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Helper-dependent adenoviral (HDAd) vectors can medi-
ate long-term, high-level transgene expression from 
transduced hepatocytes with no chronic toxicity. How-
ever, a toxic acute response with potentially lethal con-
sequences has hindered their clinical applications. Liver 
sinusoidal endothelial cells (LSECs) and Kupffer cells are 
major barriers to efficient hepatocyte transduction. Under-
standing the mechanisms of adenoviral vector uptake by 
non-parenchymal cells may allow the development of 
strategies aimed at overcoming these important barri-
ers and to achieve preferential hepatocyte gene transfer 
with reduced toxicity. Scavenger receptors on Kupffer 
cells bind adenoviral particles and remove them from the 
circulation, thus preventing hepatocyte transduction. In 
the present study, we show that HDAd particles interact 
in vitro and in vivo with scavenger receptor-A (SR-A) and 
with scavenger receptor expressed on endothelial cells-I 
(SREC-I) and we exploited this knowledge to increase 
the efficiency of hepatocyte transduction by HDAd vec-
tors in vivo through blocking of SR-A and SREC-I with 
specific fragments antigen-binding (Fabs).
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IntroductIon
Helper-dependent adenoviral (HDAd) vectors hold tremendous 
potential for liver-directed gene therapy because they can mediate 
long-term, high-level transgene expression from transduced hepa-
tocytes with no chronic toxicity.1 Following systemic administra-
tion in mice and large animal models, Ad vector particles reach the 
liver through the hepatic artery; in thin-wall liver sinusoids viral 
particles (vp) come in contact with fenestrated liver sinusoidal 
endothelial cells (LSEC) and with Kupffer cells, that are liver resi-
dent macrophages protruding into the vascular space and rapidly 
remove blood-borne Ad particles.2–5 This uptake of vector by the 
reticuloendothelial system appears to contribute to Ad-induced 
innate immune responses.5–7 A thorough understanding of the 
molecular events and players involved in recognition and uptake 
of intravenously injected Ad particles by the reticuloendothelial 

system is an important first step for overcoming the obstacles to 
successful HDAd-mediated gene therapy. Such efforts are required 
to achieve preferential hepatocyte gene transfer and to minimize 
Ad-mediated acute toxic response.8,9

Ad vectors have shown great potential for cancer treatment 
and have been extensively studied in clinical trials involving over 
15,000 patients.10–13 Although some effects on tumor growth have 
been reported, the efficacy of intravenous administration of Ad 
vectors in patients with metastatic cancers has been limited, likely 
because of rapid vector clearance from blood by Kupffer cells.13,14 
Therefore, understanding of the receptors involved in Ad vec-
tor uptake and strategies to avoid these receptors have potential 
to increase tumor transduction by Ad vectors and therefore, to 
improve therapeutic efficacy against cancer cells.15

Ad infection occurs through different routes, with a variety 
of receptors on the plasma membrane of the host cells that inter-
act with Ad capsid proteins. Serotype 5 Ad (Ad5) binds to cox-
sackie and adenovirus receptor,16,17 integrins,16,17 and scavenger 
receptors.18,19 Moreover, blood-borne Ad5 are opsonized by coag-
ulation factors, especially factor X, complement, and natural anti-
bodies, thus affecting vector tropism.20 In the liver, hepatocytes 
are transduced via heparan sulfate proteoglycan-mediated FX 
binding.17,21,22 In contrast, the mechanism by which Kupffer cells 
take up Ad particles does not require coxsackie and adenovirus 
receptor or integrins.23 Ad uptake by LSEC is almost unknown and 
their role in Ad liver sequestration is controversial.2,24,25 Recently, 
it has been reported that administration of polyinosine (poly[I]), 
as well as other polyanionic ligands, into mice before Ad injection 
drastically reduces Ad accumulation in Kupffer cells and increases 
hepatocyte gene transfer.18,26 This observation has led to the 
hypothesis that scavenger receptor-A (SR-A), and possibly other 
scavenger receptors, bind intravenously injected Ad particles.19,26 
Experiments in Chinese hamster ovary cells suggested that also 
SREC-I bind Ad5 particles.27 Pre-incubation of Kupffer cells with 
knob 5 resulted in strong inhibition of Ad5 infection thus suggest-
ing a role of the knob in virus uptake by SR-A.19 However, direct 
evidence of in vivo interaction of the Ad vector with SR-A and 
SREC-I have not been provided yet.

