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Abstract
Adenovirus serotype 5 (Ad5) vectors are well suited for gene therapy. However, tissue-selective
transduction by systemically administered Ad5-based vectors is confounded by viral particle
sequestration in the liver. Hexon-modified Ad5 expressing reporter gene under transcriptional
control by the immediate/early cytomegalovirus (CMV) or the Roundabout 4 receptor (Robo4)
enhancer/promoter were characterized by growth in cell culture, stability in vitro, gene transfer in
the presence of human coagulation factor X, and biodistribution in mice. The obtained data
demonstrate the utility of the Robo4 promoter in an Ad5 vector context. Substitution of the
hypervariable region 7 (HVR7) of the Ad5 hexon with HVR7 from Ad serotype 3 resulted in
decreased liver tropism and dramatically altered biodistribution of gene expression. The results of
these studies suggest that the combination of liver detargeting using a genetic modification of
hexon with an endothelium-specific transcriptional control element produces an additive effect in
the improvement of Ad5 biodistribution.
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Introduction
Currently, adenoviral (Ad) vectors are widely used as gene delivery vehicles. Development
of efficient and selective gene therapy vectors will increase the efficacy and safety of gene-
based therapeutics. In this regard, human adenovirus serotype 5 (Ad5) vectors are well
suited to gene therapy because they exhibit a favorable safety profile, have a high transgene
capacity, in vivo stability, low oncogenic potential, and are readily amenable to tropism
modification cell type specific vector targeting. However, predominant liver transduction
limits the utility of Ad5-based vectors for gene therapy applications. Thus, a major goal in
Ad5 mediated gene delivery is to overcome the natural tropism of Ad5 for the liver and to
optimize tissue-specific targeting. Transcriptional targeting of Ad5 using tissue-specific
promoters can redirect or eliminate liver transgene expression, potentially mitigating
hepatotoxicity and increasing vector safety profiles.

The endothelium plays a critical role in cancer development as well as in many
inflammatory and cardiovascular diseases. As such, the endothelium has become an
important aim for gene therapy interventions for a wide range of diseases (Aird, 2003). In
this regard, targeted endothelial cell delivery is crucial for effective Ad-mediated gene
therapy. Adenoviral vector transcriptional endothelial cell targeting has been reported using
a number of promoters, including flt-1 (Reynolds et al., 2001), flk-1 (Savontaus et al., 2002),
pre-proendothelin-1 (Greenberger et al., 2004), VEGFR2 (Song et al., 2005), Tie2 (Cefai et
al., 2005), ICAM-1 (Wung, Ni, and Wang, 2005), KDR (Yang et al., 2006) and VEGF
(Takayama et al., 2007). The majority of these studies focused on the utility of the promoter
to target proliferating endothelium in cancer therapy applications. Although this approach
has allowed an improvement in target cell-to-liver gene delivery ratios, the performance of
these endothelial-specific promoters has been suboptimal due to the low-level transgene
expression. In this study we are particularly interested in the employment of the Roundabout
4 receptor (Robo4) promoter for endothelial-specific gene targeting. The existing data of
Robo4 expression and function has been controversial. In general, the proposed functions of
Robo4 can be divided into two categories: pro-migratory/pro-angiogenic functions, as well
as an anti-migratory stabilization of the existing vasculature (reviewed in (Zhuang et al.,
2011)). Initial studies demonstrated that Robo4 is a transmembrane receptor of the
roundabout gene family that is expressed in endothelium, where it is believed to play a role
in migration and/or angiogenesis (Huminiecki et al., 2002) as well as in hematopoietic stem
cells and in lymphatic endothelial cells (Smith-Berdan et al., 2011; Zhang et al., 2012).
Robo4 has been shown to have a role in vascular development (Kaur et al., 2006),
angiogenesis (Bedell et al., 2005), and to be upregulated in patients with idiopathic
pulmonary arterial hypertension (Edgar et al., 2006). The 3-kb fragment of the Robo4
promoter was shown to direct endothelial cell-specific expression in the embryonic and
adult vasculature of Hprt locus-targeted mice (Okada et al., 2007). It has been shown that
Robo4 expression causes a migratory response of endothelial cells to Slit and activation of
Robo4 by Slit2 inhibits vascular endothelial growth factor mediated endothelial cell
spreading, migration and tube formation (Park et al., 2003; Seth et al., 2005). Slit2-mediated
effects in the vasculature and mammary gland are Robo4-dependent and result in
stabilization of the vascular network (Jones et al., 2008; Jones et al., 2009; Marlow et al.,
2010). However, there is no evidence for direct binding of Slit2 to Robo4, and Slit2 is not
the only known ligand for the Robo4 receptor (Koch et al., 2011). In general, these features
support the utilization of the Robo4 promoter as a transcriptional targeting tool for subsets
of endothelial cells.

The major pathway of liver transduction involves interactions of Ad capsid proteins with
circulating blood cells and with plasma proteins including several components of
complement pathway and blood coagulation zymogens. Recent studies have revealed that
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liver uptake of Ad5 is mediated by a high-affinity interaction between the major protein in
the Ad5 capsid, hexon, and γ-carboxylated glutamic acid (Gla) domain of coagulation factor
X (FX). The Ad5-FX complex attaches to hepatocytes through the binding of the serine
protease domain of FX to cell surface heparan sulfate proteoglycans (HSPGs) (Parker et al.,
2006; Shayakhmetov et al., 2005; Zinn et al., 2004). Early studies determined that liver
transduction by Ad5 in mice can be abolished by pretreatment with drugs that block
coagulation, such as warfarin or snake venom protein X-bp. Treatment of mice with
warfarin, which depletes FX, significantly reduced Ad5 liver transduction. Also, it was
shown that different Ad serotypes interact with FX with distinct affinities. For instance, Ad
serotypes 26, 35 and 48 bind to FX with relatively low affinity compared to Ad5
(Kalyuzhniy et al., 2008; Waddington et al., 2008) (Parker et al., 2006) (Parker et al., 2007).
More recently, it was shown that ablation of FX binding to Ads with modified hexon protein
resulted in decreased liver tropism (Alba et al., 2010; Alba et al., 2009; Short et al., 2010).

Our experiments sought to test the efficacy of the combination of endothelial-specific gene
expression with mitigated hepatic sequestration of hexon-modified Ads. We developed a
panel of hexon-modified Ad5 vectors including Ads expressing reporter transgenes under
transcriptional control of a 3.0-kb fragment of the Robo4 enhancer/promoter (Okada et al.,
2007). Substitution of the Ad5 hexon with the hypervariable region 7 (HVR7) from Ad
serotype 3 (Ad3) hexon resulted in decreased liver tropism and improved biodistribution of
gene expression following Ad systemic administration. The combination of liver detargeting
using a genetic modification of the hexon with a transcriptional targeting approach using
endothelium-specific Robo4 promoter could be used in the future to treat diseases with
significant endothelium involvement.

Results
Recombinant adenoviral vectors

For this study we have developed a series of recombinant Ad5-based vectors expressing
reporter transgenes under transcriptional control of the ubiquitous CMV or endothelial-
specific Robo4 promoter (Table 1). AdH5*7*CMVLuc vector contains point mutations
within HVR5 (T270P and E271G) and HVR7 (I421G, T423N, E424S, L426Y, and E451Q)
of the Ad5 hexon protein, resulting in the substitution of HVR5 and HVR7 with sequences
from Ad serotype 26 (Alba et al., 2009). AdH3CMVLuc hexon protein contained the first 55
amino acid residues (aa) of Ad5 hexon, followed by Ad3 hexon sequence, and then the last
45 aa of Ad5 hexon. This resulted in the replacement of Ad5 hexon between amino acids 54
and 907 with Ad3 hexon sequence. Since the N-terminal (aa 1 to 53) and C-terminal (aa 908
to 952) regions are highly conserved between the hexon proteins of Ad5 and Ad3 (only 5
and 2 aa are different in the two regions, respectively), the resultant hexon gene is 99.3%
identical to the native Ad3 hexon gene (Wu et al., 2002). We have developed novel AdH5/
H3CMVLuc and AdH5/H3RoboLuc vectors encoding hexon chimeras with substitution
from 382 to 588 aa of Ad5 hexon with a 206 aa fragment that included HVR7 from Ad3
hexon. AdH5CMVLuc and AdH5RoboLuc vectors expressing wild-type hexon were used as
isogenic control vectors.

