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Adrenal Gland Infection by Serotype 5 Adenovirus
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Abstract

Recombinant, replication-deficient serotype 5 adenovirus infects the liver upon in vivo, systemic injection in rodents. This
infection requires the binding of factor X to the capsid of this adenovirus. Another organ, the adrenal gland is also infected
upon systemic administration of Ad, however, whether this infection is dependent on the cocksackie adenovirus receptor
(CAR) or depends on the binding of factor X to the viral capsid remained to be determined. In the present work, we have
used a pharmacological agent (warfarin) as well as recombinant adenoviruses lacking the binding site of Factor X to
elucidate this mechanism in mice. We demonstrate that, as observed in the liver, adenovirus infection of the adrenal glands
in vivo requires Factor X. Considering that the level of transduction of the adrenal glands is well-below that of the liver and
that capsid-modified adenoviruses are unlikely to selectively infect the adrenal glands, we have used single-photon
emission computed tomography (SPECT) imaging of gene expression to determine whether local virus administration
(direct injection in the kidney) could increase gene transfer to the adrenal glands. We demonstrate that direct injection of
the virus in the kidney increases gene transfer in the adrenal gland but liver transduction remains important. These
observations strongly suggest that serotype 5 adenovirus uses a similar mechanism to infect liver and adrenal gland and
that selective transgene expression in the latter is more likely to be achieved through transcriptional targeting.
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results using capsid-modified adenoviruses were reported
[10,23,24] questioning the role of CAR in adenovirus infection
of the liver  vivo. Since then, different studies have demonstrated
a role of vitamin K-dependent blood factors in liver transduction
[25,26,27,28,29]. More precisely, this phenomenon was attributed
to factor X (FX) binding to capsid hexon protein, making a bridge
between the virus and hepatocyte heparan sulfate glycosamino-
glycans [25,26,27,28,29].

Although adrenal glands can be infected through systemic
administration of the virus, the level of transgene expression
achieved remains low. This modest level of transgene expression is
illustrated by the fact that gene transfer in the adrenal glands
cannot be visualized by sensitive, whole-body imaging techniques
such as PET or even SPECT using the Na/I symporter (NIS) as
a reporter gene, while transgene expression in the liver can easily
be detected and quantified using either of these methodologies
[30,31]. Two strategies could be envisaged to restrict and/or
increase transgene expression in the adrenal gland: i) selective
transduction of the adrenal glands, but, for this strategy to be
efficient, the mechanism of infection of the two organs would have
to be different and ii) a more localized type of injection (i.e. direct

Introduction

Recombinant, serotype 5 adenoviruses are probably the most
widely used delivery vectors in gene therapy. In vitro and in vivo
upon local injection, they can infect a wide range of cell types such
as epithelial cells [1,2,3], cardiomyocytes [4] and cancer cells
[5,6,7,8]. In vivo, systemic injection of recombinant adenovirus is
followed by a rapid disappearance of the virus from the blood
stream [9] and leads to a predominant expression in hepatocytes
[10,11,12,13,14]. Another organ efficiently infected by adeno-
viruses upon systemic injections is the adrenal glands
[15,16,17,18,19]. Although the infectivity of the adrenal gland is
below that of the liver [18], it is equivalent to that of the spleen
[17]. In the adrenal gland, the site of synthesis of cortisol and
corticosterone, the zona fasciculata, has been shown to be
particularly prone to infection [18].

Classically, the sequence of i vitro infection of an adenovirus
serotype 5 is thought to involve the binding of the viral fiber to the
coxsackie adenovirus receptor (CAR), followed by internalization
mediated by cellular av-integrins [20,21]. If the sequence of events
involved for  vivo infection was initially thought to be similar to

the & vitro one, recent data have changed the overall consensus:
Despite a strong expression of CAR in the liver [22], conflicting
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injection in the kidney) would increase the viral load in the vicinity
of the adrenal gland and potentially increase transduction.
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In this context, the aim of the present study is to gain a better
understanding of the transduction of the adrenal glands by type 5
adenovirus and to assess a new administration routes to improve
adrenal gland transduction by this vector.