In this study, we show that HDAd particles interact in vivo 
with SR-A and we identified the scavenger receptor expressed on 
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endothelial cells-I (SREC-I) as a new player involved in HDAd 
vector binding and uptake. In addition, we show that blocking 
in  vivo these receptors can be exploited to increase hepatocyte 
transduction efficiency.

results
Poly[I] increases HdAd-mediated hepatocyte 
transduction but lowers the threshold of HdAd toxicity
Improving the therapeutic index of HDAd vector by increasing 
hepatocyte transduction efficiency has potential for clinical transla-
tion of liver-directed gene therapy. Towards this goal, we have inves-
tigated the effect of poly[I] at increasing hepatocyte gene transfer. 
With the notion that poly[I] pre-treatment improves the therapeu-
tic index of HDAd, we have determined the minimal poly[I] dose 
able to increase HDAd-mediated liver expression. Previous stud-
ies have used 0.2 mg of poly[I] by intravenous injection to increase 
Ad-mediated liver transduction.19,26,28 We have tested 0.4, 0.1, 0.05, 

and 0.025 mg of poly[I] in comparison to 0.2 mg of poly[I] (at least 
n = 3 per group), injected intravenously 5 minutes before injection 
of 5 × 1011 viral particle (vp)/kg of an HDAd vector expressing the 
baboon α-fetoprotein (AFP) reporter gene under the control of a 
liver-specific promoter (HDAd-AFP)29,30 in wild-type C57BL/6 
mice. The serum levels of AFP measured at 7 days post-injection 
were similar in mice pre-dosed with 0.2 or 0.05 mg of poly[I], both 
being approximately fivefold higher than serum AFP measured in 
control mice receiving saline as pre-dosing (one-way analysis of 
variance (ANOVA) and post-hoc Tukey’s test: P < 0.01) (Figure 1a). 
Therefore, we concluded that the minimal effective dose of poly[I] 
that increases HDAd-mediated hepatocyte transduction in mice is 
0.05 mg. The dose of 0.05 mg of poly[I] is also associated with long-
term transgene expression following the injection of 1 × 1011 vp/
kg of HDAd-AFP (n = 3 per group; Figure 1b). Therefore, poly[I] 
pre-treatment does not compromise HDAd-mediated long-term 
transgene expression.
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Figure 1 Polyinosine increases hepatocyte transduction, results in long-term transgene expression, reduces serum ldH a marker of Kupffer 
cell death, but it lowers threshold of HdAd acute toxicity. (a) Serum AFP levels 7 days post-injection in C57BL/6 wild-type mice pre-treated with 
different doses of polyinosine (poly[I]) (gray bars), or saline (white bar), 5 minutes before the injection of 5 × 1011 vp/kg of HDAd-AFP. The dose of 
0.05 mg poly[I] is the minimal effective dose that increased liver transduction (at least n = 3 per group; one-way ANOVA and post-hoc Tukey’s test: 
**P < 0.01). (b) Serum AFP in wild-type C57BL/6 mice injected with poly[I] before the injection of 1 × 1011 vp/kg of HDAd-AFP showed stable and 
higher levels of transgene expression compared to mice treated with saline before the injection of the same vector dose (n = 3 per group; **P < 0.01). 
(c) Serum LDH in wild-type C57BL/6 mice injected with either saline or poly[I] before the injection of 5 × 1011 vp/kg of HDAd-AFP. Early (30 minutes, 
2 hours, 6 hours) increase in serum LDH post-HDAd vector administration, a marker of Kupffer cell killing, is reduced in poly[I] pre-treated wild-type 
C57BL/6 mice (at least n = 3 per group; *P < 0.05, **P < 0.01). (d) Serum IL-6 in wild-type C57BL/6 mice treated with 0.05 mg of poly[I] or saline 5 
minutes before the injection of different doses of HDAd-AFP. The dose of 1 × 1012 vp/kg resulted in significantly higher levels of serum IL-6 at 6 hours 
post-injection compared with saline pre-treated mice (n = 5 per group; *P < 0.05). At the highest dose used (5 × 1012 vp/kg) pre-treatment with 
poly[I] resulted in 100% mortality within 1 hour post-injection and serum IL-6 levels could not be determined. AFP, α-fetoprotein; ANOVA, analysis of 
variance; HDAd, helper-dependent adenoviral vector; IL, interleukin; LDH, lactate dehydrogenase; Poly[I] , polyinosine; vp, viral particle.
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The increased hepatocyte transduction observed as a con-
sequence of poly[I] pre-treatment is explained by a reduction 
of vp uptake by Kupffer cells.18 To confirm this, we determined 
the hepatic clearance rate of vector genomes between poly[I] and 
saline pre-treated mice. We found that hepatic HDAd copy num-
ber in animals pre-treated with poly[I] was the same as saline 
pre-treated mice at 1 hour post-injection but it was approximately 
2.5-fold higher (t-test: P < 0.05) at 24 and 48 hours post-injection 
in poly[I] pre-treated compared with saline pre-treated animals (n 
= 3 per group; Supplementary Figure S1). The reduced hepatic 
HDAd genome clearance in poly[I] pre-treated mice is consis-
tent with increased hepatocyte transduction and reduced HDAd 
absorption by Kupffer cells, because while HDAd transduction 
does not kill hepatocytes, Kupffer cells that take up Ad are killed 
and quickly removed from the liver.31 This finding is also consis-
tent with immunostaining data showing less Kupffer cell uptake 
and killing in poly[I]-treated mice.18,19 Acute elevation in serum 
lactate dehydrogenase (LDH) is a marker of Kupffer cell killing 
following uptake of Ad.31 Thus, we measured serum LDH shortly 
(30 minutes) after HDAd injection and found reduced serum 
LDH in poly[I] pre-treated mice compared with saline pre-treated 
mice, a result consistent with reduced Kupffer cell killing by Ad in 
poly[I] pre-treated mice (n = 3 per group; Figure 1c).