Robo4 promoter activity in vitro
For initial evaluation of the ability of the Robo4 promoter to drive cell-specific gene
expression in the context of an Ad5 vector containing wild-type hexon, human endothelial
HCAEC and HPAEC and mouse endothelial SVEC4-10 cells were infected with
AdH5CMVLuc or AdH5RoboLuc, encoding the firefly luciferase (Luc) gene under control
of the CMV or Robo4 promoter, respectively. Forty-eight hours after infection, cells were
harvested and Luc expression was analyzed using the luciferase assay system. Levels of Luc
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expression varied in different cell lines (Fig. 1A) in proportion to viral doses of infection
(results not shown). Infection with AdH5RoboLuc yielded lower Luc expression in
comparison with AdH5CMVLuc and levels of Luc expression of endothelial cells were
correlated with Robo4 mRNA expression (data not shown).

Robo4 expression in vivo
Transcriptional activity of cell-specific promoters typically correlates with the level of
expression of the corresponding endogenous gene. We hypothesized that the activity of the
Robo4 promoter would correlate to the relative levels of Robo4 mRNA expression and the
relative percentage of vascular endothelial cells in each organ. We determined endogenous
Robo4 mRNA expression in liver, spleen, lung, kidney and heart using quantitative RT-
PCR. Lung and spleen demonstrated high levels of Robo4 mRNA expression (21- and 25-
fold (P<0.05), respectively) in comparison with liver, whereas kidney and heart showed the
lowest levels of Robo4 mRNA expression (Fig. 1B).

Biodistribution of Luc expression
To evaluate Ad-mediated Luc expression in vivo, liver, spleen, and lung were collected at 3
days after systemic administration of AdH5RoboLuc or AdH5CMVLuc. As shown in Fig.
1C, AdH5CMVLuc-mediated expression was observed mainly in the liver and spleen with
relatively low expression in the lung following i.v. injection. Luciferase expression in the
liver of AdH5RoboLuc-injected mice was 255-fold lower than following AdH5CMVLuc
injection (Fig. 1C) with maintenance of levels Luc expression in lung and spleen. Despite of
high levels of Robo4 mRNA expression in lung tissues (Fig. 1B), biodistribution study
revealed that the absolute levels of Luc expression in the liver remain higher in comparison
with lung following AdH5RoboLuc injection. However, the utilization of the Robo4 rather
than the CMV promoter produced 227-fold increase in the lung-to-liver and a 3,280-fold
increase in the spleen-to-liver ratios of Luc expression compared to AdH5CMVLuc (Fig.
1D).

Immunohistochemistry
To verify the activity of the Robo4 promoter in vivo, we employed AdH5CMVCEA and
AdH5RoboCEA vectors encoding a truncated form of human carcinoembryonic antigen
(CEA) as we have previously described (Everts et al., 2005). As illustrated in Fig. E, in the
lung, both the CMV and Robo4 promoters directed CEA expression in endothelial cells of
both microvessels and large blood vessels (Fig. 1E, lower panels). However,
AdH5RoboCEA produced more evenly distributed, darker staining in the microvascular
endothelium compared with AdH5CMVCEA (Fig. 1E, lower panels). In the liver,
AdH5CMVCEA-injected mice demonstrated CEA expression in Kupffer cells and
hepatocytes (Fig. 1E, upper left panel), whereas CEA staining was undetectable in the livers
of mice receiving AdH5RoboCEA, (Fig. 1E, upper right panel).

To identify cell type in the lung that was transcriptionally targeted by the Robo4 promoter,
hCAR transgenic mice were injected via tail vein with AdH5RoboEGFP. Two days post
injection mouse lungs were collected and immunofluorescent EGFP expression localization
was analyzed. As shown in Fig. 1F, EGFP expression in lung tissue was co-localized with
the endothelial cell markers CD31 and endomucin. Collectively these data revealed that the
elevated reporter gene expression in the lung was due to endothelial cell specific expression
of under transcriptional control of the Robo4 promoter. In contrast, in liver and spleen (data
not shown) the CMV-driven transgene expression targeted hepatocytes and
reticuloendothelial cells.
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In vivo gene transfer blocking assay
To investigate whether blocking FX Ad5 hexon binding can decrease liver uptake and
subsequently enhance AdH5Robo4Luc-mediated gene transfer, we examined the effect of
preincubation of Ad5 vectors with tF10, a truncated form of hFX lacking the serine protease
domain necessary to bridge the Ad5 to HSPGs, but retain Gla domain essential for Ad5
binding. As shown in Fig. 2A and 2B, preincubation of AdH5CMVLuc and AdH5RoboLuc
with tF10 resulted in decreased transgene expression in the liver and increased Luc
expression in the lung, and significantly improved the lung-to-liver (L/L) ratio, 12- and more
than 16-fold, respectively (P < 0.05), compare to mock-treated Ads (Fig. 2C).

Thus, the combination of liver detargeting using ablation of the FX interaction with hexon
and a transcriptional targeting using Robo4 promoter can improve Ad-mediated gene
expression in the lung endothelium. Rather than modulate FX binding by using tF10
blocking protein, we created a panel of genetically engineered hexon-modified Ads,
including Ad vectors expressing Luc under control of the Robo4 promoter (Table 1).

The one-step growth curve
Since hexon is the most abundant protein in the Ad capsid, we evaluated whether hexon
modification changes viral replication in cell culture and stability in vitro. To compare
replication of Ads with various modifications in the hexon protein, HEK293 cells were
harvested at different times after infection with AdH5CMVLuc, AdH5/H3CMVLuc,
AdH5*7*CMVLuc and AdH3CMVLuc, and subjected to TCID50 assay. As shown in Fig.
3A, viral replication of hexon-modified Ads was decreased over 100-fold for
AdH3CMVLuc and ~10-fold for AdH5/H3CMVLuc or AdH5*7*CMVLuc compared to
AdH5CMVLuc vector with wild-type hexon.

Thermostability of hexon-modified Ads
Next, we tested how modifications in the hexon protein affect the structural integrity of the
Ad virion by comparing the thermostability of hexon-modified vectors to AdH5CMVLuc.
Based on results of preliminary study that demonstrated temperature-dependent decreasing
of Ad-mediated gene transfer, the viruses were preincubated at 42°C for different times
before the infection of A549 cells, and relative gene transfer efficiency was obtained by
comparing with the gene transfer of unheated Ads. As shown in Fig. 3B, gene transfer
efficiency of AdH5CMVLuc, AdH5/H3CMVLuc and AdH5*7*CMVLuc was not
significantly reduced following a 30-min incubation, and about 50% of Luc expression was
retained even after a 60-min incubation at 42°C. In contrast, gene transfer efficiency of
AdH3CMVLuc was reduced by more than 80% following the first 30-min incubation and
more than 100-fold after a 60-min incubation at 42°C.

