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METHODS: ORIGINAL ARTICLE

EGFR-Targeted Adenovirus Dendrimer Coating for
Improved Systemic Delivery of the Theranostic NIS Gene

Geoffrey K Griinwald', Alexandra Vetter?, Kathrin Klutz', Michael J Willhauck', Nathalie Schwenk,
Reingard Senekowitsch-Schmidtke®, Markus Schwaiger?, Christian Zach®, Ernst Wagner?, Burkhard Goke',
Per S Holm®, Manfred Ogris? and Christine Spitzweg’

We recently demonstrated tumor-selective iodide uptake and therapeutic efficacy of combined radiovirotherapy after systemic
delivery of the theranostic sodium iodide symporter (NIS) gene using a dendrimer-coated adenovirus. To further improve shielding
and targeting we physically coated replication-selective adenoviruses carrying the hNIS gene with a conjugate consisting of
cationic poly(amidoamine) (PAMAM) dendrimer linked to the peptidic, epidermal growth factor receptor (EGFR)-specific ligand
GE11. Invitroexperiments demonstrated coxsackie-adenovirus receptor-independent but EGFR-specific transduction efficiency.
Systemic injection of the uncoated adenovirus in a liver cancer xenograft mouse model led to high levels of NIS expression
in the liver due to hepatic sequestration, which were significantly reduced after coating as demonstrated by '|-scintigraphy.
Reduction of adenovirus liver pooling resulted in decreased hepatotoxicity and increased transduction efficiency in peripheral
xenograft tumors. '*|-PET-imaging confirmed EGFR-specificity by significantly lower tumoral radioiodine accumulation after
pretreatment with the EGFR-specific antibody cetuximab. A significantly enhanced oncolytic effect was observed following
systemic application of dendrimer-coated adenovirus that was further increased by additional treatment with a therapeutic dose
of *!l. These results demonstrate restricted virus tropism and tumor-selective retargeting after systemic application of coated,
EGFR-targeted adenoviruses therefore representing a promising strategy for improved systemic adenoviral NIS gene therapy.
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Introduction

We recently reported on the feasibility of noncovalent ade-
novirus surface modification using synthetic polycationic
dendrimers resulting in partial protection from neutralizing
antibodies, coxsackie-adenovirus receptor (CAR)-indepen-
dent infectivity and efficient liver detargeting after systemic
vector administration, leading to reduced toxicity as well as
enhanced tumoral transduction and therapeutic efficacy.?
Once a viral gene transfer vehicle has been developed that
allows for systemic application and provides sulfficiently high
transgene expression in the target tissue, a key task is to
further increase levels of oncolysis and tumoral transgene
expression with optimal specificity and lowest possible tox-
icity in nontarget organs.®* A variety of different methods
have been tested in recent times to make viral gene transfer
even more secure and successful in terms of development
of targeted and shielded vectors for future clinical applica-
tions in humans.>® Among others, targeting ligands that have
been tested recently to optimize tumor-selectivity of viral vec-
tors include ligands of the epidermal growth factor receptor

(EGFR), the fibroblast growth factor receptor 2, CGKRK
motifs, and o-v integrins on the cell surface.”® Targeting the
EGFR is of particular interest since it has been shown that
EGFR triggers tumor growth and progression and is signifi-
cantly upregulated in a large number of epithelial tumors.'
Therefore, the EGFR has been evaluated as a promising
target structure for viral and nonviral gene transfer.''* In a
recent study, we reported on systemic nonviral sodium iodide
symporter (NIS) gene transfer using polyplexes coupled to
the synthetic peptide GE11 as an EGFR-targeting ligand
with high receptor affinity that does not activate the receptor
tyrosine kinase,'® capable of inducing high levels of tumor-
specific transgene expression.™ NIS represents one of the
oldest targets for molecular imaging and therapy. Due to its
ability to concentrate iodine in the thyroid gland it provides
the molecular basis for thyroid scintigraphy and radioiodine
whole body scanning as well as therapeutic application of
radioiodine in thyroid cancer—the most effective form of
systemic anticancer radiotherapy available today.'® Trans-
duction of cancer cells with the theranostic NIS gene there-
fore gives us the possibility of noninvasive monitoring of NIS
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biodistribution before application of a therapeutic dose of
radioiodine, which is of particular importance after systemic
vector application.'”8

In a further study, we have previously reported on the
feasibility of systemic NIS gene transfer using a dendrimer-
coated replication-selective adenovirus. To further improve
safety, tumor selectivity, and therapeutic efficacy of the
dendrimer-coated adenovirus vector, in the current study we
added another level of tumor specificity by combining the two
approaches through attachment of the EGFR-specific peptide
GE11 to the virus coating polymer. Thereby NIS transgene
expression is not only detargeted from the liver after systemic
virus administration and passively accumulated in the tumor
by the enhanced permeability and retention effect,'® but also
actively targeted to the EGFR-expressing tumor cells.