Although effective at improving hepatocyte gene transfer effi-
ciency, poly[I] lowered the threshold of HDAd-mediated acute 
toxicity. The increase in serum interleukin-6 was higher in animals 
receiving 1 × 1012 vp/kg of HDAd following pre-treatment with 
poly[I] compared with saline pre-treated mice (n = 5 per group; 
one-way ANOVA and post-hoc Tukey’s test: P < 0.001) (Figure 1d). 
At a higher dose of 5 × 1012 vp/kg, 100% mortality occurred 

within the first hour post-injection for mice (n = 5) pre-treated 
with poly[I], while no mortality was observed in mice pre-treated 
with saline (n = 5). Mortality was not observed neither in mice 
injected with 5 × 1012 vp/kg alone nor with 0.05 mg poly[I] alone. 
These data are consistent with previous observations of increased 
mortality in mice receiving poly[I] at the higher dose of 0.2 mg in 
combination with an early generation Ad vector.26 The reasons for 
the increased toxicity of poly[I] and HDAd are unknown. Taken 
together, these data indicate that poly[I] increases acute toxicity of 
HDAd vectors and thus, poly[I] has limited potential for clinical 
application aiming at improving Ad-mediated liver transduction. 
Nevertheless, poly[I] remains a useful tool to understand mecha-
nisms leading to improved hepatocyte transduction and to acute 
toxicity. Understanding the mechanisms involved in poly[I]-medi-
ated increase in hepatocyte transduction by Ad vectors and avoid-
ance of Kupffer cell uptake may allow the development of strategies 
to achieve preferential hepatocyte gene transfer.

HdAd hepatocyte transduction is paradoxically 
reduced in sr-A−/− mice
Poly[I] is thought to block the uptake of Ad particles mediated 
by SR-A expressed on the Kupffer cells.19 To investigate the role 
of SR-A in improving transduction and acute toxicity, we injected 
wild-type C57BL/6 mice and SR-A knockout (SR-A−/−) mice in 
C57BL/6 background,32 with 1 × 1012 vp/kg of HDAd-AFP (n = 3 
per group). We observed a significant 2.1-fold reduction of hepato-
cyte transduction in SR-A−/− mice compared with wild-type mice 
(SR-A+/+) at 7 days post-injections (one-way ANOVA and post-
hoc Tukey’s test: P < 0.01; Figure 2). These results were unexpected 
because poly[I] is a known inhibitor of SR-A18,28 and knockout of 
this gene was expected to mimic poly[I]-mediated inhibition of 
SR-A, thus resulting in increased hepatocyte transduction. We next 
investigated whether poly[I] would increase hepatocyte transduc-
tion in SR-A−/− mice. HDAd-mediated hepatocyte transduction 
in SR-A−/− mice pre-treated with 0.05 mg of poly[I] was still sig-
nificantly (4.1-fold) higher than saline pre-treated SR-A−/− mice 
(P < 0.05; Figure  2). Based on these findings, we hypothesized 
that other scavenger receptor(s) besides SR-A could be inhibited 
by poly[I] and therefore, are involved in Ad vector uptake. This 
hypothesis was supported by previous data showing that Ad vector 
DNA content following intravenous injection of Ad is similar in 
the livers of wild-type and SR-A−/− mice.17,26