Modification of the Ad5 hexon decrease hFX-mediated Ad transduction in vitro
Because all tested Ads contain identical wide-type fiber protein, we investigated whether
modifications of Ad5 hexon alter FX binding and subsequent Ad-mediated gene transfer in
vitro. To evaluate the effect of preincubation of AdH5CMVLuc, AdH5/H3CMVLuc,
AdH5*7*CMVLuc and AdH3CMVLuc with hFX in transduction of Luc expression was
measured 48 hours following infection of hepatocellular carcinoma HepG2 and human liver
epithelial THLE-3 cells compared to cells infected with control PBS-treated Ad (Fig. 3C).
Infection with AdH5CMVLuc produced significantly increased transgene expression in
HepG2 and THLE-3 cells, 5.4- and 2.8-fold, respectively, when preincubated with hFX,
relative to PBS-treated Ad. In contrast, hexon-modified Ads demonstrated negligible change
in transduction following hFX preincubation.
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Distribution of reporter gene expression in vivo
To evaluate biodistribution of Ad-mediated Luc expression in C57BL/6 mice, liver, spleen,
and lung were harvested after systemic administration of hexon-modified AdH5/
H3CMVLuc, AdH5*7*CMVLuc or AdH3CMVLuc, or AdH5CMVLuc vectors. To produce
the pharmacological blockage of Ad5 sequestration in the liver, mice were injected with the
anti-coagulant drug warfarin, which decreases levels of circulating vitamin-K dependent
coagulation factors, including FX (Koski et al., 2009; Shashkova et al., 2008; Short et al.,
2010). AdH5CMVLuc was administered either alone or following pretreatment with
warfarin 3, and 1 day prior to Ad injections (Fig. 4A, AdH5cmvLuc + W). Three days after
vector administration Luc activity was measured in organ lysates. As shown in Fig. 4A, Luc
expression was observed mainly in the liver and spleen with relatively low expression
observed in the lung following systemic AdH5CMVLuc administration. Treatment with
warfarin before AdH5CMVLuc injection resulted in 67-fold reduction (P<0.01) in Luc
expression in the liver and more than 15-fold increase (P<0.05) in the lung compared with
AdH5CMVLuc alone. Luciferase expression in the liver was significantly lower after
injection with AdH5/H3CMVLuc, AdH5*7*CMVLuc, and AdH3CMVLuc in 361-, 34- and
7-fold, respectively, compared to AdH5CMVLuc. There were no significant differences
across Luc expression in the spleen after injection of AdH5CMVLuc plus warfarin, AdH5/
H3CMVLuc, AdH5*7*CMVLuc or AdH3CMVLuc in comparison with AdH5CMVLuc. As
illustrated in Fig. 4A, differing levels of Luc expression were detected in the lung after
systemic administration of the various Ad vectors.

Treatment with warfarin before AdH5CMVLuc injection resulted in 882- (P<0.001) and 37-
fold (P<0.01) increases in the lung-to-liver and spleen-to-liver ratio of Luc expression,
respectively, in comparison with AdH5CMVLuc alone (Fig. 4B). The lung-to-liver ratio was
significantly increased 1,177-, 19- and 141-fold following injection with AdH5/
H3CMVLuc, AdH5*7*CMVLuc and AdH3CMVLuc vectors, respectively, compared to
AdH5CMVLuc. Also, AdH5/H3CMVLuc, AdH5*7*CMVLuc, and AdH3CMVLuc
injection had increased spleen-to-liver ratios (176- (P<0.01), 25- (P<0.01) and 5-fold
(P=0.06), respectively), in comparison with AdH5CMVLuc.

Biodistribution of hexon-modified endothelium targeted Ad vectors
Despite the advantages of hexon-modified vectors in liver detargeting, the efficacy of
recombinant Ads for gene delivery to the endothelium of mice has been limited. We
hypothesized that gene transfer to the endothelium could be enhanced by combining liver
detargeting with Robo4-mediated transcriptional targeting. Systemic administration of
AdH5/H3CMVLuc, AdH5RoboLuc, and AdH5/H3RoboLuc in C57BL6J mice produced
Luc expression in the liver that was 59-, 431-, and over 240,000-fold, respectively, lower
than AdH5CMVLuc (Fig. 5A). Luciferase expression in the spleen was 36-fold higher with
AdH5RoboLuc than AdH5CMVLuc (P<0.05).

As shown in Fig. 5B, the lung-to-liver ratio was significantly increased after administration
of AdH5/H3CMVLuc, AdH5RoboLuc, and AdH5/H3RoboLuc (258-, 167-, and more than
92,000-fold, respectively) compared to AdH5CMVLuc. The lung-to-liver ratio was
increased in mice injected with AdH5RoboLuc (167-fold; P<0.01) compared to
AdH5CMVLuc and after AdH5/H3RoboLuc injection (475-fold; P<0.001) in comparison
with AdH5/H3CMVLuc. The spleen-to-liver ratio was significantly increased following
injection with AdH5/H3CMVLuc, AdH5RoboLuc, and AdH5/H3RoboLuc by 110-,
11,200-, and over 108,000-fold, respectively, compared to AdH5CMVLuc. The spleen-to-
liver ratio was significantly increased by 11,200-fold after AdH5RoboLuc injection in
comparison with AdH5CMVLuc and by 980-fold following AdH5/H3RoboLuc injection
compared to AdH5/H3CMVLuc.
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Quantitative analysis of the Ad hexon gene expression
To confirm distribution of viral particles in vivo, number of Ad hexon gene copies was
measured by quantitative PCR in organs at 24 hours following i.v. injection with
AdH5RoboLuc and AdH5/H3RoboLuc (Fig. 5C). The lung-to-liver ratio of Ad hexon gene
copy numbers was increased in mice injected with hexon-modified AdH5/H3RoboLuc
vector (19-fold; P<0.05) compared to AdH5RoboLuc with wild-type Ad5 hexon. In contrast,
the spleen-to-liver ratio of Ad hexon gene copy numbers was increased 7-fold following
injection with hexon-modified vector in comparison with AdH5RoboLuc.

To investigate whether modification in Ad5 hexon can decrease the liver toxicity and
activation of systemic inflammation mice were injected via tail vein with AdH5/H3RoboLuc
or AdH5RoboLuc. As shown in Fig. 5D-F, levels of enzymatic activity of ALT and AST
were significantly higher in mice injected with AdH5RoboLuc displaying wild-type hexon
comparison with PBS and AdH5/H3RoboLuc. It is well known that Kupffer cell uptake of
Ad5 leads to an innate immune response characterized by the release of proinflammatory
cytokines such as interleukin-6 (IL-6) (Sharma et al., 2010). Thus, based on observations
that Ads with hexon modification have reduced sequestration in the liver, compared with
wild-type Ad5, we next measured IL-6 levels in the serum at 24 hours after virus
administration. AdH5/H3RoboLuc-mediated induction of serum IL-6 was significantly
reduced after intravenous injection, compared with mice injected with an equivalent dose of
AdH5RoboLuc with wild-type hexon (P<0.05; Fig. 5F).

Biodistribution in the hCAR transgenic mice
As endothelial cells have negligible levels of expression of human Ad5 primary receptor,
and to isolate transcription as a single experimental variable for proof of concept
experiments we tested our Ad vectors in transgenic mice ubiquitously expressing hCAR. As
illustrated in Fig. 6A, AdH5RoboLuc and AdH5/H3RoboLuc injection produced 240- and
1,450-fold less (P<0.001) Luc expression in the liver compared to AdH5CMVLuc,
respectively, and AdH5/H3CMVLuc-mediated Luc expression was only slightly reduced (4-
fold) compared to control vector. There were no significant differences across Luc
expression in tested organs except in the spleen, and Luc expression after AdH5/
H3CMVLuc injection was increased (8-fold; P<0.05) in comparison with AdH5CMVLuc.

As shown in Fig. 6B, the lung-to-liver ratio was slightly increased in mice injected with
AdH5/H3CMVLuc (~4-fold), and significantly increased following AdH5RoboLuc (73-
fold), and AdH5/H3RoboLuc (over 250-fold) injection in comparison with AdH5CMVLuc.
The spleen-to-liver ratio of Luc expression was significantly increased after AdH5RoboLuc
injection (331-fold) compared to AdH5CMVLuc and following AdH5/H3RoboLuc injection
(105-fold) in comparison with AdH5/H3CMVLuc.

To further compare viral genome levels in vivo after single tail vein injection of
AdH5RoboLuc or AdH5/H3RoboLuc we have evaluated Ad hexon gene expression in
organs of mice by quantitative PCR. As shown in Fig. 6C, absolute numbers of Ad genomes
in liver following injection with AdH5/H3RoboLuc were decreased compare to
AdH5RoboLuc at 24 hours post-injection that resulted in increased lung-to-liver and spleen-
to-liver ratios (7- and 5-fold, respectively).

Additionally, we have evaluated the liver toxicity and activation of systemic inflammation
following systemic administration of wild-type and hexon-modified Ads, mice were injected
via tail vein with AdH5RoboLuc and AdH5/H3RoboLuc. Serum ALT, AST and IL-6 levels
in mice injected with AdH5RoboLuc were significantly higher in comparison with PBS-
treated animals (Fig. 6 D-F). However, there were no significant differences across levels of
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enzymatic activity of ALT and AST as well as IL-6 concentration in serum after injection
mice with AdH5/H3RoboLuc compared to the PBS-treated group. Collectively the results of
these studies suggest that the combination of liver detargeting using a genetic modification
of the hexon protein with a transcriptional targeting approach using endothelium-specific
Robo4 promoter would further improve the biodistribution of gene expression following
systematical administration of Ad5-based recombinant vectors.