Based on the dual function of the NIS gene encoded by our
adenovirus as reporter and therapy gene, at first we investi-
gated its potential for noninvasive imaging of vector biodistri-
bution and transgene expression of our targeted and shielded
adenovirus by 2D '#|-scintigraphy as well as 3D high reso-
lution ?*|-PET-imaging. Furthermore, the potential of further
stimulation of therapeutic efficacy of adenovirus-mediated
oncolysis was investigated by subsequent combination with
systemic NIS-mediated radiotherapy (radiovirotherapy).

Results

Influence of EGFR-targeted
modification in vitro

Three cell lines with different levels of CAR and EGFR expres-
sion (HuH7: high CAR, high EGFR; SKOV-3: CAR-negative,
high EGFR; HepG2: High CAR, low EGFR) as determined
by flow cytometry (data not shown) were used. After infec-
tion with uncoated Ad5-CMV/NIS the CAR-positive cell lines
HuH7 and HepG2 showed a dose-dependent increase in per-
chlorate-sensitive 2| uptake activity of up to 80-fold, which
was fully retained after EGFR-targeted coating of the adeno-
virus with increasing amounts of dendrimer (Figure 1a,c). The
CAR-negative cell line SKOV-3 showed no iodide accumula-
tion above background level, even when incubated with high
multiplicity of infection of the uncoated Ad5-CMV/NIS. Ade-
novirus coating with increasing amounts of EGFR-targeted
dendrimer led to an increase in perchlorate-sensitive iodide
uptake activity of up to six orders of magnitude (Figure 1b),
thereby indicating CAR-independent uptake mechanisms of
dendrimer-coated adenovirus. Replacement of the targeting
ligand GE11 by a cysteine residue (Cys) significantly lowered
transduction efficiency in EGFR-positive HuUH7 and SKOV-3
cells (Figure 1a,b) whereas transduction efficiency in the
low EGFR-expressing HepG2 cells remained unchanged
(Figure 1c), thereby demonstrating targeting specific-
ity and increased transduction efficiency by the use of the
EGFR-specific targeting ligand. Viral NIS gene transfer using
uncoated or dendrimer-coated Ad5-CMV/NIS did not alter
cell viability as measured by 3-(4,5-dimethylthiazol)-2-yl-5-
(3-carboxymeth-oxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
assay (data not shown).

adenoviral surface

Noninvasive imaging of EGFR-targeted NIS gene delivery
Mice bearing high EGFR-expressing HuUH7 xenograft tumors
were imaged after intravenous vector administration for
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Figure 1 In vitro iodide uptake studies of EGFR-targeted
adenovirus. In vitro transduction experiments with uncoated
Ad5-CMV/NIS showed dose-dependent transduction efficiency in
CAR-positive cells (HuH7, HepG2), which was fully retained after
EGFR-targeted coating of the adenovirus with increasing amounts
of dendrimer (a, ¢). The CAR-negative cell line SKOV-3 showed no
iodide accumulation above background level, even when incubated
with high MOI of the uncoated Ad5-CMV/NIS but adenoviral coating
with increasing amounts of EGFR-targeted dendrimer caused a
significant increase in perchlorate-sensitive iodide uptake activity
(b; **P < 0.01). Replacement of the targeting ligand GE11 by a
cysteine residue (Cys) lowered transduction efficiency in EGFR-
positive HuH7 and SKOV-3 cells (a: *P < 0.05, **P < 0.01; b: **P <
0.01) whereas transfection efficiency in the low EGFR expressing
HepG2 cells remained unchanged (c). CAR, coxsackie-adenovirus
receptor; EGFR, epidermal growth factor receptor; MOI, multiplicity
of infection; NIS, sodium iodide symporter.