Materials and Methods

Adenovirus

The replication-incompetent adenovirus, Ad-CMV-rNIS, in
which the immediate-early promoter of CMV drives the
expression of rat NIS, has been described previously [32]. Ad-
CMV-nls-LacZ, is a recombinant, replication deficient adenovirus
in which the expression of the B-galactosidase gene containing
a nuclear localization signal is driven by the immediate-early
CMV promoter. Both viruses were produced and titrated at the
“Plateforme de production de vecteurs pré-cliniques du CHU de
Nantes”, using a standard protocol.

Animals Studies

Animal housing and procedures were conducted according to
the guidelines of the French Agriculture Ministry and were
approved by the institutional review board (CIEPAL: Comité
Institutionnel d’Ethique Pour I’Animal de Laboratoire) (Permit
number # A06-088-14). Gene-transfer studies were performed on
female Balb/c mice obtained at 8 weeks of age from Janvier (Le
Genest Saint Isle, France). Ad-CMV-rNIS (5x10% or 1x10° PFU/
mouse) in sterile saline buffer (final volume, 200 pl) was
administered intravenously. For the intra-renal injections, Ad-
CMV-rNIS (5x10° PFU/mouse) were injected into the paren-
chyma of the left kidney of anaesthetised, 7-week-old Balb/c mice.
For biodistribution studies, mice were also injected subcutaneously
(s.c.) with 133 pg of warfarin/mouse 3 and 1 day prior to Ad
vector injections as previously described [25].

MicroSPECT/CT Studies

Forty eight hours after adenovirus administration, mice were
injected intraperitoneally with 100 MBq *™T¢ pertechnetate
(*™TcO, ") obtained from a freshly eluted **Mo/*™Tc gencra-
tor. Precisely 20 min later, mice were imaged under Isofluran
anaesthesia (Baxter, Aerane). Localization of the kidney was
performed using “*™Tc-Dimercaptosuccinic acid (**™Tc-DMSA)
as a probe. Briefly, DMSA (TechneScan DMAS) was labelled
using a standard procedure [33]. This tracer (95 MBq) was
administered by intraperitoneal injection. Five hours later, the
animals were anaesthetized and scanned. In both cases (™Tc
pertechnetate and *™Tc-DMSA) SPECT/CT scans were per-
formed using a micro-SPECT-CT (eXplore speCZT CT120,
General Electric), using a previously published protocol [31].
Image analyses and quantification were performed using the
‘AMIDE’ software [34].

Enzymatic and PCR Assays

B-galactosidase activity was measured as previously described
[29]. Total RNA from the livers or adrenal glands of
adenovirus-injected mice were extracted using Nucleospin
RNAII (Macherey-Nagel, France) and transcribed into cDNA
using the Superscript III enzyme (Invitrogen, France). CAR and
18S expression were determined using primers and experimental
conditions described in [35] and [36], respectively. Real-time
PCR was performed with the 7900HT Fast Real-Time PCR
System and carried out using TaqgMan® gene expression assays
(Applied Biosystem, France). Primer sets (Rn 00583900-m1 for
NIS and Mm-013518-11 for GAPDH) were designed by, and
purchased from, Applied Biosystems. Cycle parameters were
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95°C for 20 s followed by 40 cycles of 95°C for 1 s and 60°C
for 20 s. Relative mRNA expression levels were determined
using ACt values obtained by subtracting Ct control (mouse
GAPDH) from Ct target gene (rat NIS), measured in the same
RNA preparation.

Results

Adenovirus Infection of the Adrenal Gland is CAR-
independent

We first assessed whether the CAR receptor is expressed in
the adrenal glands. For that purpose, mRNA was extracted
from dissected adrenal glands or a liver biopsy (as a positive
control) and subjected to reverse-transcription and PCR
amplification. As expected, CAR is indeed expressed in the
liver (Figure 1A). By contrast, in the adrenal glands, CAR is
undetectable (Figure 1A).

