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f(X)riends!: The Basis of Ad5-
Mediated Transduction of the
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“Vorstellung schafft Wirklichkeit.”
—Richard Wagner

t has puzzled gene therapists that, de-
Ispite many manipulations to the adeno-
viral capsid, it has been difficult to prevent
adenoviral vectors from infecting the liver.
Dissecting the molecular mechanisms of
Ad5 infection has usually been performed
using cultured cells. In vitro Ad5 infects
cells through binding of the fiber to the
Coxsackie and adenovirus receptor (CAR),
followed by binding of an RGD domain
within the penton base protein to integrins
on the cell surface. These receptors hav-
ing been identified, a proof-of-principle
experiment was carried out to determine
whether deletion of these binding sites on
the adenovirus fiber and penton would
abolish native viral tropism. Liver trans-
duction in vivo is not eliminated by these
mutations, which nevertheless block infec-
tion in vitro.! However, similar genetic mu-
tations reduced transduction of muscle and
brain.>” In the brain, eliminating binding
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of Ad5 to CAR and integrins completely
abolished transduction but, surprisingly,
had no effect on the ability of adenovirus to
induce inflammation.® Recent studies have
demonstrated that alternative adenoviral
serotypes exhibit reduced liver tropism,”
which may be clinically advantageous.
However, because the majority of vector
development thus far has been performed
using the subgroup C Ad2 and Ad5, a bet-
ter understanding of the mechanisms that
underlie the intrinsic hepatocyte tropism
of these vectors is of great importance.
Taken together, these data suggested the
existence of other receptors for Ad5. A pu-
tative heparan sulfate proteoglycan bind-
ing site on the fiber shaft was identified,
although the effect of mutation of this site
may be due to changes to fiber structure or
altering post-binding and post-internaliza-
tion steps of adenovirus transduction.’!°
In summary, genetic mutations introduced
into the adenoviral capsid have failed to
abolish liver transduction.

Numerous groups have attempted to
simultaneously de-target and re-target
Ad5 vectors through the use of bispecific
antibodies or peptide insertions in the fi-
ber knob. Ad5 re-targeting is based on the
idea of blocking the sites on both fiber and
penton base that bind to CAR and integ-
rins, through the use of antibodies or other
molecules used as adapters to redirect viral
infectivity. The addition of small molecules
to the adapters could achieve re-targeting
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to specific target cells. Re-targeting of ad-
enoviruses via such adapters does indeed
block Ad5 from infecting many cells, espe-
cially in vitro. Nevertheless, whatever the
re-targeting approach, and whatever the
efficiency of all these methods to achieve
predictable re-targeting in vitro, all of
these strategies failed to stop Ad5 from in-
fecting the liver upon direct injection into
the bloodstream.**

Approaching from a different perspec-
tive, several groups determined that liver
transduction by Ad5 could be abolished
by pretreating animals with blood proteins
from the coagulation cascade. Treatment
of mice with warfarin, which depletes fac-
tors VII (FVII), IX (FIX), and X (FX), as
well as protein C, completely eliminated
Ad5 transduction of the liver.!"'* Thus,
could Ad5 be entering liver cells using co-
agulation proteins as a bridge? Two recent
articles published in Cell"* and the Proceed-
ings of the National Academy of Sciences
USA'® have solved the enigma of how Ad5
enters the liver.

In a series of very elegant experi-
ments, Waddington et al.'* and Kalyuzh-
niy et al.'® demonstrated that FX binds to
the hexon protein in Ad5. The groups fol-
lowed slightly different routes to arrive at
similar conclusions. Barker and collabora-
tors' first determined that FX binds in a
Ca’*-dependent manner to Ad5 through
the y-carboxyglutamic acid domain. Using
surface plasmon resonance they made the
surprising determination that, instead of
binding to fiber protein, FX actually binds
to the hexon protein. Electron cryomicros-
copy and three-dimensional reconstruc-
tion of Ad5 bound to FX confirmed that
FX binds at the cup formed at the center
of each hexon trimer (Figure 1). The stoi-
chiometric analysis of 205 molecules of FX
binding per virus particle is consistent with
just one FX molecule binding to each hex-
on trimer. These results were further con-
firmed by replacement of the hypervariable
region (HVR) of Ad5 with that from Ad48;
such avirus did not bind FX and lacked FX-
mediated enhanced binding and transduc-
tion. Transduction of liver was also shown
to be mediated through a bridge formed by
FX binding through its y-carboxyglutamic
acid domain to Ad5 hexon and through its
serine protease domain to heparan sulfate
proteoglycans. Furthermore, because CAR
and integrin binding are dispensable for
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liver transduction, the experiments suggest
that FX binding to hexon is necessary and
sufficient for Ad5 binding to and transduc-
tion of the liver. The crucial experiment
here would be to demonstrate that vectors
unable to bind CAR or integrin, and unable
to bind FX, fail to bind to and transduce
the liver. Finally, Ad35- and Ad26-derived
vectors, which bind to FX weakly or not at
all, failed to transduce liver.