functional NIS expression via whole body '2%|-scintigraphy. In
vivo imaging of vector biodistribution demonstrated high lev-
els of NIS-mediated radionuclide accumulation in the livers of
mice after systemic injection of uncoated Ad5-CMV/NIS due
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Figure 2 In vivo iodide uptake studies of EGFR-targeted
adenovirus. ?%|-scintigraphy of mice bearing high EGFR-expressing
HuH7 xenografts demonstrated high hepatic and low tumoral NIS-
mediated radionuclide accumulation after systemic injection of
uncoated Ad5-CMV/NIS (a). Coating of Ad5-CMV/NIS with EGFR-
targeted PAMAM-G2-PEG-GE11 (dc,,,,,Ad5-CMV/NIS) before
systemic administration strongly reducecﬁiver transduction resulting
in significantly increased transduction efficiency of xenograft tumors
(b). Replacement of the dendrimer-coupled targeting ligand by a
cysteine residue (dc,,, ., Ad5-CMV/NIS) still prevented liver pooling
of the vector but significantly reduced tumor-specific radionuclide
accumulation (c). EGFR, epidermal growth factor receptor; NIS,
sodium iodide symporter.

to hepatic sequestration of the vector. Because of hepatic
vector trapping only very low 2%l accumulation above back-
ground level was observed in peripheral xenograft tumors
(Figure 2a). By coating of Ad5-CMV/NIS with EGFR-targeted
PAMAM-G2-PEG-GE11 (dc,y,e,,Ad5-CMV/NIS) before sys-
temic administration liver transduction was strongly reduced by
over 80% (Figures 2b,3a) resulting in significantly increased
transduction efficiency of xenograft tumors. Serial scanning of
mice revealed an accumulated dose of ~15% of the injected
dose per gram tumor tissue (%ID/g) with an average biological
half-life of 4.5 hours (Figures 2b,3b), resulting in a calculated
tumor-absorbed dose of 103 mGy/MBq for ®'l. Replacement of
the dendrimer-coupled targeting ligand by a cysteine residue
(dC5c,,AdS-CMV/NIS) still prevented liver pooling of the vec-
tor but significantly reduced tumor-specific radionuclide accu-
mulation nearly by half (Figures 2c, 3a,b). In addition to '*I
uptake in liver and tumor, radioiodine accumulation was also
observed in stomach and thyroid that physiologically express
NIS and in the urinary bladder due to radionuclide elimination
but in no case in other nontarget organs (Figure 2a—c). This
physiologic uptake due to endogenous NIS expression or renal
radionuclide elimination was confirmed by imaging of untreated
control mice that showed the same uptake in thyroid, stomach,
and bladder, as mice treated with NIS-expressing adenovirus
vectors (Supplementary Figure 1a, online). Furthermore,
pretreatment with the competitive NIS-inhibitor perchlorate
(NaCIO,) demonstrated that the uptake observed in thyroid
and stomach was indeed NIS-mediated (Supplementary
Figure 1b, online). Ex vivo analysis of NIS mRNA expression
in livers, tumors, and other organs (kidney, spleen, lungs) cor-
related well with the 2% scintigraphy data and showed no NIS
mRNA expression above background level in nontarget organs
(Figure 3c, Supplementary Figure 2, online).
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Figure 3 Biodistribution of NIS transgene expression. Quan-
tification of hepatic transgene expression revealed over 80%
reduction after intravenous injection of dendrimer-coated dc,,

=1/Ad5-CMV/NIS as compared with injection of uncoated Adb-
EMV/NIS (a: ***P < 0.001). Detargeting of hepatic transgene
expression resulted in significantly increased transduction
efficiency of xenograft tumors (b). Replacement of the dendrimer-
coupled targeting ligand by a cysteine residue (dc,, . Ad5-CMV/
NIS) still prevented liver pooling of the vector but reduced tumor-
specific radionuclide accumulation nearly by half (a: ***P < 0.001,
b). Ex vivo analysis of NIS mRNA expression in livers and tumors
correlated well with the observed radionuclide biodistribution and
confirmed the findings of 23| scintigraphy (c: ***P < 0.001). NIS,
sodium iodide symporter.