To exclude completely a CAR-dependent mechanism and
provide new insight into the infection of the adrenal glands, we
compared transgene expression upon injection of a wild-type,
replication-deficient adenovirus (AdHwt, 10° PFU) and a repli-
cation-deficient adenovirus in which the hexon hypervariable
region 5 had been modified (AdH[GA]24, 10° PFU). Both
viruses encode the LacZ gene driven by the same promoter and
both are equally able to infect CAR-positive cells [29]. PB-
galactosidase staining of the whole liver obtained forty-eight
hours after systemic AdHwt injection showed an intense blue
colour, characteristic of LacZ gene expression (Fig. 1B), while
staining of a liver obtained from an AdH[GA]24-injected
animal remained unstained (Fig. 1B). This set of results
confirms previous data by Vigant et al [29] and highlights the
requirement of functional hexon proteins for adenovirus in-
fection, m vivo. In the adrenal glands, systemic administration of
AdHwt resulted in a very significant increase in f-galactosidase
expression compared to untreated controls, while systemic
injection of AdH[GA]24 resulted in levels of P-galactosidase
transcripts fifty times lower than those obtained with AdHwt
(Fig. 1G; P<<0.001). Altogether, these results demonstrate that,
in contrast to the wild-type AdHwt, AdH[GA]24 is unable to
transduce either the liver (Fig. 1B) or the adrenal glands
(Fig. 1C). These data strongly suggest that, as in the liver,
infection of the adrenal glands involves blood factors that bind
to the viral capsid.

Involvement of Blood Factors in Adenovirus Infection of
the Adrenal Glands

To determine whether blood factors are indeed involved in
the infection of the adrenal glands by type 5 adenovirus,
a pharmacological intervention (warfarin pre-treatment) was
used. Warfarin inhibits the vitamin K-dependent y carboxyla-
tion of the glutamic acid residues in the N-termini of Factor II,
VII, IX and X as well as protein C and results in reduced
functional, circulating levels of these coagulation factors. To
compare the effect of warfarin on adenovirus-mediated gene
transfer in the liver and the adrenal glands, warfarin was
administered three and one days before virus administration.
Twenty-four hours after the last injection of warfarin, the
animals were administered intravenously with 6x10® PFU of
Ad-CMV-nls-LacZ. As expected, systemic injection of this virus
led to strong levels of B-galactosidase activity in the liver
(Figure 2A). Pre-treatment of the experimental animals with
warfarin reduced dramatically this activity (Figure 2A). In the
adrenal glands, systemic administration of Ad-CMV-nls-LacZ
resulted in a significant increase in P-galactosidase activity that
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Figure 1. A: CAR expression in the liver and the adrenal glands. Total RNAs were extracted from liver biopsies or total adrenal glands and
subjected to reverse transcription and PCR amplification. The PCR products were separated by electrophoresis. B and C: Mice were injected
systemically with 10° PFU of either AdHwt (n=7) or AdH[GA]24 (n=7) or PBS (n=4). Forty-eight hours later, the animals were culled and the livers
and adrenal glands were collected. B: Whole liver were stained for B-galactosidase expression. C: Total RNA were extracted from the adrenal glands
(two glands from the same animal were pooled), reversed-transcribed and subjected to quantitative PCR to detect LacZ expression or 185 RNA. The
ratio LacZ/18S of adrenal glands collected from animals injected with AdHwt was used as 100%. The data presented are means+SEM. Statistical test:

ANOVA (Prism, Graph-Pad softwares).
doi:10.1371/journal.pone.0062191.g001

was significantly reduced (p<<0.05) by warfarin pre-treatment
(Figure 2A). RT-qPCR to measure PB-galactosidase transcripts
levels on mRINA extracted from the liver or the adrenal glands
of warfarin-treated or non-treated animals confirmed these data
(Figure 2B). In both cases, warfarin pre-treatment reduced f-
galactosidase-specific mRINA expression by more than a factor
10 (Figure 2B). These results suggest that blood factors are
required not only for efficient transduction of liver but also for
adrenal glands transduction by adenovirus type 5.