srec-I is involved in HdAd uptake in vitro
SR-A and SREC-I have been previously shown to cooperate in 
recognition of hepatitis C virus NS3 protein and TLR2-mediated 
activation of myeloid cells.33 Moreover, SREC-I is expressed on 
both macrophages and endothelial cells34,35 which are barriers to 
Ad-mediated hepatocyte gene transfer.1 Remarkably, SREC-I was 
also demonstrated to increase Ad5 transduction when stably trans-
fected in Chinese hamster ovary cells.27 Therefore, we measured 
the levels of expression of Srec-I and II in livers of SR-A−/− mice 
by real-time PCR and found that their expression was indeed 
increased compared with wild-type C57BL/6 mice (t-test: P < 0.01 
and P < 0.05, respectively; Figure 3). As a control, SR-A levels were 
also measured in SR-A−/− mice and were not detectable (data not 
shown). Therefore, SR-A−/− mice exhibit a compensatory increase 
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Figure 2 sr-A−/− mice showed unexpected reduction in HdAd-
mediated hepatocyte transduction and poly[I] retains its effect 
of increasing hepatocyte transduction in sr-A−/− mice. Wild-type 
(SR-A+/+) and SR-A−/− mice were treated with 0.05 mg of poly[I] or saline 
5 minutes prior the injection of 5 × 1011 vp/kg of HDAd-AFP. Serum AFP 
levels measured at 7 days post-injections were higher in both wild-type 
and SR-A−/− mice treated with poly[I] compared to saline pre-treated 
controls (at least n = 3 per group; one-way ANOVA and post-hoc Tukey’s 
test: *P < 0.05; **P < 0.01). A 2.1-fold reduction in hepatocyte transduc-
tion was observed in SR-A−/− mice compared with wild-type mice (at 
least n = 3 per group; **P < 0.01). AFP, α-fetoprotein; ANOVA, analysis 
of variance; HDAd, helper-dependent adenoviral vector; Poly[I], poly-
inosine; vp, viral particle.
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in expression of SREC-I and II. Based on these findings, we hypoth-
esized that SREC-I and SREC-II are involved in Ad uptake in vivo 
and their upregulation might contribute to the reduced levels of 
hepatic transduction observed in SR-A−/− mice.

To test the hypothesis that SRECs are involved in HDAd binding, 
we infected J774A.1 cells, a murine monocyte-macrophage derived 
cell line, with AlexaFluor-555–labeled HDAd and performed immu-
nofluorescence staining against SR-A, SREC-I, and SREC-II fol-
lowed by confocal image analysis. As shown in Figure 4a, SR-A and 
SREC-I were found to colocalize with fluorescent HDAd vector at the 
plasma membrane level in 36 and 28% of analyzed cells, respectively. 
No colocalization was detected with SREC-II. To rule out that vec-
tor infectivity was affected by the fluorescent labeling procedure, we 
measured vector genome copy number by quantitative PCR (qPCR) 
in J774A.1 cells infected with either AlexaFluor-555–labeled HDAd 
or with an unlabeled HDAd, as a control, at different multiplicity of 
infections (MOIs). Although the infectivity of the AlexaFluor-555–
labeled HDAd was slightly reduced at higher MOIs (ranging from 
27 to 35%) compared with the unlabeled HDAd (t-test: P < 0.05; 
Supplementary Figure S2), the reduction falls within the range of 
variability in infectivity among vector lots.36

We next evaluated whether SREC-I is involved in HDAd uptake 
and infected J774A.1 cells with HDAd expressing LacZ (HDAd-
LacZ)8 in the presence of fragments antigen-binding (Fabs) purified 
from anti-SR-A antibody, anti-SREC-I antibody, and an unrelated 
goat IgG. As controls, J774A.1 cells were infected with either 
HDAd-LacZ alone or in the presence of poly[I]. We found that pre-
incubation with anti-SR-A blocking Fabs resulted in a reduction of 
virion uptake compared with cells pre-incubated with the unrelated 
Fab or with phosphate-buffered saline (PBS) (one-way ANOVA 
and post-hoc Tukey’s test: P < 0.01 versus unrelated Fab and P < 
0.05 versus PBS), as shown by qPCR for HDAd vector genomes 
(Figure  4b). Anti-SREC-I Fab also reduced HDAd uptake, even 
though the results did not reach statistical significance, while the 
combination of anti-SR-A and anti-SREC-I Fabs showed a statisti-
cally significant inhibitory effect on HDAd uptake (P < 0.01 versus 
unrelated Fab and P < 0.05 versus PBS) (Figure 4b). It should be 
pointed out that SREC-I expression in macrophages is lower com-
pared with SR-A, and therefore these cells are not a good model 

to investigate SREC-I functions.35 Pre-incubation with Fab from an 
unrelated goat IgG did not affect HDAd transduction (Figure 4b).

sr-A and srec-I are receptors for HdAd
C57BL/6 mice were injected intravenously with 5 × 1011 vp/kg 
of AlexaFluor-555–labeled HDAd (n = 4) or saline (n = 2) and 
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livers, harvested 30 minutes after injection, showed colocalization 
of SREC-I and HDAd vector, thus suggesting in vivo interaction of 
HDAd particles with SREC-I receptor, both in wild-type and SR-A−/− 
mice (Pearson’s correlation coefficient (RP) = 0.70 and 0.56, respec-
tively; Figure 5, Supplementary Figures S3 and S4). Interaction of 
SR-A with fluorescent-labeled HDAd was also detected (RP = 0.55; 
Figure  5, Supplementary Figures S3 and S4). Co-staining with 
CD31 and CD68 suggested that in vivo HDAd interactions with 
SR-A and SREC-I occur in both LSECs and Kupffer cells, respec-
tively (Figure 6, Supplementary Figures S5 and S6).