Influence of vector modification on hepatotoxicity

Assessment of hepatotoxicity after intravenous injection of
uncoated Ad5-E1/AFP-RSV/NIS demonstrated a small 1.75-
fold increase in alanine aminotransferase and a strong 128-
fold increase in aspartate aminotransferase (Figure 4c) as
well as a significant increase in fatty degeneration of liver tis-
sue (Figure 4a). Coating of the adenovirus before intravenous
injection abrogated hepatotoxic effects almost completely as
seen by a reduction of increase in alanine aminotransferase
by half (45.6%) and in aspartate aminotransferase by 98.6

www.moleculartherapy.org/mtna
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Figure 4 Analysis of liver toxicity. H/E staining of liver sections of mice injected intravenously with Ad5-E1/AFP-RSV/NIS showed fatty

degeneration of liver tissue (a), which was not observed in livers of mice treated with dc

Ad5-E1/AFP-RSV/NIS (b). Injection of Ad5-

300/GE11

E1/AFP-RSV/NIS without surface modification led to a minor increase in ALT level and a strong increase in AST level as compared with
mice treated with saline only, which was mostly avoided by coating of the adenovirus before systemic administration (c: ***P < 0.01). AFP,
o-fetoprotein; ALT, alanine aminotransferase; AST, aspartate aminotransferase; NIS, sodium iodide symporter.

% (Figure 4c) as well as liver histology without pathological
findings (Figure 4b).

EGFR-specificity of vector targeting

3-dimensional high resolution '**|-PET-imaging was used
to investigate EGFR-specificity of NIS gene delivery after
intravenous injection of the targeted replication-selec-
tive dc,,,qe,Ad5-E1/AFP-RSV/NIS. As shown before
by '2%|-scintigraphy, i.v. injection of the uncoated vector
(Ad5-E1/AFP-RSV/NIS) resulted in strong transduction
of liver tissue that resulted in poor tumoral transduction
(Figure 5a,d). In contrast, coating of the adenovirus with
PAMAM-G2-PEG-GE11 resulted in prevention of hepatic
radioiodine accumulation and significantly enhanced trans-
duction of tumor xenografts (Figure 5b,d). By pretreatment
of mice with the monoclonal anti-EGFR antibody cetuximab
before systemic dc,,..,,Ad5-E1/AFP-RSV/NIS adminis-
tration tumoral radioiodine accumulation was significantly
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reduced while liver detargeting of NIS expression was not
affected, thereby confirming EGFR-specificity of the tar-
geted vector (Figure 5c,d).

Radionuclide therapy study in vivo

A single i.v. injection of the replication-deficient Ad5-AFP/
NIS coated with PAMAM-G2-PEG-GE11 followed by a
therapeutic dose of '3'l (dc,,,qe(,Ad5-AFP/NIS + '3l radio-
therapy) showed a significant delay in tumor growth and
improved survival (Figure 6a,b) as compared with mice
treated with saline only (NaCl-control, Figure 6a,b). l.v.
application of the oncolytic replication-selective Ad5-
E1/AFP-E3/NIS with EGFR-targeted surface modifica-
tion (dc,,qe,Ad5-E1/AFP-E3/NIS, virotherapy) revealed
a comparable delay in tumor growth and enhancement
of survival due to the oncolytic activity of the adenovirus
(Figure 6a,b). Combined radiovirotherapy by i.v. injection
of PAMAM-G2-PEG-GE11-coated replication-selective
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Figure 5 In vivo analysis of EFGR-specificity. '2l-PET-imaging
demonstrated strong hepatic transduction after i.v. injection of the
uncoated vector (Ad5-E1/AFP-RSV/NIS) (a) and quantification of
radioiodine accumulation revealed only poor tumoral transduction
(a, d). In contrast, coating of the adenovirus with PAMAM-G2-PEG-
GE11 (dc,yqe,,Ad5-E1/AFP-RSV/NIS) before systemic injection
resulted in prevention of hepatic radioiodine accumulation and
distinct transduction of tumor xenografts (b, d). By pretreatment
of mice with the monoclonal anti-EGFR antibody cetuximab before
systemic dc,,..,,Ad5-E1/AFP-RSV/NIS administration tumoral
radioiodine accumulation was significantly reduced while liver
detargeting of NIS expression was still effective (c, d; **P < 0.01).
AFP, a-fetoprotein; EGFR, epidermal growth factor receptor; NIS,
sodium iodide symporter.

Ad5-E1/AFP-E3/NIS followed by application of '*'l (dc,,,
ae1/Ad5-E1/AFP-E3/NIS + ''l, radiovirotherapy) resulted
in a strongly enhanced therapeutic effect, as seen by sig-
nificantly delayed tumor growth and further improvement of
survival (Figure 6a,b). While mice treated with saline only
(NaCl-control) had to be killed within 2—-3 weeks after onset
of the experiment due to excessive tumor growth, 50% of
mice treated with combined radiovirotherapy survived at
least 9 weeks and 30% were even still alive at day 100,
the endpoint of the observation period (Figure 6b). None
of the treated mice, even with combined radiovirotherapy,
showed major adverse effects in terms of lethargy or respi-
ratory failure due to oncolytic virotherapy or radionuclide
treatment.