PLOS ONE | www.plosone.org

Involvement of Factor X

To determine whether factor X can restore gene transfer
abolished by warfarin, 6x10° PFU of Ad-CMV-nls-LacZ were
injected systemically in warfarin-treated mice or warfarin-treated
mice supplemented with 33 g of recombinant factor X
(Haematologic Technologies, Essex Junction, VT, USA) (in-
travenous injection) prior to adenovirus administration. Forty-
eight hours later, experimental animals were culled and livers
and adrenal glands were collected. Figure 3A shows that factor
X administration restores the transduction of the liver,
measured by B-galactosidase staining of the whole organ. The
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Figure 2. Effect of warfarin pre-treatment on adenoviral transgene expression. A replication-deficient recombinant adenovirus encoding
the Lac-Z gene (6 x108 PFU) was injected in control- (Adenovirus) or warfarin-pretreated animals (Warfarin and Adenovirus). Twenty-four hours later,
liver biopsies or adrenal glands were collected. A: Measurement of the B-galactosidase protein in the samples was performed. The data presented are
percentages of mean +/— SEM from untreated animals (n =2), adenovirus-injected animals (n = 10) and adenovirus-injected animals, pre-treated with
warfarin (n=10). 100% represents the average of B-galactosidase activity in the adrenal glands (100% = 7584 B-gal units/mg of protein) or liver
(100% = 24805 B-gal units/mg of protein) of adenovirus-injected animals. Statistical test: ANOVA (Prism, Graph-Pad softwares). B) Total RNA were
collected from individual adrenal glands or liver biopsies, reversed-transcribed and subjected to quantitative PCR to detect LacZ or 18S RNA. The ratio
LacZ/18S of liver or adrenal glands collected from animals injected with adenovirus was set at 100%. Data presented are duplicate determinations

from a single adrenal gland and liver biopsy and is representative of 4 independent experiments.

doi:10.1371/journal.pone.0062191.9g002

same phenomenon can be observed in the adrenal gland of
these animals, as the levels of LacZ transcripts are nearly ten
times higher in the adrenal glands of factor X-complemented
animals than in the adrenal glands of warfarin control animals
(Fig. 3B). These results demonstrate that the mechanism of
infection of the adrenal glands by adenovirus requires, as
observed for the liver, a complex between factor X and the
viral particle.

Visualization of the Kidneys by SPECT/CT

The SPECT tracer 99mTc-dimcrcaptosuccinic acid (
DMSA) is used in nuclear medicine to visualize the renal cortex
[33]. This tracer was injected to mice. Five hours later, the animals
were anaesthetized and subjected to a SPECT/CT scan. Figure 4A
show transverse, coronal and sagittal views of the accumulation of
99mT.DMSA in the kidneys. A three-dimensional reconstruction
of the images is also presented (Figure 4B). Altogether, the
information obtained allow a localization of the kidneys in the
SPECT/CT images which can in turn be use for an accurate
localization of the adrenal glands.

99m- Tc-
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Adrenal Glands Transduction Upon Intra-renal Injection
of Adenovirus Type 5 is Detectable by SPECT/CT Imaging
and is Warfarin-dependent

To investigate whether intra-renal administration of adenovirus
could lead to improved transduction, mice were injected with
5x10% PFU of Ad-CMV-rNIS in the left kidney. Forty-eight hours
later, the animals were administered intra-peritoneally with the
tracer *"™TcO,”. This tracer accumulates selectively in organs
expressing the Na/I symporter (NIS) [31], i.e the thyroid, stomach
and salivary glands that express NIS endogenously as well as the
organs/tissues transduced by the adenovector. The animals were
then anaesthetized and positioned into a SPECT/CT scanner.

The SPECT/CT images, analyzed in the light of the images
obtained using the kidney specific probe "™ Tc-DMSA (Figure 4),
revealed a strong, discrete signal just above the kidney, in an area
expected to encompass the adrenal gland (Figure 5A). As such
a signal is absent in SPECT/CT images of mice administered
intravenously with the same adenovirus [31] or in the contra-
lateral kidney (not shown), this set of data suggests that the intra-
renal route of administration of adenovirus is more efficient than
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Figure 3. Influence of Factor X on adenovirus transduction in warfarin-treated mice. A replication-deficient recombinant adenovirus
encoding the Lac-Z gene (6108 PFU) was injected in warfarin-pretreated animals (n=7) or warfarin-pre-treated, factor X-complemented animals
(n=5). Forty-eight hours later, liver biopsies or adrenal glands were collected. A) Whole liver were stained for -galactosidase expression. B: Total RNA
were extracted from the adrenal glands (two glands from the same animal were pooled), reversed-transcribed and subjected to quantitative PCR to
detect LacZ expression or 185 RNA. The ratio LacZ/18S of adrenal glands collected from warfarin-pre-treated, factor X-complemented animals
injected with adenovirus was set at 100%. The data presented are means+SEM. Statistical analysis: Student t test (Prism, Graph-Pad softwares).