DISCUSSION
The tendency of i.v. administered Ad5 to localize in the liver represents a major factor
limiting current strategies to accomplish Ad5-based vector targeting via a systemic delivery
approach. In the first instance, the sequestration of a major administered fraction of viral
particles in the liver limits availability for target cell transduction. In addition, Ad5 toxicities
have been linked to vector effects within the liver. The fact that endothelium is the first
cellular contact for systemically administered Ads, and that venous blood flow is first
directed through the pulmonary vasculature, suggests that efficient targeting of cell types
within the lung may preclude the need for Ad5 modifications that ablate liver sequestration
mechanisms. Although most of the hexon sequence is highly conserved among Ad
serotypes, several HVRs are known to exist within surface exposed loops, and these have
been implicated in FX binding. Recently, hexon genetic modifications have been used to
abolish Ad5 liver tropism; including modification of one or more of HVRs, addition of small
peptides in the HVR, point mutations, or substitution of the Ad5 hexon with a hexon from
different Ad serotypes. Ad5 hexon HVR5 and HVR7 are critical for the high-affinity hexon
interaction with FX (Alba et al., 2009). FX cognate HVR domain modification regions
produced profound biodistribution alterations, with decreased liver sequestration and greater
splenic accumulation of Ad vectors (Alba et al., 2010; Alba et al., 2009).

In this study we have employed a series of Ad vectors with hexon modification to ablate
viral particle association with serum FX and thereby mitigate liver sequestration. Whereas
such approach allowed valid targeting gains in systemic delivery models, employment of a
whole hexon chimera strategy was limited by virologic factors with suboptimal viral
particle-to-infectivity ratios were associated with major alterations of capsid proteins (Wu et
al., 2002). To address this issue we sought to modify the hexon of the parental Ad5
exclusively with Ad3 hexon domains that could abolish FX binding. In this regard, HVR7 of
serotype 5 hexon has been shown to specifically interact with FX. On this basis, we replaced
Ad5 HVR7 with the corresponding Ad3 hexon HVR7 domain.

As expected, all hexon-modified Ads produced negligible changes in gene transfer in
representative liver cells in vitro following preincubation with hFX at physiological
concentrations. However, the results obtained from the one-step Ad growth kinetics assay
demonstrated decreased viral replication of hexon-modified Ads, most evident for the
hexonchimeric AdH3CMVLuc, compared to AdH5CMVLuc with wild-type hexon.
Additionally, gene transfer efficiency of AdH3CMVLuc was significantly reduced
following incubation at 42°C in comparison with other tested Ads, suggesting reduced
structural stability of this vector. These findings are in agreement with previous observations
(Short et al., 2010; Wu et al., 2002) that the replacement of Ad5 hexon, the major capsid
protein of the virion, with Ad3 serotype hexon protein dramatically reduces packaging of the
Ad5 genome as well as stability of the virion, as compared to Ad5s with the native hexon or
Ad5 hexon with Ad3 HVR7 substitution, or point mutations in HVR5 and HVR7.

Consistent with reports by others (Reynolds et al., 2001; Short et al., 2010), our
experimental data provide evidence of relatively high levels of Ad5-mediated gene
expression in the liver and spleen 3 days after i.v. administration. We have observed reduced
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liver sequestration of hexon-modified Ads in all in vivo models compared to AdH5CMVLuc
with wild-type hexon. A major disadvantage of C57BL6 mouse models for biodistribution
studies has been that systemic administration of Ad5-based vectors resulted in preferential
accumulation in the liver, with negligible transduction of other major organs, including the
spleen, lung, kidney, brain, muscle and intestine. This property of Ad5-based vectors with
wild-type capsid resulted in relatively low (between 10−5 - 10−4) lung-to-liver ratios of gene
expression for AdH5CMVLuc.

In this study it could be seen that the genetic capsid modification dramatically enhanced the
lung-to-liver reporter gene expression ratio. Moreover, H5/H3 substitution accomplished
liver untargeting at a level comparable to that achieved by our earlier full hexon serotype
swap approach (Short et al., 2010). Importantly, the HVR7 substitution allowed for
comparable gene transfer to cellular targets in vivo and was associated with improved vector
virologic properties. However, real world translational applications demand sufficient
selective gene expression in the context of endothelium cells. As a first approach to this
challenge we exploited the utility of a combination of endothelial-specific targeting and
mitigation of liver sequestration by using hexon-modified Ad5-based vectors. We created
and tested a panel of Ad vectors with progressively increasing potential hepatocyte and liver
reticuloendothelial system detargeting. Adenoviral vectors were constructed with the
promiscuous CMV or the Robo4 endothelial-specific enhancer/promoter and with or without
modified HVR7 to mitigate liver sequestration of the viral particles.

There are several approaches modify Ad5 tropism to accomplish the vascular endothelium
targeting (Baker et al., 2005). The transductional targeting strategies seek to re-direct Ad5
binding to non-native receptors expressing on specific cell type. These approaches utilize Ad
capsid display of peptides or bispecific antibodies cognate endothelial cell surface receptors
(Glasgow, Everts, and Curiel, 2006; Kim et al., 2011; Preuss et al., 2008; Reynolds et al.,
2001; Work et al., 2006) as well as Ad5 pseudotyping using fiber substitution with knob
from different serotypes (Bachtarzi et al., 2011; Preuss et al., 2008; Shinozaki et al., 2006).
Targeting of gene expression in the context of Ad employ can also be achieved with
transcriptional targeting methods whereby transgenes are placed under the control of a
tissue-specific promoter (Dong and Nor, 2009; Greenberger et al., 2004; Savontaus et al.,
2002). Initial evaluation of the Robo4-driven Luc expression in endothelial cells in vitro
demonstrated relatively low levels of promoter activity in comparison with AdH5CMVLuc.
However, compared with other promoters tested to date (Cefai et al., 2005; Greenberger et
al., 2004; Reynolds et al., 2001; Savontaus et al., 2002; Song et al., 2005; Takayama et al.,
2007; Wung, Ni, and Wang, 2005; Yang et al., 2006), the Robo4 promoter displayed
significantly less liver tropism and higher endothelial-specific expression in vivo.
Remarkably, the lung endothelial expression was specific and high, while the liver
expression was barely detectable by immunohistochemistry analysis. Direct analysis of lung
tissue confirmed that the reporter gene expression was localized principally within the target
cells of the pulmonary vascular endothelium. The use of Robo4-driven Luc-expressing Ads
also allowed us to detect differences in the net gene expression in different organs. These
two methods are complementary in their representation of promoter activity in this mouse
model, with immunostaining allowing clear identification of cell types where the Robo4
promoter is active, and Luc allowing for sensitive quantification of promoter activity. These
studies have confirmed that transcriptional targeting with the Robo4 enhancer/promoter
allowed dramatic enhancement of vascular-specific gene delivery. In addition, adjunctive
targeting strategies (hexon ablation) further enhanced the lung-to-liver ratios achieved in
vivo.