EGFR-Targeted Systemic NIS Gene Therapy
Grunwald et al.

Discussion

The tropism of adenoviruses is greatly influenced by inter-
action with several blood components and the widespread
expression of the CAR.#2°22 Aside from the inherent hepatic
tropism after intravenous injection,? the CAR-dependent way
of infection results in a broad cellular tropism with no intrin-
sic cancer specificity of wild-type adenovirus.?* On the other
hand, therapeutic efficacy of an adenovirus can be dimin-
ished by the lack of CAR on the tumor cell surface.?® Hence,
a variety of methods have been developed, to alter the nat-
ural virus tropism and to detarget the vector away from its
natural receptors. Through surface modification by chemical
or genetical engineering, the adenovirus can be retargeted
to cancer cell-specific targets in order to achieve sufficient
transgene expression in cancerous tissues while expression
in nontarget organs and toxic side effects are minimized.? In
recent years, several studies provided evidence that adeno-
viruses can enter cells via cell surface molecules that are not
natural viral receptors, e.g., the EGFR.2” Cancer specificity of
the ligand chosen for retargeting purposes is of great impor-
tance since unspecific infection of nontarget cells can sig-
nificantly reduce the availability of the therapeutic vector®* as
well as infection of nontarget tissues may result in increased
toxicity,?® in particular regarding NIS-mediated radiother-
apy. Moreover, targeted delivery of the NIS gene poten-
tially allows for direct radiation treatment of tumors on-site
and owns the advantage of achieving high radiation doses
in the tumor while minimizing side effects to normal tissue.
Although NIS as normal human protein is also endogenously
expressed, in particular in the thyroid, the patient’s thyroid
gland can be protected by pretreatment with thyroid hormone
L-T4 (levothyroxine), which effectively downregulates thyroi-
dal NIS expression. In fact, NIS-mediated radiotherapy is well
known to be remarkably safe in humans and has been rou-
tinely used as standard therapy in the management of thyroid
cancer patients for over 70 years.!” Moreover, NIS as normal
human gene and protein causes no toxicity or diminished effi-
cacy by immune responses as it is often observed after the
use of other protein and gene therapeutics.®

As a consequence of our recent characterization of a high-
affinity, EGFR-selective peptide (GE11) coupled to synthetic
nanoparticles for systemic nonviral NIS gene delivery,' in
this study we combined dendrimeric adenovirus surface
modification with the EGFR-targeting strategy in order to
generate a shielded, targeted, and armed adenovirus for
systemic radiovirotherapy of high EGFR-expressing hepa-
tocellular carcinoma. In this way a triple cancer-specific
adenovirus was developed that is transcriptionally targeted
to hepatocellular carcinoma by the use of the a-fetoprotein
(AFP) promoter? to control replication and NIS expression,
that is actively targeted to the EGFR through attachment of
the GE11 peptide' and passively targeted to leaky tumor
vasculature through the enhanced permeability and retention
effect.®® Here, we show the biodistribution and the retargeting
capacity of adenovirus vectors coated with EGFR-specific
dendrimer in vitro and in vivo using NIS in its dual function as
reporter and therapy gene for noninvasive imaging of trans-
gene expression and calculated radiotherapeutic treatment
of hepatocellular carcinoma.
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Figure 6 In vivo therapeutic efficacy. A single i.v. injection of the replication-deficient Ad5-AFP/NIS coated with PAMAM-G2-PEG-GE 11
followed by a therapeutic dose of 'l (dc,,,.c,,Ad5-AFP/NIS + '*'l, radiotherapy) showed a significant delay in tumor growth and improved
survival (a, b; ***P < 0.01) as compared with mice treated with saline only (NaCl-control, a, b). l.v. application of the oncolytic replication-
selective Ad5-E1/AFP-E3/NIS with EGFR-targeted surface modification (dc,,..,,Ad5-E1/AFP-E3/NIS, virotherapy) revealed a comparable
delay in tumor growth and enhancement of survival (a, b). Combined radiovirotherapy treatment (dc,,,.z,,Ad5-E1/AFP-E3/NIS + ™,
radiovirotherapy) resulted in a strongly enhanced therapeutic effect, as seen by significantly delayed tumor growth and further improved

survival (a, b; ***P < 0.01). AFP, a-fetoprotein; EGFR, epidermal growth factor receptor; NIS, sodium iodide symporter.