To investigate whether blocking in vivo of SR-A and SREC-I 
increases hepatocyte transduction efficiency, we pre-treated BALB/c 
mice with anti-SR-A and anti-SREC-I Fabs before the intravenous 
injection of 5 × 1011 vp/kg of HDAd-AFP vector. BALB/c mice were 
used for these studies because available blocking anti-SR-A 2F8 anti-
body was developed from the BALB/c strain-derived macrophage 

cell line, RAW264.7 and does not cross-react with cells and tis-
sues from C57BL/6 mice.37 As previously reported,38 the efficiency 
of HDAd-mediated liver transduction in BALB/c mice is reduced 
compared with C57BL/6 (Figures 1 and 7). Serum AFP levels at 7 
days post-injection were found to be significantly increased in mice 
pre-treated with anti-SR-A (one-way ANOVA and post-hoc Tukey’s 
test: P < 0.05) or anti-SREC-I (P < 0.01 and P < 0.05) Fabs, or with 
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Figure 5 sr-A and srec-I colocalize with HdAd vector particles in 
mouse livers. Livers from AlexaFluor-555–labeled-HDAd (red) injected 
wild-type C57BL/6 (WT.1 and WT.2) and SR-A−/− mice (SR-A−/−.1 and 
SR-A−/−.2) were stained for SR-A (green) and SREC-I (green) for confocal 
analyses. Both SR-A and SREC-I colocalize with HDAd in wild-type livers, 
while SREC-I-HDAd double-positive signals are increased in SR-A−/− liv-
ers (bottom panels). Nuclei were counterstained with DAPI (blue). Bar: 
50 µm. DAPI, 4′,6-diamidino-2-phenylindole; HDAd, helper-dependent 
adenoviral vector.
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Figure 6 sr-A and srec-I colocalize with HdAd particles in both 
Kupffer and endothelial cells in the liver. Confocal analysis of livers 
from AlexaFluor-555–labeled HDAd-injected wild-type C57BL/6 mice 
(WT.1 and WT.2) stained for SR-A (green) or SREC-I (green) and CD31 
(blue) or CD68 (blue), as markers of endothelial and Kupffer cells, 
respectively. SR-A-HDAd and SREC-I-HDAd double-positive signals were 
detected in both CD31+ and CD68+ cells. Triple-positive cells are indi-
cated by the arrows. Bar: 50 µm. HDAd, helper-dependent adenoviral 
vector.
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a combination of the two (P < 0.01 and P < 0.05) compared with 
saline and urelated Fab pre-treated animals, respectively (Figure 7). 
Pre-administration of Fab from unrelated IgG instead did not result 
in any significant change of liver transduction efficiency compared 
with saline-injected controls (Figure 7).

dIscussIon
Intravenously injected Ad particles reach the liver through the por-
tal vein and contact most hepatocytes only after passing through 
the liver sinusoids, the walls of which are formed by endothelial 
cells. Within the liver sinusoids are located the Kupffer cells, which 
are non-parenchymal macrophages that avidly take up blood-borne 
Ad particles. In the present study, we used poly[I], a polyanionic 
compound, that is a well-established inhibitor of scavenger recep-
tors on non-parenchymal liver cells,39 as a tool to investigate the 
molecular players involved in Ad uptake, which are important 
obstacles for efficient hepatocyte transduction by HDAd vectors. 
We have shown that poly[I], at the minimal dose of 0.05 mg per 
mouse before HDAd injection, increases hepatocyte transduction 
at 7 days post-injection without affecting long-term transgene 
expression for up to 226 days post-injection, reduces serum LDH 
elevation and HDAd vector genome hepatic clearance (Figure  1 
and Supplementary Figure S1). Delineating the mechanisms for 
poly[I]-mediated increase of hepatic transduction efficiency by Ad 
vectors is important for improving the vector therapeutic index. The 
poly[I]-mediated increase in hepatocyte transduction by Ad vec-
tors has been attributed to blockade of Ad vector uptake by Kupffer 
cells which are hypothesized to bind Ad particles through scaven-
ger receptors.26 More recently, the SR-A has been suggested to play 
a major role in this process.19 However, evidence of Ad uptake by 
Kupffer cells via SR-A has not been demonstrated in vivo so far.