Efficient Ad5 infection requires the expression of the hCAR for attachment and integrins for
virus internalization. Human Ad5 uptake has still been shown to occur with low efficiency
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in murine cells that lack hCAR, in part, due to murine CAR expression that allow infection
by human Ad5 when transfected into CAR-negative cell lines (Bergelson et al., 1998) or by
interaction between the penton base protein and integrins on the cell surface (Wickham et
al., 1993). Since the endothelium is refractory to human Ad5 infection, we also chose to
evaluate Robo4 promoter in transgenic hCAR mice, which ubiquitously express the primary
attachment receptor for human Ad5. Using this model to facilitate Ad5 infection in vivo
allows the study of promoter activity with Ad vectors while eliminating the variables
introduced by varying susceptibility to Ad infectivity in different tissues (Tallone et al.,
2001). We have previously reported increased lung localization of Ad in transgenic hCAR
mice following systemic administration, demonstrating a marked increase in susceptibility
of the pulmonary vasculature of these transgenic mice to Ad infection compared to wild-
type C57BL6 mice (Everts et al., 2005). Building on this finding, we have evaluated Robo4-
driven reporter gene expression in vivo using Ads with a genetic modification of the hexon
protein. We have shown that utilization of the Robo4 promoter for transcriptional targeting
in combination with H5/H3 modification can significantly improve the lung-to-liver ratio in
comparison with AdH5CMVLuc, over 250-fold in transgenic hCAR mice injected with
AdH5/H3RoboLuc, compared to slightly 4-fold increase following AdH5/H3CMVLuc, and
increased by 73-fold (P < 0.01) after AdH5RoboLuc injection due to profound decrease in
liver-associated expression. Collectively, the results of toxicity studies suggest that the
combination of liver detargeting using a genetic modification of the hexon protein with a
transcriptional targeting approach using endothelium-specific Robo4 promoter decrease the
levels of enzymatic activity of ALT and AST as well as marker of systemic inflammation
IL-6. Recent studies have shown that association Ad5 hexon with FX resulted in innate
immunity activation (Doronin et al., 2012) as well as that Ad5-FX interaction protected from
antibody- and complement-mediated neutralization in mice (Xu et al., 2013). The
complexity of interaction Ad5 with the host resulted in only modest increasing in the
absolute levels of Luc expression in the lung in comparison with profound decreasing of
gene expression in the liver following systemic administration of hexon-modified Ad
vectors.

The literature also suggests that the Robo4 promoter/enhancer may be useful in a cancer
gene therapy context because of its role in angiogenesis and endothelial migration. We and
others shown that Robo4 expression is markedly increased on the tumor-associated
vasculature and provides the basis for specific of Ad-mediated Robo4-driven gene
expression (Z.H. Lu et al., submitted) (Huminiecki et al., 2002) (Grone et al., 2006) (Seth et
al., 2005) (Gorn et al., 2005) (Legg et al., 2008). Employment of the Robo4 promoter/
enhancer for endothelium-specific transcriptional targeting of therapeutic gene expression is
limited by relatively low activity in comparison with the CMV promoter. One of attractive
approach to overcome this drawback is using the Robo4 promoter for targeted toxic/suicide
gene therapy. The rationale behind targeted suicide gene therapy is that after specific
expression of cytotoxic gene the systemic toxicity commonly associated with, and a major
limitation of, conventional therapy is avoided. The construction of such vectors is under way
in our laboratory. Thus, additional experiments that are beyond the scope of this study are
required to evaluate employment of the Robo4 promoter for cancer gene therapy.

To our knowledge, this is the first report of the Robo4 promoter being utilized alone or in
combination with hexon modification of Ad5 vector for liver untargeting. We have
demonstrated that Ad5 vector tropism can be modified in order to give a “target tissue on”
and “liver off” profile that can eventually enhance specificity of gene delivery. The results
of these studies suggest that the combination of liver detargeting using a genetic
modification of the hexon protein with a transcriptional targeting approach using
endothelium-specific Robo4 promoter produces an additive effect in improving of
biodistribution of Ad-mediated transgene expression in mice. In summary, these data
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indicate that employing hexon modification and endothelial transcriptional targeting in
combination provides a promising approach for gene therapy of diseases with significant
endothelium involvement.

Materials and methods
Cells and reagents

The human hepatocellular carcinoma HepG2, human lung adenocarcinoma A549,
transformed small vessel murine endothelial SVEC4-10 cells (all obtained from ATCC,
Manassas, VA), and human embryonic kidney HEK293 (Microbix Biosystems, Ontario,
Canada) cells were cultured in DMEM/F12 (Mediatech, Herndon, VA) containing 10% fetal
bovine serum (FBS) (Summit Biotechnology, Fort Collins, CO). THLE-3 cells (human liver
epithelial cells immortalized with SV40 large T antigen) were obtained from ATCC and
were grown in BEGM growth media (Clonetics, Walkersville, MD). Primary human
coronary artery endothelial cells (HCAEC) and pulmonary artery endothelial cells (HPAEC)
were obtained from Cambrex (Baltimore, MD) and were cultured in Clonetics EC basal
media (Cambrex) containing factors provided in the Singlequot Bullet Kit (Cambrex). All
cells were cultured in a humidified atmosphere with 5% CO2 at 37°C.

Purified human coagulation factor X (hFX) was obtained from Haematologic Technologies
(Essex Junction, VT). Warfarin and peanut oil were purchased from Sigma-Aldrich (St.
Louis, MO).

Adenoviral vectors
Replication incompetent E1- and E3-deleted Ad5 vectors were created using a two-plasmid
rescue method. The plasmids encoded expression cassettes comprised of the human
cytomegalovirus major immediate-early enhancer/promoter (CMV) or the Robo4 promoter
coupled to either firefly luciferase (Luc), carcinoembryonic antigen (CEA) or enhanced
green fluorescent protein (EGFP) transgenes, followed by the bovine growth hormone
polyadenylation signal. These expression cassettes were cloned into a shuttle plasmid
(pShuttle, Qbiogene, Carlsbad, CA) and confirmed by using restriction enzyme mapping and
partial sequence analysis. The shuttle plasmids were linearized with Pme I and integrated
into the Ad5 genome by homologous recombination with pAdEasy-1 plasmid in the E. coli
strain BJ5183. The recombinant viral genomes were then transfected into HEK293 cells
using SuperFect Transfection Reagent (Qiagen, Chatsworth, CA), where they were
packaged into virus particles. To generate hexon-modified AdH5/H3CMVLuc and AdH5/
H3RoboLuc vectors, the SexA I - Hpa I digest product of Ad5 hexon was substituted with a
618 bp fragment from Ad3 hexon (nucleotides 1127-1745). To create AdH3CMVLuc and
AdH5*7*CMVLuc vectors, a 6710 bp Sfi I fragment (two unique Sfi I sites flank the hexon
protein coding region) of Ad5 was substituted with a Sfi I fragment from pAd5/H3GL
(provided by Dr. H. Wu, Tulane University, New Orleans, LA) and pAd5*7* (provided by
Dr. A.H. Baker, University of Glasgow, Glasgow, UK) plasmids, respectively. The insert
sequences were confirmed by partial sequencing analysis. Viruses were rescued and
propagated in HEK293 cells and purified twice by CsCl gradient centrifugation and dialyzed
against 10 mM HEPES, 1 mM MgCl2, pH 7.8 with 10% glycerol as previously described
(He et al., 1998). Viral titer was measured by a 50% tissue culture infectious dose (TCID50)
assay. Briefly, HEK293 cells were plated into 96-well tissue culture plates at 5 × 103 cells
per well, and then serial dilutions of viral stock were added directly to the cells. Cells were
incubated for 14 days, and relative cell density was determined using a crystal violet staining
assay. Cell culture medium was removed and surviving cells were then fixed and stained
with 2% (w/v) crystal violet (Sigma-Aldrich) in 70% ethanol for 3 hours at room
temperature. The plates were extensively washed, air-dried, and optical density was
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measured at 570 nm using a V Max plate reader (Molecular Devices Corporation,
Sunnyvale, CA). The number of wells with observable cytopathic effect per each row was
determined. The viral titer was calculated by the Karber equation: T = 101+D(S-0.5) × V−1,
where T is infectious titer in TCID50 ml−1, D is the log10 of the dilution, S is the log10 for
the initial dilution plus the sum of ratios, and V is the volume in ml of the diluted virus used
for infection. Multiplicity of infection for subsequent experiments was expressed as TCID50
per cell. Also, the concentration of viral particles (vp) was determined by measuring
absorbance of the dissociated virus at A260 nm using a conversion factor of 1.1 × 1012 vp
per absorbance unit.

Gene transfer in vitro
HCAEC, HCAEC and SVEC4-10 cells were seeded at 1 × 105 cells per well in 12-well
tissue culture plates and allowed to grow overnight. The next day, cells were infected with
10 TCID50 per cell in 0.2 ml per well in triplicate. After 1 hour, viral infection media was
removed and fresh media was added. Forty-eight hours afterward, cell culture media was
removed and cells were washed one time with PBS, cells were lysed and Luc activity was
analyzed as described below.

