiation
complex.

In conclusion, the two cellular transcription
factors stimulate initiation in two different ways:
recruitment of the viral replication proteins as
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well as bending the origin. Combined with the
role of DBP in modifying the origin structure
and facilitating the kinetics of initiation, a pic-
ture arises in which all proteins act in a con-
certed fashion, contributing to optimal assem-
bly of a preinitiation complex as well as to the
kinetics of the actual initiation and elongation
reactions.

Human Adenoviruses and Disease

Although in immune-competent persons most
HAdV infections occur subclinically, AdV in-
fections are related to a wide range of malig-
nancies (reviewed by Horwitz 2001; Lenaerts
et al. 2008). The gastrointestinal disease caused
by enteric AdV (i.e., HAdV-F) is considered
a major contributing factor in childhood diar-
rhea in underdeveloped and high-population
density areas. In addition, the HAdV are the
most common infectious cause of ocular disease
worldwide. AdV are isolated frequently from
patients with a compromised immune system
(Kojaoghlanian et al. 2003; Walls et al. 2003;
Lenaerts et al. 2008). They are a frequent cause
of morbidity and mortality after allogeneic stem
cell transplantation (Symeonidis et al. 2007).
Remarkably, the incidence of HAdV infections
in pediatric stem cell recipients is rising sharply
(Bruno et al. 2003; van Tol et al. 2005). Another
group that is at risk is HIV-infected individuals.

Despite these disease associations, HAdV-
derived vectors have been very popular as gene-
transfer vehicles in experimental gene ther-
apy. Initially, replication-deficient vectors were
used. In these vectors, a deletion of the E1 genes
blocks expression of the viral genes and repli-
cation, and provides the space needed to insert
a gene of interest. Although the gene transfer
is efficient, immune-competent hosts mount
an immune response against viral and transgene
antigens (reviewed by Bangari and Mittal 2006).
This leads to the elimination of virally trans-
duced cells in immune-competent hosts. In
the newer generations of AdV vectors the resid-
ual AdV genes were removed (reviewed by Seiler
et al. 2007). The propensity of the E1-deleted
HAdV vectors to induce potent vector and
transgene product-specific immune responses

led to their use as live-virus vaccine carriers
(Liu et al. 2009). In recent years, HAdVattracted
a renewed interest as oncolytic agents in cancer
therapy. Although the use of replication-com-
petent HAdV in cancer therapy has been ex-
plored already more than 50 years ago (Kelly
and Russell 2007), the current approaches use
modifications in the vector genomes that limit
viral replication to tumor cells. In this respect,
the vectors HAdV-5 mutant “ONYX-015” and
HAdV-5 D24 can serve as archetypes. The AdV
ONYX-015 virus has a deletion in the region
coding for the E1B 55 kDa protein. As a result,
the virus is incapable of down-regulating the
p53 activity. The HAdVD24 virus carries a dele-
tion in the viral E1A gene that encompasses the
region responsible for binding the RB protein.
As a result, the D24 E1A protein cannot bind
RB to relieve RB repression of E2F transcription
factors. As a result, replication of HAdV-5 D24
viruses can only occur in tumor cells in which
RB is inactivated (Berk 2005). RB and p53 are
two critical transcription regulatory proteins
and the pathways in which they operate are dis-
turbed in nearly all human cancers (Polager and
Ginsberg 2009). This should lead to preferential
replication in tumor cells with alterations in the
p53 pathway. These viruses have been evaluated
in several clinical studies for a wide variety of
tumor types with promising results (reviewed
by Jiang et al. 2009). In 2006, the AdV “H101,”
which is very similar to AdV ONYX-015, was
registered in China for clinical use.

AdV Antivirals

There is a considerable morbidity and mor-
tality associated with HAdV infections. This
would clearly be limited by the availability of
effective antiviral drugs. In addition, the in-
creased clinical use of HAdV-derived replica-
tion-competent vectors makes the availability
of effective antivirals against HAdV infections
desirable. To date, there is no FDA-approved
antiviral for the treatment of HAdV infections
available. Several phosphonyl acyclic nucleo-
tide analogs have activity against HAdV. Cido-
fovir, (S)-9-(3-hydroxy-2-phosphonomethoxy
propyl)cytosine dehydrate, is among the most
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potent of antivirals. It has been registered by
the FDA for treatment of human cytomegalo-
virus-induced retinitis in AIDS patients. Mech-
anistically, cidofovir mimics the monophos-
phate form of deoxycytosine and targets the
AdV Pol directly. This has been elegantly con-
firmed by selecting cidofovir-resistant HAdV-
5 mutants. All these mutations are located in
the AdV Pol-coding region (Kinchington et al.
2002). Cidofovir inhibits all HAdV types tested
(Kinchington et al. 2005). This is in contrast to,
for instance, Ribavirin, which inhibits replica-
tion in all HAdV-C isolates, but had variable
activity in isolates of HAdV-A, B, and D (Mor-
fin et al. 2009).

So far the clinical efficacy of cidofovir has
been promising but not unequivocal (reviewed
by Ljungman 2004; Lenaerts et al. 2008). Cur-
rent efforts are concentrated on optimizing
the formulation of cidofovir and the develop-
ment of new derivatives (Toth et al. 2008; Pao-
lino et al. 2011; Ruiz et al. 2011). In addition,
high-throughput screening for inhibitors of vi-
ral replication can identify new compounds that
function as broad-spectrum antiviral agents.
Already a compound was identified that is a po-
tent inhibitor of dihydroorotate dehydrogenase,
which is a key enzyme of the de novo pyrimidine
synthesis pathway. This compound inhibits the
replication of several viruses, including AdV
(Hoffmann et al. 2011).

In parallel, immunotherapy protocols are
developed involving infusion of AdV-specific
T lymphocytes. The feasibility of this approach
has been established in patients undergoing he-
matopoietic stem cell transplantation (HSCT)
(Feuchtinger et al. 2006). This approach may
be facilitated by the cross-reactivity of Ad-spe-
cific T cells (Heemskerk et al. 2003; Leen et al.
2006; Veltrop-Duits et al. 2006). Although prom-
ising, the immunotherapy approach is very labor
intensive and expensive, restricting its applica-
tion. Therefore it will remain a major challenge
to develop effective antivirals for treatment for
AdV infections that have activity against the
wide diversity of HAdV serotypes. The detailed
insight in key aspects of AdV DNA replication
may facilitate rational development of new AdV-
specific antivirals.
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