Scavenger receptors are a highly heterogenic group of membrane 
receptors sharing little sequence homology with high redundancy of 

ligand binding.40 They bind modified low-density lipoproteins and 
modified albumin but are also involved in recognition and uptake 
of blood-borne pathogens. Scavenger receptors recognize negatively 
charged materials, without any need for opsonization by plasma pro-
teins.41 Interestingly, the Ad capsid bears an overall negative charge, 
with the amounts of negative charge differing among serotypes 
due primarily to differences in the hypervariable region of hexon 
loops.42 Ad5 and the closely related Ad2, which are the most com-
monly used serotypes in gene therapy studies, are among the most 
negatively charged serotypes.42 Moreover, it has been demonstrated 
that some hypervariable regions of Ad5 are able to bind scavenger 
receptors.27 Unexpectedly, we found that hepatocyte transduction 
is reduced in mice lacking SR-A (Figure 2). This finding led us to 
hypothesize the involvement of other SRs in Ad uptake in vivo. We 
selected SREC-I as a candidate because: (i) we found SREC-I to be 
upregulated in SR-A−/− mice (Figure 3), (ii) it has been previously 
shown that SREC-I cooperates with SR-A in recognition of the hepa-
titis C virus,33 and (iii) SREC-I is expressed on both macrophages 
and endothelial cells.34,35 We indeed confirmed both in vitro and in 
vivo that HDAd particles colocalize with SREC-I, which is upregu-
lated in SR-A−/− mice (Figures 4 and 5). Moreover, we provide for 
the first time evidence of colocalization of HDAd with SR-A in vivo 
(Figure 5) and demonstrated that this colocalization occurs in both 
Kupffer cells and LSECs (Figure 6). The role of LSECs in the clear-
ance of blood-borne Ad has recently emerged.2 Our study supports 
this concept and provides the molecular receptors involved in such 
important interaction. The role of these receptors in Ad uptake is 
supported by pre-treatment of mice with anti-SR-A and anti-SREC-I 
Fabs, purified from blocking antibodies, that resulted in an increased 
hepatocyte transduction efficiency (Figure 7).

Scavenger receptors are important players in Ad vector clear-
ance and modulation of their interactions with blood-borne Ad par-
ticles has great potential to improve systemic gene delivery in vivo. 
However, Ad interactions in vivo involve multiple processes and cell 
types. Kupffer cells and endothelial cells clearly play an important 
role in such interactions. Ad particles are opsonized by natural IgM 
antibodies and by mouse complement components C3 and C4.26 
Whether Kupffer cells can recognize Ad particles opsonized with 
IgM and complement remains to be clarified. Clearly, Kupffer cells 
take up Ad particles from the bloodstream via scavenger receptors 
without any need for opsonization by plasma proteins.

The role of scavenger receptors in innate immune defense 
as pattern recognition receptors is of a growing interest.43 
Interestingly, SR-A and SREC-I have previously been shown to 
share common ligands: Hsp110 and Grp170, members of the 
Hsp70 superfamily,44 and the hepatitis C virus NS3 protein.33

Because scavenger receptors recognize negatively charged 
materials, less negatively charged Ad serotypes might be more suc-
cessful at evading Kupffer cells. Serotype 6 Ad (Ad6)  vectors which 
bear less net negative charge in hypervariable regions are less effi-
ciently phagocytosed by Kupffer cells compared with Ad5 and chi-
meric Ad5/Ad6 viruses.45 Modification of Ad vector capsids with 
non-reactive polymers, such as polymers of poly[N-(2-hydroxy-
propyl)methacrylamide] or polyethylene glycol, may be another 
method for evading Kupffer cell uptake.46,47 Alternative strategies 
to improve the HDAd vector therapeutic index include blockade 
of scavenger receptors before HDAd administration. Selective 
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Figure 7 Pre-treatment with anti-sr-A and anti-srec-I blocking 
antibodies enhances hepatocyte transduction efficiency. Wild-type 
BALB/c mice were injected with anti-SR-A Fab (SR-A), anti-SREC-I Fab 
(SREC-I), a combination of both (SR-A + SREC-I), unrelated IgG Fab 
(unrelated Fab), or saline 5 minutes before the injection of 5 × 1011 vp/
kg of HDAd-AFP. Pre-treatments with anti-SR-A or anti-SREC-I Fabs and 
with a combination of both resulted in increased serum AFP levels at 7 
days post-injection (at least n = 7 per treatment group; one-way ANOVA 
and post-hoc multicomparison Tukey’s test: *P < 0.05; **P < 0.01 com-
pared with saline group; #P < 0.05 compared with unrelated Fab). AFP, 
α-fetoprotein; ANOVA, analysis of variance; HdAd, helper-dependent 
adenoviral vector; vp, viral particle.
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blockade of SR-A and SREC-I, as performed in this study by 
blocking Fabs before vector administration, may be a safe and 
effective approach to obtain efficient hepatocyte transduction.

In conclusion, this study shows SR-A and SREC-I are both 
involved in vivo in Ad vector uptake and are potential targets to 
improve vector therapeutic index by reducing reticuloendothelial 
uptake that may allow the use of lower, less toxic doses.