Growth kinetics of Ad vectors
HEK293 cells were plated into 6-well tissue culture plates at 5 × 105 cells/well and allowed
to adhere overnight. The next day, cells were infected with Ad vectors at 5 TCID50 per cell
in DMEM/F12 with 2% FBS for 1 hour, then culture medium was removed and fresh media
containing 10% FBS was added to each well. Cells and culture medium were harvested at
different times after infection, subjected to three freeze-thaw cycles, and after centrifugation
supernatants were used for determination of viral titer by the TCID50 assay.

Thermostability in vitro
A549 cells were plated in 24-well tissue culture plates in triplicate at a density of 5 × 104

cells/well, allowed to adhere and grow overnight. The next day, recombinant Ads were
incubated at 42°C for different times then added to cells as described above. Forty-eight
hours after infection cells were lysed and Luc activity was analyzed as described above. The
relative infectivity was obtained by changing the relative light units (RLU) readings of the
heat-treated viruses to the percentage of the readings of untreated viruses.

Gene transfer in presence of hFX
HepG2 and THLE-3 cells were seeded in 24-well tissue culture plates in triplicate at 5 × 104

cells/well. Next day, recombinant Ads were incubated for 1 hour with hFX at 8 μg/ml. Cells
were infected with recombinant Ad vectors at 5 TCID50 per cell as described above. Forty-
eight h after infection, culture medium was removed, cells were washed with PBS, lysed and
analyzed for Luc activity.

Luciferase assay
The Luciferase Assay System (Promega) and ORION microplate luminometer (Berthold
Detection systems, Oak Ridge, TN) were used for the evaluation of Luc activity of infected
cells. Luciferase activity was normalized by the protein concentration of the cell lysate using
DC Protein Assay (Bio-Rad, Hercules, CA), according to the manufacturer’s instructions.
Data are expressed as relative light units (RLU) per 1 × 104 cells and bars represent the
mean ± the standard deviation (s.d.).
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In vivo studies
For in vivo experiments, 5-7 weeks old female C57BL6J mice were purchased from the
Jackson Laboratory (Bar Harbor, ME). The transgenic female hCAR mice were a generous
gift from Dr. S. Pettersson (Karolinska Institute, Sweden). The human coxsackie adenovirus
receptor (hCAR) mice express a truncated receptor lacking the cytoplasmic domain
necessary for signaling, but retain Ad5 binding, allowing Ad5 transduction of all organs in
the animal under transcriptional control of the human ubiquitin-C promoter (Tallone et al.,
2001). It was previously reported that hCAR mice had increased localization of Ad5 in the
lungs following systemic administration compared to wild-type mice, demonstrating a
marked increase in gene transfer to the pulmonary vasculature in these mice (Everts et al.,
2005). This study was carried out in strict accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
Biodistribution studies were carried out according to the Institutional Animal Care and Use
Committee (approved protocol # 20110035). All animals were housed under pathogen-free
conditions according to the guidelines of the American Association for Accreditation of
Laboratory Animal Care, with access to chow and water ad libitum. To produce
pharmacological blockade of Ad5 binding to FX, C57BL/6 mice were pretreated with
warfarin (5 mg per kg) dissolved in peanut oil and injected subcutaneously 3 days and 1 day
prior to Ad injections. For each of the biodistribution experiments, mice were injected
intravenously via the tail vein with 5 × 108 TCID50 of recombinant Ad vectors. Three days
after injection animals were humanely sacrificed by CO2 inhalation, major organs were
harvested and snap frozen in ethanol/dry ice mix and assessed for reporter gene expression
using Luc assay. Briefly, tissues were lysed in reporter lysis buffer (Promega) and subjected
to three freeze-thaw cycles to ensure complete lysis. Samples were centrifuged and
supernatant analyzed for Luc activity using the Luciferase Assay System (Promega) as
described above. Luciferase activity was normalized by the protein concentration of the cell
lysate using DC Protein Assay (BioRad), according to the manufacturer’s instructions. Data
is expressed as relative light units (RLU) per mg of total protein and bars represent the mean
± the standard deviation (s.d.). Lung-to-liver and spleen-to-liver ratios were calculated for
each individual animal with the RLU normalized by the protein concentration of the cell
lysate and bars represent the mean ± s.d.

Immunohistochemistry analysis
Organs from mice were cut into 1-2 mm section and were fixed in neutral buffered 10%
formalin for a minimum of 6 hours before paraffin embedding. Tissue sections were
attached to microscope slides at 60°C for 2 hours and subsequently deparaffinized with 3
baths of xylene. The sections were rehydrated through graded ethanol baths from 100% to
70%. Three percent hydrogen peroxide was applied for 5 min followed by 3% goat serum
for 20 min to block non-specific staining. Rabbit anti-carcinoembryonic antigen (CEA)
antibody (Chemicon, Temecula, CA) diluted 1:1000 was applied at 25°C for 1 hour and
rinsed with Tris buffer (0.05M Tris, 0.15M NaCl, 0.1% TritonX100, and pH 7.6). The
secondary antibody (biotinylated goat anti-rabbit, Jackson Immuno Research Laboratories,
West Grove, PA) and streptavidin-HRP (Signet Laboratories, Dedham, MA) were added for
20 min each with Tris buffer rinses between each step. The 3-3′-diaminobenzidine
(BioGenex, San Ramon, CA) chromagen was applied to the sections for 7 min and the
tissues were lightly counterstained with Mayer’s Hematoxylin. Sections were then
dehydrated through graded ethanol baths to xylene and cover slips mounted with Permount.
Slides were analyzed in a blinded fashion and images shown are representative of 6 animals
per group with the experiment performed twice. Images were acquired with a Nikon
Optiphot-2 microscope (X600 – lens – Plan APO60/0.95, 900C, bright field of CEA
antibody) using a SPOT 2 camera and software (the images are unmodified).
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Co-immunofluorescence analysis
For analysis of immunofluorescent localization of EGFP reporter gene expression mouse
lungs were collected, post-fixed in paraformaldehyde for 2 hours at room temperature,
cryopreserved in 30% sucrose for 16 hours at 4°C, and embedded in NEG-50 compound
using the 2-methylbutane/liquid nitrogen method. Sixteen-micrometer frozen sections were
air-dried briefly, washed in PBS, blocked with protein block (1% donkey serum in PBS
containing 0.1% Triton X-100) for 1 hour, and incubated with primary antibodies diluted in
the protein block over night. Primary antibodies included rat anti-endomucin (1:1000,
eBioscience), Armenian hamster anti-CD31 (1:1000, Millipore), and rabbit anti-GFP (1:400,
Life Technologies). After washes with PBS, the slides were incubated with corresponding
secondary antibodies conjugated with Alexa Fluor 488 and Alexa Fluor 594 (1:400; Jackson
Immunologicals) and counterstained for nuclei with SlowFade Gold Antifade mounting
reagent with 4′,6-diamidino-2-phenylindole (DAPI, Life Technologies). Fluorescence
microscope images were collected using an Olympus Soft Imaging Solutions FVII digital
camera with Extended Focal Imaging (EFI) function.

In vivo hFX blocking assay with tF10
We have developed the E1/E3-deleted Ad5tF10 vector encoding human tF10 gene
corresponding to the truncated form of hFX (aa 1-128) under control of the CMV promoter
element. The tF10 open reading frame (ORF) contained the first 128 aa of the hFX light
chain, which includes a γ-carboxylated glutamic acid (Gla), and two epidermal growth
factor-like (EGFC, EGFN) domains was amplified by PCR. To construct the pShuttletF10
plasmid, a furin recognition sequence SARNRQKR was incorporated downstream of the
mouse Igκ light chain signal sequence (secretion signal peptide). The poly-histidine and c-
myc tags were placed at the C terminus of the tF10 ORF. Assembled expression cassette
including CMV promoter, hFX transgene open reading frame and the bovine growth
hormone polyadenylation signal was ligated to a shuttle plasmid. Recombinant Ad genome
was generated by homologous DNA recombination between shuttle plasmid and Ad5
genome backbone plasmid. Ad5tF10 was propagated in HEK293 cells, purified by cesium
chloride gradient ultracentrifugation, and subjected to dialysis. To purify tF10 recombinant
protein A549 cells were infected with Ad5tF10 vector at 50 TCID50 per cell. Culture
supernatants were collected for 7 days with media replacement and protein was precipitated
using ammonium sulfate. Precipitate was collected by centrifugation, redissolved in PBS,
and dialyzed against PBS. tF10 recombinant protein was purified by the immobilized metal-
affinity chromatography (Ni-NTA Superflow, Qiagen). Eluted protein was dialyzed against
PBS, filter-sterilized, and protein concentration was analyzed using the Lowry protein assay.
Also, the conditioned media and purified protein were subjected to Western blot analysis
using anti-myc and anti-His Abs.