In vitro experiments using the EGFR-targeted adenovirus
proved that transduction efficiency in CAR-positive cancer
cells is barely hampered after dendrimer coating with mild but
nonsignificant improvement if the cells additionally express
the EGFR. In contrast, the CAR-negative ovarian cancer
cells SKOV-3, that were shown to be refractory to infection
with uncoated adenovirus, can be efficiently infected by den-
drimer-coated adenoviral vectors with a significant additional
increase in transduction efficiency by attachment of the tar-
geting ligand GE11. These experiments suggest that adeno-
virus vectors coated with targeted dendrimer can transduce
cells CAR-independently by employing a different receptor
for cell entry and may be of great potential for therapy of
EGFR-expressing neoplasms lacking CAR.

In the current study, >3l scintigraphy after intravenous
administration of the dendrimer-coated adenovirus revealed
strong detargeting of hepatic transgene expression that is
usually caused by i.v. administration of the uncoated vec-
tor. The reduction in hepatic NIS-mediated iodine accumu-
lation is even stronger than observed in our former study’
(80 vs. 70 %), which might be due to improved covering of
the adenoviral surface epitopes by the smaller dendrimer
used for surface modification (molecular weight PAMAM-
G2 3,284 Da vs. PAMAM-G5 28,854 Da). By improved liver
detargeting the vector was able to infect peripheral hepa-
toma xenografts of mice upon systemic delivery even more
efficiently than the previous vector (15 vs. 13 %ID/g) with an
increased average biological half-life and tumor absorbed
dose calculated for therapeutic '*'l (103 vs. 91 mGy/MBq).
This may be explained by active GE11-mediated tumor tar-
geting combined with an extended blood circulation time of
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the vector enforcing the passive tumor targeting through the
enhanced permeability and retention effect as it was shown
before by Yao et al.® Substitution of the targeting ligand by
a cysteine residue led to a significant decrease of tumoral
transgene expression, thereby confirming the targeting
benefit. These results were further corroborated by ex vivo
analysis of NIS mRNA expression that confirmed in vivo
biodistribution imaging data and did not show NIS expres-
sion in nontarget organs. To ensure that the targeting ligand
was indeed targeting the EGFR, we pretreated mice bearing
high EGFR-expressing HuH7 xenografts with the high affin-
ity anti-EGFR antibody cetuximab before infection with the
targeted adenovirus. Pretreatment with cetuximab lowered
the tumoral transduction efficiency of dc, ..,,Ad5-E1/AFP-
RSV/NIS significantly as shown by high resolution '24|-PET-
imaging, while hepatic detargeting was not affected and
remained stable.

Despite these impressive data convincingly demonstrating
effective liver detargeting and tumor retargeting of adenovi-
rus-mediated NIS transgene expression by EGFR-targeted
dendrimer coating, we have to be aware of the limitations of
mice as assay system for safety evaluations due to restricted
CAR expression in murine tissues®~* and severely restricted
viral replication of adenovirus serotype 5-based vectors in
mice.3* As outlined above, our dendrimer-coated adenovirus
is still able to use CAR for cell entry and therefore bears the
potential to infect tissues other than EGFR-positive tumors,
which cannot be fully evaluated in a human xenograft mouse
model, which, however, serves well as proof-of-principle
model to evaluate the feasibility of systemic application of
dendrimer-coated adenovirus.



For reliable quantitative analysis of such experiments,
highly sensitive imaging modalities are needed to display
even small changes in biodistribution that, however, may
have great biological impact. Recently, ['®F]-tetrafluoroborate,
a known alternative substrate of NIS, was evaluated as new
PET-imaging agent in preclinical models, demonstrating high
sensitivity and significantly improved resolution as compared
with "2, which will improve NIS biodistribution analysis in
orthotopic tumor models with overlap in radioiodine accumu-
lation with organs endogenously expressing NIS.3%%

Wild-type adenovirus is initially recognized by the scav-
enger receptors of Kupffer cells due to its negative surface
charge leading to rapid clearance from the bloodstream as
well as distinct liver pathology®” as seen in the current study
by strong liver transduction, increased liver transaminase
levels, as well as pathologic liver histology. In contrast, the
electrostatically coated adenovirus complex is no longer neg-
atively charged as described by Vetter et al.?2 and the avoid-
ance of liver toxicity observed in our study may be explained
by preventing activation of Kupffer cells and the induction of
proinflammatory processes.