MAterIAls And MetHods
Vectors. HDAd-AFP and HDAd-LacZ vectors bear a PEPCK-WL-
bAFP and a MCMV-LacZ expression cassette, respectively.29,48 HDAd 
was produced in 116 cells with the helper virus AdNG163 as described 
previously.36,48 Helper virus contamination levels were determined and 
were found to be <0.05%. DNA analyses of HDAd genomic structure 
was confirmed as described elsewhere.48 Fluorescent-labeled HDAd 
was conjugated with AlexaFluor-555 carboxylic acid, succinimidyl ester 
(Invitrogen Life Technologies, Carlsbad, CA), as previously described 
with some modifications.49 Briefly, 100 μl of dimethyl sulfoxide 99% anhy-
drous (Sigma Aldrich, St Louis, MO) was added to 1 mg of the lyophilized 
Alexa Fluor dye. The HDAd vector stock was diluted to 5 × 1011 vp/ml in 
2 ml of 0.1 mol/l sodium bicarbonate buffer, pH 8.5 and the entire 100 μl of 
dye was added to 2 ml of diluted virus stock while the solution was mixed 
by vortexing. The reagents were mixed continuously by vortex for 1 hour 
at room temperature in a foil-wrapped 15 ml tube. After the 1 hour incu-
bation, the entire 2 ml volume was injected into a 10 kDa MWCO Slide-
A-Lyzer dialysis cassette (Pierce Thermo Scientific, Rockford, IL) and 
dialyzed overnight at 4 °C against a total of three changes of 0.1 mol/l Tris-
HCl pH 7.8, 0.1 mol/l MgCl2, 1.5 mol/l NaCl. The dialyzed AlexaFluor-
555–labeled HDAd was adjusted to a final concentration of 10% glycerol 
and stored at −80 °C.

Mice and injections. Nine- to twelve-weeks-old male C57BL/6 (The 
Jackson Laboratory, Bar Harbor, ME) or BALB/c mice (Charles River 
Laboratories International, Wilmington, MA) were used for all the experi-
ments. SR-A−/− mice were purchased from The Jackson Laboratory. 
All the injections were performed retro-orbitally in a volume of 200 µl. 
Polyinosinic acid potassium salt (Sigma Aldrich) was dissolved in PBS. 
Fabs from anti-SR-A (HM1061; HyCult Biotechnology, Montrouge, 
France), anti-SREC-I (AF2409; R&D, Minneapolis, MN), and goat anti-
rat IgG (Pierce Thermo Scientific) were generated by Antibody Research 
(St Charles, MO) by papain digestion and protein A purification (Pierce 
Thermo Scientific) and were injected at the dose of 500 µg/kg. Poly[I], Fabs, 
or saline pre-treatments were followed after 5 minutes by vector injection. 
Serum AFP and mouse interleukin-6 levels were measured as previously 
reported.29,50 Serum LDH was measured by the chemistry laboratory of the 
Center for Comparative Medicine (Baylor College of Medicine, Houston, 
TX). One-way ANOVA followed by post-hoc multicomparison Tukey’s 
test was performed for comparison of experimental groups.

Reverse transcription and real-time qPCR. Complementary DNA was 
synthesized from 1 μg of total RNA extracted from snap-frozen mouse 
livers by reverse transcription using Superscript II according to the manu-
facturer’s instruction (Invitrogen Life Technologies). Samples were then 
diluted 1:10 in nuclease-free water and used as template for real-time qPCR. 
Real-time qPCR was performed using the Light Cycler Faststart DNA 
Master SYBR Green I (Roche, Indianapolis, IN) in a total volume of 20 μl 
with 2 μl of template DNA, 4 mmol/l MgCl2, and 5 μmol/l of each specific 
primer. Sequences of the mouse primer used in real-time PCR were as fol-
lows: Srec-I forward: 5′-GGTCCTGTCTGGTCTGTCTTTCGTCGTT-3′,  
reverse: 5′-CGCAGAGGCTTAGGGATAGCACTCTTT-3′; Srec-II forward:  
5′-CTCCAGGGCCTCCTTCTCATCATTCGACA3′, reverse: 5′-CAGTCG 
CTTCCTCGTGGGGCACACAGTACA-3′; SRA1 forward: 5′-CTCAGACT 
GAAGGACTGGGAACACTCAC-3′, reverse 5′-TCACCTTTAACACCTG 

GAATACCTCTTA-3′; β-actin forward: 5′-TGTTTTGTTTTGGCGCTTT 
TGACTC-3′, reverse: 5′-TTGTAGAACTTTGGGGGATGTTTGCT-3′.

Cycling conditions consisted of 95 °C for 10 seconds, 50–65 °C for 7 
seconds, and 72 °C for 20 seconds. Raw data were analyzed with the 2−ΔΔCT 
method, normalized to β-actin as housekeeping gene and calibrated to 
SR-A+/+ expression, using Light Cycler software version 3.5 (Roche).