For in vivo study AdH5RoboLuc and AdH5CMVLuc were incubated for 1 hour, either with
tF10 or PBS and then mice were injected via the tail vein with 5 × 108 TCID50 of
recombinant Ad vectors. Three days after injection animals were humanely sacrificed by
CO2 inhalation, major organs were harvested and snap frozen in ethanol/dry ice mix and
assessed for reporter gene expression using Luc assay described above. Lung-to-liver and
spleen-to-liver ratios were calculated for each individual animal with the RLU normalized
by the protein concentration of the tissue lysate and bars represent the mean ± s.d.

Quantitative RT-PCR assay
The levels of Robo4 mRNA expression were determined by reverse transcriptase PCR (RT-
PCR). Total RNA was extracted from 1×107 cells using RNeasy Mini Kit (Qiagen),
following standard protocol, and quantified specrophotometrically using a MBA 2000
spectrophotometer (Perkin Elmer, Wellesley, MA). cDNA was synthesized using random
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hexamer primers and an Omniscript RT kit (Qiagen). The first-strand cDNA was used as the
template for SYBP real-time PCR. For SYBP real-time PCR the following primers were
used: Robo4-3162: 5′-CCGTCACTAGGCTTCTGGAG-3′; 3299-Robo4: 5′-
TGGTTGTGGAGAGTCTGCTG-3′. After the initial denaturation (5 min at 95°C),
amplification was performed with 40 cycles of 30 sec at 95°C, 20 sec at 62°C and 35 sec
72°C. Each sample was run in triplicate. The Robo4 gene specific qPCR template standard
(OriGene Technologies, Rockville, MD) was used as an internal standard for template
loading of PCR.

In vivo Ad hexon expression assay
Quantitative analysis of the Ad hexon gene expression was performed using real-time PCR.
At 24 hours after intravenous injection with 5 × 108 TCID50 of AdH5RoboLuc or AdH5/
H3RoboLuc vectors, the animals were sacrificed and tissues were harvested and template
DNA was prepared from whole tissue extracts using QIAamp DNA Mini Kit (Qiagen). For
preparation of control samples, AdH5/H3RoboLuc genomic DNA was extracted from
purified viral stock by using a QIAamp DNA Mini Kit. Serial 10-fold dilutions (from 1×107

to 1 viral particle per reaction) of AdH5/H3RoboLuc DNA were included in each run to
establish a standard curve for quantitative appraisal of hexon target gene copy number. For
detection of the Ad hexon gene, the following primers and TaqMan probe were used:
Ad5hexon forward: 5′-TACGCACGACGTGACCACA-3′, Ad5hexon reverse: 5′-
ATCCTCACGGTCCACAGGG-3′, and Ad5hexon probe: 5′-6FAM-
ACCGGTCCCAGCGTTTGACGC-BHQ1-3′. The mouse β-actin gene was used as an
internal standard for template loading of PCR by using primers: Actin forward: 5′-
AGCTGGAGGACTTCCGAGACT-3′, Actin reverse: 5′-
TGGCACTTCTCCTGCACCTT-3′, and Actin probe: 5′-HEX-
TAGACGCCTGCACAAGCCGCC-BHQ1-3′.

In each reaction, 20 ng of total DNA was used as a template and PCR was performed in 25
μl of reaction mixture containing 12.5 μl of 2x TaqMan Universal PCR master Mix (PE
Applied Biosystems, Foster City, CA), 300 nM of each primer, and 100 nM of fluorogenic
probe. Amplifications were carried out in a 96-well reaction plate (PE Applied Biosystems)
in a spectrofluorimetric thermal cycler (LightCycler® 480 System; Roche Applied Science,
Indianapolis, IN). After the initial denaturation (2 min at 95°C), amplification was
performed with 45 cycles of 15 sec at 95°C and 60 sec at 60°C. Each sample was run in
triplicate. A threshold cycle (Ct) for each triplicate was estimated by determining the point at
which the fluorescence exceeded a threshold limit (10-fold the standard deviation of the
baseline). AdH5RoboLuc and AdH5/H3RoboLuc titers in different tissues were determined
as the Ad hexon gene copy number per 1 ng total DNA.

Serum IL-6 cytokine and liver toxicity assay
Mice were injected intravenously with 5 × 108 TCID50 of AdH5RoboLuc or AdH5/
H3RoboLuc vectors, at 24 hours after injection the animals were sacrificed and sera were
collected. The quantitative determination of the concentration of mouse IL-6 in serum was
performed using the MaxDiscovery™ Mouse IL-6 ELISA Test Kit (Bioo Scientific, Austin,
TX) and levels of enzymic activity of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) were assayed with the MaxDiscovery™ enzymatic assay kit (Bioo
Scientific) according to the manufacturer’s protocol.

Statistical analysis
All error terms are expressed as the standard deviation of the mean. Significance levels for
comparison of differences between groups in the in vitro experiments were analyzed by
Student’s t test. Differences were considered significant when p-values were < 0.05. In the
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animal studies, the treatment groups were compared with respect to Luc expression in
organs and lung-to-liver and spleen-to-liver ratio. To test for significant differences in mean
Luc expression between treatment groups, one-way analysis of variance (ANOVA) test was
conducted. Differences were considered significant when p-values were < 0.05.
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Highlights

• Robo4 promoter was used for Ad5 endothelium targeting and liver untargeting.

• We demonstrate the utility of the Robo4 promoter in an Ad5 vector context.

• Substitution of the Ad5 hexon with the HVR7 from Ad3 decreased liver
sequestration.