One approach to improve viral oncolytic therapy is its com-
bination with standard anticancer therapies such as radio-
therapy® as we and others have shown before."?% Thus, in
the next step we addressed the question whether the advan-
tage in tumoral transduction efficiency is able to also improve
therapeutic radionuclide application in liver cancer xenografts,
after it had previously been demonstrated after local admin-
istration of a NIS-expressing adenovirus that the outcome
of combined radiovirotherapy is highly dependent upon the
viral dose that is delivered to the tumor* possibly based on
increased tumoral transduction subsequently leading to decel-
erated radioiodine efflux. In the current study, NIS-mediated
radiotherapy using a replication-deficient dendrimer-coated
adenovirus showed a significant delay in tumor growth that
was associated with markedly improved survival as compared
with control mice treated with saline only. A comparable delay
in tumor growth has been reached by injection of the onco-
lytic replication-selective dc,..,,Ad5-E1/AFP-E3/NIS. Fur-
thermore, the effects of oncolysis and radiation therapy have
been used synergistically and tumor-specific oncolysis was
shown to be further enhanced by combination with NIS-medi-
ated radiotherapy. Potent and selective systemic anti-tumoral
efficacy was demonstrated. Radiovirotherapy using PAMAM-
G2-PEG-GE11 instead of PAMAM-G5! for coating of our rep-
lication-selective Ad5-E1/AFP-E3/NIS demonstrated further
deceleration of tumor growth as well as improved survival of
mice. The synergistic therapeutic effectiveness of the combi-
nation therapy may also allow a reduction of the doses usu-
ally applied in individual single therapies and thereby reduce
potential toxic side effects as it was shown before.*! Moreover,
Trujillo et al.*? recently showed after intratumoral application of
a replication-selective adenovirus carrying the NIS gene that
a minimal applied dose of 37 MBq "*'l is required for radio-
virotherapy in a murine xenograft model in order to improve
efficacy of oncolytic virotherapy alone and that the doses
needed to achieve reduced tumor growth and extended sur-
vival in mice are scaled well within doses currently clinically
used for the treatment of thyroid cancer patients. With regards
to potential clinical application of adenovirus-based NIS gene
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therapy it is noticeable that at the Mayo Clinic (Rochester, MN,
USA) the first NIS-expressing adenovirus is currently Food
and Drug Administration approved for a human clinical trial in
patients with locally recurrent prostate cancer.*

In conclusion we developed a new adenovirus-based vec-
tor by EGFR-targeted dendrimeric surface modification that
retained the superior characteristics of dendrimer coating
described in our former study' and additionally improved its
biodistribution and selective transduction efficiency of periph-
eral tumor tissues upon systemic vector administration by
EGFR-specific targeting. The ability of the coated vector to
improve NIS gene delivery to EGFR-expressing tumor cells,
combined with its reduced hepatic tropism and toxicity pro-
file, which warrants further investigation in more advanced
tumor models, highlights its potential as a prototype virus for
future clinical investigation.

Materials and methods

Cell culture. The human hepatocellular cell line HuH7 (JCRB
0403), the human ovarian carcinoma cell line SKOV-3 (ATCC,
HTB-77), and the human hepatocellular cell line HepG2
(ATCC, HB-8065) were cultured as described previously.?
Flow cytometry analysis of EGFR levels was carried out as
described previously.?

Recombinant adenovirus production and coating with EGFR-
specific dendrimer. The replication-deficient adenovirus Ad5-
CMV/NIS carrying the hANIS gene under the control of the
unspecific cytomegalovirus promoter* and the replication-
selective adenovirus Ad5-E1/AFP-E3/NIS were generated
as described previously. In Ad5-E1/AFP-E3/NIS replication is
controlled by cloning the E1A region under control of the liver
cancer-specific mouse AFP promoter and the ANIS gene
is inserted in the E3 region under control of the replication-
dependent E3 promoter.?® As a control, a replication-deficient
adenovirus carrying the ANIS gene under the control of the
AFP promoter Ad5-AFP/NIS was used as described previ-
ously.*s The replication-selective human recombinant type
5 adenovirus Ad5-E1/AFP-RSV/NIS (1.1x10" particles =
1.0x 10" plaque forming units) replicating under control of
the mouse AFP promoter and expressing the human NIS
gene under control of the unspecific RSV promoter was also
developed by ViraQuest (North Liberty, IA, USA).