In vitro infection and vector genome copy analysis. J774A.1 cells were 
purchased from European Collection of Cell Culture (Salisbury, UK) and 
cultured according to supplier’s instructions. Cells were pre-treated with 
anti-SR-A, anti-SREC-I, unrelated IgG Fabs, or poly[I] 30 minutes before 
HDAd infection or left untreated. Cells were infected with HDAd-LacZ at 
an MOI of 100 vp/cell for 1 hour, infection media were then removed and 
replaced with fresh regular maintenance media. Total DNA was extracted 
after 24 hours using standard phenol-chloroform extraction and quanti-
tated by absorbance at 260 nm. At least three different experiments were 
performed per treatment group.

Quantitative real-time PCR was performed in duplicate for each  
experiment using the LightCycler FastStart DNA Master SYBER 
Green I (Roche) in a total volume of 20 ml with 100 ng of template  
DNA, 1 mmol/l of each HDAd-specific primers (5′-TCTGAATAA 
TTTTGTGTTACTCATAGCGCG-3′ and 5′-CCCATAAGCTCCTTTT 
AACTTGTTAAAGTC-3′). Cycling conditions consisted of 95 °C 
for 10  minutes followed by 45 cycles at 95 °C for 10 seconds, 60 °C for 
7 seconds, and 72 °C for 20 seconds. Serial dilutions of a plasmid bearing 
the PCR target sequence were used as a control to determine the amounts 
of HDAd. Results were analyzed with Light Cycler software version 3.5 
(Roche). One-way ANOVA followed by post-hoc multicomparison 
Tukey’s test was performed as statistical analysis.

Immunofluorescence studies. J774A.1 cells were infected with AlexaFluor-
555–labeled HDAd at an MOI of 3 × 104 vp/cell for 15 minutes at 37 °C, 
and then fixed in 4% paraformaldehyde/PBS pH 7.4. Anti-SR-A and 
anti-SREC-I (sc-11298; Santa Cruz Biotechnology) were used as primary 
antibodies. Secondary antibodies were anti-rat AlexaFluor-488 for SR-A 
and anti-goat AlexaFluor-488 for SREC-I (Invitrogen Life Technologies). 
Nuclei were counterstained with DAPI (4′,6-diamidino-2-phenylindole) 
(Invitrogen Life Technologies). Each experiment was performed in tripli-
cate and 20 randomly chosen images were analyzed for each staining.

Four AlexaFluor-555–labeled HDAd (dose 5 × 1011 vp/kg) and two saline-
injected animals were perfused with PBS pH 7.4 and harvested livers were 
fixed with 1% paraformaldehyde/PBS pH 7.4 for 5 minutes. After immersion, 
post-fixation in 1% paraformaldehyde and 0.5% glutaraldehyde solution for 3 
hours followed by overnight immersion in 30% sucrose, livers were included 
in OCT compound (Tissue-Tek; Sakura Finetek, Torrance, CA). Embedded 
livers were cryosectioned at 4 µm and fixed in 4% paraformaldehyde. 
Sections were then permeabilized in PBS, 0.2% Triton and blocked in 5% 
BSA for SR-A staining and in 3% BSA, 5% donkey serum, 0.3% Tween20, 
20 mmol/l MgCl2 for SREC-I staining. Primary antibodies used were 
anti-SR-A (NBP1-00092; Novus Biologicals, Cambridge, UK), anti-CD31 
(550274-BD; Pharmingen, Oxford, UK), anti-CD68 (MCA1957; BD Serotec, 
Kidlington, UK), and  anti-SREC-I (AF2409; R&D). Secondary antibodies 
were anti-rabbit  AlexaFluor-488  for SR-A, anti-goat AlexaFluor-488 for 
SREC-I, and anti-rat AlexaFluor-647 for CD31 and CD68 (Invitrogen Life 
Technologies). Confocal images were obtained using LSM 710 microscope 
(Plan-Apochromat 63X/1.40oil DIC M27 objective; lasers excitation 
wavelength: 488, 561, 633, and 405 nm; filters: ChS1-494-552 for 488, ChS2-
562-630 for 555, Ch2-637-655 for 647, Ch1-409-495 for DAPI; zoom was 
×2.0 for cell studies and ×0.6 for tissue studies) and ZEN 2008 software (Carl 
Zeiss, Oberkochen, Germany). At least five images per animal were analyzed 
for each staining. Image Correlation Analysis tool of ImageJ software (NIH, 
Bethesda, MD) was used for quantitative analysis of colocalization, with at 
least three images from three different animals analyzed per group.
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suPPleMentArY MAterIAl
Figure S1. Clearance of HDAd in saline or poly[I] pre-treated wild-
type C57BL/6 mice.
Figure S2. Alexa555-HDAd infectivity.
Figure S3. SREC-I and SR-A colocalize with HDAd vector in mouse 
livers.
Figure S4. Controls for SR-A and SREC-I staining and Alexa555-HDAd 
autofluorescence.
Figure S5. SR-A colocalizes with HDAd particles in both endothelial 
and Kupffer cells in the liver.
Figure S6. SREC-I colocalizes with HDAd particles in both endothelial 
and Kupffer cells in the liver.
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