Independently, Shayakhmetov’s group*®
performed a series of similar experiments
that led to similar conclusions. Using sur-
face plasmon resonance they determined an
affinity of FX for Ad5 1 log higher than had
Waddington et al.”* Given the high affinity
found for FX binding to Ad5, Kalyuzhniy
et al.’® isolated the FX binding protein from
Ad5 by affinity chromatography. Following
trypsin digestion and mass spectrometry,
numerous peptides corresponding to Ad5
hexon were identified, suggesting that FX
indeed binds to the hexon protein. This
was confirmed by studying the character-
istics of FX binding to hexon trimer, which
were indistinguishable from the affinity of
FX binding to whole Ad5 particles. Fur-
thermore, a virus that contains a 71-amino
acid insertion into the exposed hexon loop
of HVRS5 abolished binding to FX, strongly
suggesting that FX binds to adenovirus
through hexon protein. Electron cryomi-
croscopy and three-dimensional recon-
struction further confirmed the binding
of FX to hexon protein, especially to the
central depression of each hexon trimer.
Based on sequence comparisons across the
HVR from various adenovirus serotypes,
Kalyuzhniy et al.'® postulated that HVR3
or 7 is the most likely direct binding site to
hexon, with only one binding site per tri-
mer. Thus, there is agreement with the data
of Waddington et al.'® showing that one
FX molecule binds per each hexon trimer.
Functional analysis in vitro indicated that
FX increases infectivity of serotypes able to
bind FX but does not change infectivity of
those lacking such binding. Nevertheless,
absence of binding to FX did not influence
the capacity to propagate such vectors on
293 cells. In vivo transduction followed the
same pattern, with Ad5 trapping and ex-
pression in the liver being dependent on
available FX, whereas those from a vector
unable to bind FX were independent of cir-
culating FX levels. Shayakhmetov and col-
laborators'® also suggest that the presence
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Figure 1 Electron cryomicroscopy of adenovirus serotype 5 (Ad5) and Ad5 complexed to
Factor X (FX). (a) Three-dimensional reconstructions of unlabeled Ad5 (left, pink) and FX-labeled
Ad5 (right, blue). (b) Overlaying the two reconstructions highlights the point of contact between
FX and hexon. (¢ and d) Close-up views of a single hexon. (d) Symmetry in the Ad5 capsid led to
steric collision between bound FX molecules, resulting in low occupancy and noisy density in the
three-dimensional reconstruction. (e and f) Fitting of crystallographic coordinates for hexon'”:'®
and a molecular model of FX, combined with modeling experiments and SPR data, demonstrated
that FX binds to hexon in one of three symmetry-related binding sites and allowed the synthesis of

a high-resolution model of the interaction.

of binding to FX may influence the intra-
cellular fate of internalized adenoviruses,
and potentially endosomal escape and
transduction.

In summary, AD5, unexpectedly, uses a
heretofore unknown complex multiprotein
bridge to enter the liver. The main recep-
tors—CAR and integrins—most certainly
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play an important role, but the binding of

FX to Ad5 seems to be primary, because in

itsabsence transduction is simply abolished,

whereas elimination or masking of binding
of Ad5 to CAR and integrins reduces but
does not abolish liver transduction. These
new data explain the resilience of Ad5 in-
fection of the liver. What remains to be es-
tablished is exactly how many proteins (e.g.,
low-density lipoprotein receptor-related
protein, heparan sulfate proteoglycans) are
involved in liver transduction of Ad5 me-
diated by FX, and whether these mecha-
nisms are necessary for the transduction
of different types of cells in the liver, or
whether binding is specific to hepatocytes.

These data are of strong clinical relevance

and will help in devising new vectors that

either completely avoid or are specifically
targeted to the liver.

Finally, although the articles cited
above concentrate on the role of plasma
proteins on the transduction of liver cells,
they are likely to have uncovered a novel
means of virus infection of target cells,
through their binding to plasma, extracel-
lular, or other tissue proteins. In the brain,
for example, vectors unable to bind to both
CAR and integrins fail to transduce any
brain cells yet cause a local inflammation
that is indistinguishable from that caused
by control vectors.® Thus, it is likely that
such bridge-mediated mechanisms of in-
fection of target cells may be cell type-spe-
cific and extend to other proteins, viruses,
and cell types.
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As our knowledge and understanding
of cancer biology have exploded over
the past decade, some have proposed that
this is a golden age of targeted cancer ther-
apeutics. These novel therapeutics target
specific molecules and pathways in can-
cers. Most notably, numerous monoclonal
antibodies and small-molecule tyrosine
kinase inhibitors have been developed and
approved for a variety of cancers. Although
these agents generate billions of dollars in
sales, their impact on the overall survival
of patients with metastatic solid tumors is
in general minimal (although rare excep-
tions exist).! In addition, a major driving
force behind the development of these
more “elegant” and targeted therapies—the
promise that toxic chemotherapy could
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be avoided—has been undercut. In this
Commentary we analyze the difference
in development strategies and processes
between molecular therapeutics and onco-
lytic virotherapeutics, and discuss how the
field can benefit from a unique “iterative
loop” that is feasible with the virothera-
peutics class.

Standard drug development typically
follows a relatively slow, sequential,
and unidirectional process from target
identification to lead identification, lead
optimization, preclinical pharmacology
and toxicology, and Investigational New
Drug Application (IND) filing, followed by
phase I, II, and III trials, and eventually, in
a small fraction of cases, to approval. The
entire process can take 10 or more years
before a drug is approved for a cancer
market. Product approval of bevacizumab
(Avastin, Genentech) for example, took
approximately 10 years from identification
of the target vascular endothelial growth
factor molecule. Estimated costs to
approval of a new chemical entity vary,
but most estimates are more than $500
million. It is not at all surprising that once
a molecule has been designated as an IND
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