• Double targeting approach improved the biodistribution of Ad5 gene expression.
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Fig. 1. Characterization of recombinant Ad vectors containing the Robo4 endothelial-specific
promoter.
(A) Characterization of the Robo4 endothelial-specific promoter in vitro. The human Robo4
promoter was utilized for transcriptional targeting of Ad mediated Luc expression. Infection
of human and murine endothelial cells with AdH5RoboLuc yielded in variable levels of Luc
expression which were relatively low compared to AdH5CMVLuc. Each bar represents the
mean relative light units (RLU) per cell (n=6) ± s.d. (B) Robo4 mRNA expression in vivo.
Murine organs were collected and Robo4 mRNA expression was assessed by quantitative
RT-PCR analysis. Lung and spleen demonstrated high levels of Robo4 mRNA expression in
comparison with liver. Kidney and heart showed the lowest levels of Robo4 mRNA
expression between tested tissues (*, P < 0.05 vs Liver). (C) Ad mediated Luc expression in
vivo. Luc activity was measured in major organs at 3 days after systemic administration of
AdH5RoboLuc or AdH5CMVLuc. Luc expression was observed mainly in the liver and
spleen and relatively low expression observed in the lung following i.v. injection of
AdH5CMVLuc vector. Systemic administration of AdH5RoboLuc produced Luc expression
in the liver that was significantly lower than AdH5CMVLuc. Each bar represents the mean
RLU per mg total protein ± s.d. (*, P < 0.01 vs AdH5cmvLuc). (D) Ad targeting efficiency.
The lung-to-liver and the spleen-to-liver ratio of Luc expression were significantly increased
after systemic administration of AdH5RoboLuc in comparison with AdH5CMVLuc (*, P <
0.01 vs AdH5cmvLuc). (E) Immunohistochemical analysis of CEA expression.
Photomicrographs of immunocytochemistry staining of liver and spleen sections from
hCAR transgenic mice stained with an anti-CEA antibody. Representative areas of lung
(lower panels) and liver (upper panels) from an animal treated with AdH5CMVCEA (left
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panels) or AdH5RoboCEA (right panels). Original magnification was ×600 for all panels.
Employment of the Robo4 promoter results in decreased CEA expression in the liver. Liver
expression is only observed for AdH5CMVCEA, while the vasculature of the lung of hCAR
transgenic mice efficiently expresses CEA after AdH5RoboCEA injection. Immunostaining
with CEA revealed that Robo4 promoter activity was localized in the lung capillary
endothelium, while promoter activity was undetectable in hepatocytes and Kupffer cells. (F)
Co-immunofluorescence analysis of EGFP reporter gene expression. hCAR transgenic mice
were injected with AdH5RoboEGFP. Two days post injection mouse lungs were collected
and immunofluorescent localization of EGFP protein expression was analyzed. EGFP
expression in lung tissue was co-localized with CD31 and endomucin.
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Fig. 2. Blocking of binding of FX with Ad5 hexon decrease liver uptake
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AdH5CMVLuc (A) and AdH5RoboLuc (B) were incubated with tF10 or PBS and then mice
were injected via the tail vein with 5 × 108 TCID50 of recombinant Ad vectors. Three days
after injection animals were humanely sacrificed, major organs were harvested and assessed
for reporter gene expression using Luc assay. Preincubation of AdH5CMVLuc and
AdH5RoboLuc with truncated form of hFX resulted in decreased transgene expression in
liver and increased Luc expression in lung. Each bar represents the mean RLU per mg total
protein ± s.d. (C) The lung-to-liver (L/L) and spleen-to-liver (S/L) ratios of Luc expression
were increased in mice following i.v. injection with AdH5CMVLuc and AdH5RoboLuc
incubated with tF10 in comparison with mock-treated Ads. Data points represent the mean ±
s.d. of a representative experiment (*, P < 0.05 vs no tF10 treatment).
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Fig. 3. In vitro characterization of recombinant Ads
(A) Growth kinetics of hexon-modified Ad vectors. HEK293 cells were infected with Ad
vectors at 5 TCID50 cell−1. Cells and culture medium were harvested at different time after
infection. The viral titers were determined by TCID50 assay. (B). Thermostability of
recombinant Ad vectors. The viruses were incubated at 42°C for different time intervals
before the infection of A549 cells. Forty-eight h after infection cells were subjected to Luc
assay. (C) Gene transfer assay. Recombinant Ads were incubated with hFX or PBS and then
HepG2 and THLE-3 cells were infected with Ad vectors at 5 TCID50 cell−1 and cell lysates
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were analyzed for Luc activity. Data are means ± s.d. of a representative experiment with
triplicate samples (*, P < 0.05 vs no hFX treatment)
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Fig. 4. Biodistribution of transgene expression in vivo
(A) Ads with hexon modifications demonstrate reduced liver transduction in vivo following
systemic administration. Female C57BL6J mice (5-7 weeks old, n=5 per group) were
injected through the tail vein with 5 × 108 TCID50 of AdH5/H3CMVLuc,
AdH5*7*CMVLuc or AdH3CMVLuc vectors or AdH5CMVLuc alone or following
pretreatment with warfarin (AdH5CMVLuc + W). Three days after injection animals were
humanely sacrificed, major organs were harvested and snap frozen in ethanol/dry ice mix
and assessed for reporter gene expression using Luc assay. (B) The lung-to-liver and spleen-
to-liver ratios were significantly increased in mice following i.v. injection with hexon-
modified Ads and after pretreatment warfarin in comparison with wild-type hexon
AdH5CMVLuc alone. Data are means ± s.d. (*, P < 0.05; **, P < 0.01; ***, P < 0.001 vs
AdH5cmvLuc).
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Fig. 5. Biodistribution of Robo4-driven transgene expression in vivo
(A) Hexon-modified AdH5/H3RoboLuc demonstrates reduced liver transduction in vivo
following systemic administration. Female C57BL6J mice (5-7 weeks old, n=5 per group)
were injected through the tail vein with 5 × 108 TCID50 of AdH5CMVLuc, AdH5/
H3CMVLuc, AdH5RoboLuc or AdH5/H3RoboLuc vectors. Three days after injection
animals were humanely sacrificed, livers, spleens and lungs were harvested and snap frozen
in ethanol/dry ice mix and assessed for reporter gene expression using Luc assay. (B) The
lung-to-liver and spleen-to-liver ratios of Luc expression were significantly increased in
mice following i.v. injection with AdH5/H3RoboLuc in comparison with other tested Ads.
Data points represent the mean ± s.d. of a representative experiment. (C) Distribution of Ad
viral particles in vivo. Mice were i.v. injected with 5 × 108 TCID50 of AdH5RoboLuc or
AdH5/H3RoboLuc and major organs were collected at 24 hours after Ad vectors
administration. Quantitative analysis of the Ad hexon gene expression was performed using
TaqMan PCR. For analysis of enzymic activity of ALT (D) and AST (E) C57BL6 mice
were injected with AdH5RoboLuc or AdH5/H3RoboLuc vectors. Twenty-four hours post
Ad injection sera were collected and levels of ALT and AST were measured. (F)
Quantitative determination of the IL-6 expression. Analysis of IL-6 levels in mouse serum
following single i.v. injection with AdH5RoboLuc or AdH5/H3RoboLuc. Data are means ±
s.d. for 5 mice per group (*, P < 0.05; **, P < 0.01; ***, P < 0.001 vs AdH5cmvLuc; #, P <
0.05 vs AdH5RoboLuc).
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Fig. 6. Biodistribution of gene expression in hCAR transgenic mice
(A) AdH5RoboLuc or AdH5/H3RoboLuc vectors demonstrate reduced liver transduction in
vivo following systemic administration. The transgenic female hCAR mice were injected
through the tail vein with 5 × 108 TCID50 of AdH5CMVLuc, AdH5/H3CMVLuc,
AdH5RoboLuc or AdH5/H3RoboLuc. Three days after injection liver, spleen and lung were
snap frozen and Luc levels quantified. (B) The lung-to-liver and spleen-to-liver ratios were
significantly increased in mice following i.v. injection with AdH5RoboLuc or AdH5/
H3RoboLuc in comparison with wild-type hexon AdH5CMVLuc and hexon-modified
AdH5/H3CMVLuc. Data are means ± s.d. of a representative experiment. (C) Distribution
of Ad viral particles in vivo. Mice were i.v. injected with 5 × 108 TCID50 of AdH5RoboLuc
or AdH5/H3RoboLuc (5 mice per group), major organs were collected at 24 hours after Ad
vectors administration. Quantitative analysis of the Ad hexon gene expression was
performed using TaqMan PCR. Serum levels of ALT (D) and AST (E) in hCAR mice.
Twenty-four hours after AdH5RoboLuc or AdH5/H3RoboLuc administration sera were
collected and levels of ALT and AST enzymic activity were evaluated. (F) Analysis of
serum levels of IL-6. Quantitative determination of serum IL-6 in mice after intravenous
injection with AdH5RoboLuc or AdH5/H3RoboLuc was performed using ELISA. Data are
means ± s.d. (*, P < 0.05; **, P < 0.01; ***, P < 0.001 vs AdH5cmvLuc; +, P < 0.05 vs
AdH5RoboLuc; X, P < 0.05 vs PBS).
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Table 1

Recombinant Ad vectors used in this study.

Virus a Promoter b Transgene c Hexon d

AdH5cmvLuc CMV Luc H5

AdH5RoboLuc Robo4 Luc H5

AdH5cmvCEA CMV CEA H5

AdH5RoboCEA Robo4 CEA H5

AdH5RoboEGFP Robo4 EGFP H5

AdH5/H3RoboLuc Robo4 Luc H5/H3

AdH5/H3cmvLuc CMV Luc H5/H3

AdH5*7*cmvLuc CMV Luc H5*7*

AdH3cmvLuc CMV Luc H3

a
Genomic regions relevant to our proposed studies are shown.

b
CMV, human cytomegalovirus enhancer/promoter; Robo4, Roundabout 4 receptor enhancer/promoter.

c
Luc, firefly luciferase; CEA, carcinoembryonic antigen; EGFP, enhanced green fluorescent protein.

d
H5, wild-type Ad serotype 5 hexon; H5/H3, Ad5 hexon with substitution the hypervariable region 7 (HVR7) from Ad serotype 3; H5*7*, Ad5

hexon with point mutations within HVR5 (T270P and E271G) and HVR7 (I421G, T423N, E424S, L426Y, and E451Q); H3, Ad3 hexon swapping.
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