Synthesis of dendrimers PAMAM-G2-PEG-GE11, PAMAM-
G2-PEG-Cys,? and adenoviral surface modification' were
carried out as described previously. Dendrimer coating of the
virus with 10ng PAMAM-G2-PEG-GE11 is indicated in writ-
ing by the prefix dc, ., with 300 ng PAMAM-G2-PEG-GE11
by the prefix dc,,.c,,» and with 300 ng PAMAM-G2-PEG-Cys
by the prefix dc

300/Cys”

Adenovirus-mediated NIS gene delivery in vitro. In vitro
infection, iodide uptake experiments, and measurement of
cell viability were carried out as described previously.'

In vivo NIS gene transfer and radioiodine biodistribution
studies. Establishment of HuH7 xenografts® and in vivo
NIS gene transfer' were carried out as described previously.
The experimental protocol was approved by the regional
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governmental commission for animals (Regierung von Ober-
bayern, Munich, Germany).

Four days after systemic adenovirus injection mice
received 18.5 MBq 2| intraperitoneally (i.p.) and radioiodine
biodistribution was monitored by serial gamma camera imag-
ing as described previously.*® A subset of control mice has
additionally been pretreated with the competitive NIS-inhibi-
tor perchlorate (NaClO,). Quantification of regions of interest
and dosimetric calculations were carried out as described
previously.'

Three days after systemic injection of Ad5-E1/AFP-RSV/
NIS or dc,,.,Ad5-E1/AFP-RSV/NIS mice received 10
MBq ' i.p. and radioiodine biodistribution was monitored
by a 15-minute-static acquisition, 3 hours postinjection using
a micro PET system (Inveon, SIEMENS Preclinical Solu-
tions, Erlangen, Germany). A subset of mice was pretreated
i.p. with 0.25mg of the EGFR-specific antibody cetuximab
(Erbitux; Merck, Darmstadt, Germany) 24 hours before ade-
novirus administration. Mean tumoral radioiodine uptake was
calculated in megabequerel per milliliter (MBg/ml) by manu-
ally placing 3D regions of interest in the tumor.

Ex vivo analysis. NIS mRNA expression levels of livers,
tumors, and nontarget organs (kidney, spleen, lungs) were
analyzed ex vivo via quantitative real-time PCR as described
previously.' For analysis of hepatotoxicity, uncoated Ad5-E1/
AFP-RSV/NIS or dendrimer-coated dc,..,,Ad5-E1/AFP-
RSV/NIS were injected i.v. and 3 days thereafter, mice were
killed and blood serum samples were collected to assess
alanine aminotransferase and aspartate aminotransferase
levels (measured at the Department of Clinical Biochemis-
try and Pathobiochemistry, Klinikum rechts der Isar, Munich,
Germany). Subsequently, liver tissues were harvested
and embedded in paraffin for hematoxylin and eosin (H/E)
staining.

Radiovirotherapy study in vivo. HuUH7 xenografts were estab-
lished in four groups of mice. The first group was used as con-
trol and injected i.v. with saline only (NaCl-control, n = 8). A
second group received a single i.v. injection of 1x10° plaque
forming units of the dendrimer-coated replication-selective
dc,,6e1,Ad5-E1/AFP-E3/NIS (dc,.c,,Ad5-E1/AFP-E3/NIS,
virotherapy, n = 8). The third group received a single i.v. injec-
tion of 1x10° plague forming units of the dendrimer-coated
replication-deficient dc,,,..,,Ad5-AFP/NIS and 3 days later
a single i.p. dose of 55.5 MBq ™'l (dc,,.e,,Ad5-AFP/NIS +
131], radiotherapy, n = 7). The fourth group received a single
i.v. injection of 1x10° plaque forming units of the dendrimer-
coated replication-selective  dc,.z,,Ad5-E1/AFP-E3/NIS
and 3 days later a single i.p. dose of 55.5 MBq "'l (dc,,
ae1/Ad5-E1/AFP-E3/NIS + ™I, radiovirotherapy, n = 10).
Tumor measurements were performed twice weekly thereaf-
ter. Tumor volume was estimated using the equation: tumor
volume = length x width x height x 0.52. Mice were followed
for a total of 100 days or until tumor burden was such that
animals had to be killed (>1500 mm§).

Statistical methods. All in vitro experiments were carried
out in triplicates. Results are represented as means = SD
of triplicates. Statistical significance of in vitro and in vivo
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experiments was tested using Student’s ttest (two-tailed;
*P<0.05; **P<0.01; **P<0.001).

Supplementary material

Figure S1. Radioiodine biodistribution in untreated control
mice.
Figure S2. NIS mRNA expression in non-target organs.
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