doi:10.1371/journal.pone.0062191.g003

the intravenous one to transduce this organ. A similar imaging
protocol involving intra-renal administration of 5x10° PFU of
Ad-CMV-rNIS in mice pre-treated with warfarin resulted in a lack
of signal in the adrenal glands area (Figure 5B), confirming that
adrenal gland infection depends on blood factors. Images focusing
on the liver showed that intra-renal administration of Ad-CMV-
rNIS led to an important transduction of this organ (Fig. 6A).
Quantitative analysis of liver adenoviral transduction in animals
administered using the intra-venous or intra-renal route failed to
show any statistically-significant difference. In addition, SPECT/
CT analysis of the liver of animals administered intra-renal with
Ad-CMV-rNIS  confirmed that liver transduction is warfarin
dependent (Fig. 6B). To verify the data obtained through imaging,
analysis of transgene expression was performed using quantitative
RT-PCR on liver and adrenal gland biopsies. The data presented
in Figure 7 confirm the imaging data and demonstrate that the
intra-renal route of administration results in the transduction of
the adrenal glands and that both liver and adrenal gland
transduction are warfarin-dependent.

Discussion

Although adenovirus infection has been thought, for more than
a decade, to require the binding of the virus to the cellular CAR,
recent data have demonstrated that, @ vivo, when the virus is
administered systemically, CAR is not required for infection. The
current consensus describes the formation of a complex between
the adenovirus and a blood factor (factor X) and this complex is
taken up by cells in a CAR-independent mechanism. This concept
has been elucidated in the liver but has also been demonstrated in
the spleen [26], lung and heart [37,38] and human epithelial cells
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[39] and involves heparan sulfate proteoglycans [40]. In the
adrenal glands, CAR mRNA is undetectable (Figure 1A). This
result is in agreement with previous work describing the lack of
CAR-specific immuno-reactivity in mouse adrenal glands [41] and
suggests strongly that the infection of the adrenal glands by
adenovirus type 5 is CAR-independent. Subsequent experiments
using both capsid-modified adenoviruses and pharmacologic
interventions confirmed this hypothesis and demonstrated that
adenovirus infection in this tissue depends on Factor X. Therefore,
our data demonstrate that the adrenal glands are infected in a way
similar to that described for infection of the liver, spleen, lung,
heart and human epithelial cells. In this context, our data
strengthen the point of view suggesting the general nature of this
mechanism.

To our knowledge, this is the first time that the warfarin-
sensitive nature of adenovirus infection i vivo as well as trans-
duction of the adrenal glands by any gene delivery vector was
demonstrated using imaging of gene expression. In this context,
monitoring of gene transfer using NIS as a reporter gene by
SPECT/CT offers many advantage. This methodology allows
repetitive, longitudinal studies of transgene expression [31] and
has also been used and validated to monitor the spread of
oncolytic virus [7,42]. Humans and clinical trials have validated
the utilization of the NIS reporter gene to monitor cancer gene
therapy [43] and to adjust treatment [44]. The data presented in
the present work demonstrates that the detection of NIS
expression can benefit from the utilization of well-established
SPECT probes in nuclear medicine such as ™ Tc-DMSA to help
to locate transgene expression.

Local delivery of adenovector, through intra-renal injection,
results in an increased transduction of the adrenal gland.

April 2013 | Volume 8 | Issue 4 | e62191
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Figure 4. Localization of the kidneys using ®*™Tc-DMSA. Mice were injected intra-peritoneally with 95 MBq of “™Tc-DMSA. Five hours later,
the animals were anaesthetized and SPECT/CT scans performed. A) Transverse, coronal and sagittal sections centered on the kidneys. B) Volume
rendering of the whole animal in which the kidneys appear in yellow. Legend: K: kidney, L: left, post: posterior side of the animal.

doi:10.1371/journal.pone.0062191.9g004

SPECT/CT imaging of gene expression using this route to
administer a replication-deficient adenovirus encoding the Na/I
symporter led to a clear, discrete signal in the kidney area. The
transduction of the adrenal glands was verified by RT-PCR on
biopsies and RT-PCR on mRNAs extracted from the kidneys
failed to provide any signal. Quantitative analysis of the images
suggested that transgene expression was increased by a factor
varying from two to five with the intra-renal route of

PLOS ONE | www.plosone.org

administration. Considering the short half-life of adenoviruses
in the circulation [9], the difference of transduction observed
with the two modes of injection is likely to be due to the
increased availability of the vector in the adrenal glands. More
specifically, upon intra-renal administration, the adenovector
probably ends up in the circulation and that the first
“transduceable” organ that it encounters is the adrenal glands,
followed by the liver. Consistent with this hypothesis and
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Figure 5. Visualization of gene transfer in the adrenal gland upon intra-renal injection: Effect of warfarin. Direct injection of 5x10° PFU
Ad-CMV-INIS in the left kidney was performed on control (A) or warfarin-treated mice (B). Forty-eight hours later, the mice were anaesthetized and
SPECT/CT scans performed. The transverse, coronal and sagittal sections presented are centered on the adrenal glands. Legend: AG: adrenal glands, L:
liver, K: kidneys, S: stomach, post: posterior side of the animal.

doi:10.1371/journal.pone.0062191.g005

considering the dramatic difference in size of the liver versus the intra-renal route is relevant to increase adrenal gland trans-

adrenal glands, it is not surprising that the intra-renal or intra- duction but is inefficient at reducing liver transduction.

venous mode of administration led to a level of transduction Adenoviral infection of the adrenal glands has been exploited in

that was not statistically different (not shown). Therefore, the pre-clinical gene therapy protocols for diseases related to adrenal
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Figure 6. Visualization of gene transfer in the liver upon intra-renal injection: Effect of warfarin. Direct injection of 5x10® PFU Ad-CMV-
rNIS in the left kidney was performed on control (A) or warfarin-treated mice (B). Forty-eight hours later, the mice were anaesthetized and SPECT/CT
scans performed. The transverse, coronal and sagittal sections presented are centered on the liver. Legend: L: liver, S: Stomach.
doi:10.1371/journal.pone.0062191.g006
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Figure 7. Effect of warfarin pre-treatment on adenoviral transgene expression following intra-renal administration. Ad-CMV-rNIS,
a replication-deficient recombinant adenovirus encoding the NIS gene (5x10% PFU) was injected into the left kidney of control- (Adenovirus) or
warfarin-pretreated animals (Warfarin and Adenovirus). Fourty-eight hours later, liver biopsies and adrenal glands were collected. Total RNA were
collected from individual adrenal glands (on the left kidney) or liver biopsies, reversed-transcribed and subjected to quantitative PCR to detect rNIS
expression or GAPDH RNA. The ratio rNIS/GAPDH of liver or adrenal glands collected from animals injected with adenovirus was set at 100%. Data
presented are triplicate determinations from three adrenal gland and liver biopsies. The data presented are means+SEM. Statistical analysis: Student t

test (Prizm, Graph-Pad softwares). **p=0,01.
doi:10.1371/journal.pone.0062191.9g007

dysfunctions [45,46]. Alternatively, infection of the adrenal glands
can also be seen as a source of side-effect of an adenoviral gene
therapy approach targeting another organ: Adenoviral infection of
cells from the adrenal glands has been shown to induce
inflammatory cytokines [47], as well as affecting steroid hormone
production [47,48]. In the latter context, the availability of an
adenovector that would avoid selectively the transduction of the
adrenal glands would prevent potential undesired effects. Re-
ciprocally, an adenovector capable of selective transduction of the
adrenal glands would be a useful tool. However, considering that
the mechanism of infection appears to be the identical in all tissues
infectable in vivo, the best strategy to restrict transgene expression
to the adrenal glands is transcriptional targeting rather that
targeted transduction. For this purpose, liver-specific [49] or
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