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Hydrodynamic injection of helper-dependent adenoviral vectors (HDAd) in mice results in increased
hepatic transduction, reduced splenic and pulmonary transduction, and reduced levels of the
proinflammatory cytokines IL-6 and IL-12 compared to conventional injection. These results indicate
that hepatic transduction by HDAd, at least alone, does not necessarily provoke a severe innate
inflammatory response. Instead, they suggest that systemic vector dissemination may play a major
role in the severity of the innate inflammatory response. These results further suggest that the
safety and efficacy of HDAd-mediated, liver-directed gene therapy may be improved if the vector
could be preferentially, if not exclusively, targeted to liver.
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INTRODUCTION

The liver is an important target for gene therapy
because hepatocytes can secrete therapeutic proteins
into the circulation for systemic delivery and because it
is the affected organ in many genetic disorders. Helper-
dependent adenoviral vectors (HDAd), which are
devoid of all viral coding sequences, have demonstra-
ted tremendous potential for liver-directed gene ther-
apy because they can transduce hepatocytes following
peripheral intravenous injection to direct long-term
transgene expression in the absence of chronic toxicity
(reviewed in [1,2]). However, there exists a barrier to
efficient hepatocyte transduction following systemic
administration of Ad-based vectors such that only at
high doses is efficient hepatic transduction observed.
Specifically, numerous studies have shown a nonlinear
dose response, with low doses yielding very low to
undetectable levels of transgene expression, but with
higher doses resulting in disproportionately higher
levels of transgene expression in mice [3–6] and non-
human primates [7–9]. Unfortunately, systemic admin-
istration of Ad-based vectors, including HDAd, at the
high doses required to achieve efficient hepatic trans-
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duction leads to acute toxicity. Consistently, it has
been shown in mice and nonhuman primates that low
vector doses result in minimal, if any, acute toxicity,
while high doses, required for efficient hepatocyte
transduction, can lead to severe and lethal acute
toxicity [8–10]. This acute toxic response occurs imme-
diately following vector administration, is independent
of vector-derived gene expression, and is consistent
with viral capsid-mediated activation of an innate
inflammatory response, the severity of which is dose-
dependent [4,10–12].

That both the efficiency of hepatic transduction and
the severity of the acute toxic response are dose-depend-
ent suggests a possible relationship that must be inves-
tigated because it has a direct implication on the clinical
usefulness of HDAd for liver-directed gene therapy. For
example, if high-efficiency hepatic transduction necessa-
rily results in severe acute toxicity, then the utility of
HDAd for liver-directed gene therapy must be reeval-
uated. In this study, we demonstrate that hydrodynamic
injection of HDAd results in preferential hepatic trans-
duction and we have used this approach to investigate
the important relationship between hepatic transduc-
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tion, systemic vector dissemination, and the severity of
the innate inflammatory response.

RESULTS

The size of the hepatic sinusoidal fenestrations (normally
V100 nm) is enlarged as a consequence of the high
intrahepatic vascular pressures generated by hydrody-
namic injection [13]. Because the size of the Ad virion is
~100 nm, we hypothesized that hydrodynamic delivery
would increase hepatic transduction efficiency.

Hepatic Vector Uptake
To determine if hydrodynamic injection of HDAd would
affect the hepatic transduction efficiency, we injected
mice under conventional and hydrodynamic conditions
with various doses of HDD28E4LacZ [14]. Forty-eight
hours postinjection, we harvested the livers for analyses.
FIG. 1. X-gal histochemistry 48 h following conventional or hydrodynamic in

hydrodynamic injection of 1 � 1012 vp/kg. Liver following (C) conventional or (D

(F) hydrodynamic injection of 1 � 1013 vp/kg. Spleen following (G) conventio

conventional or (J) hydrodynamic injection of 5 � 1012 vp/kg. Spleen following (K

(M) conventional or (N) hydrodynamic injection of 1 � 1012 vp/kg. Lung follow

following (Q) conventional or (R) hydrodynamic injection of 1 � 1013 vp/kg. The

The three organs shown for each injection condition are from the same mouse.
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Conventional injection of 1 � 1012 and 5 � 1012 vp/kg
yielded qualitatively fewer h-galactosidase-positive cells
(Figs. 1A and 1C) than hydrodynamic injection (Figs. 1B
and 1D) as determined by X-gal histochemistry. At a dose
of 1 � 1013 vp/kg, qualitative differences in transduction
efficiency were not distinguishable between hydrody-
namic and conventional injection because all cells
appeared h-galactosidase positive as determined by X-
gal histochemistry, likely because this high dose was
saturating (Figs. 1E and 1F). To quantitate the amount of
transgene expression, we extracted total protein from the
livers and determined the amount of h-galactosidase
activity. The results revealed that hydrodynamic injec-
tion resulted in higher activities than conventional
injection at all doses (Fig. 2): 2-fold higher ( P = 0.06) at
1 � 1012 vp/kg, 2.5-fold higher ( P = 0.009) at 5 � 1012 vp/
kg, and 1.5-fold higher ( P = 0.06) at 1 � 1013 vp/kg. To
determine the amount of vector genomes taken up by the
jection of HDD28E4LacZ into mice. Liver following (A) conventional or (B)

) hydrodynamic injection of 5 � 1012 vp/kg. Liver following (E) conventional or

nal or (H) hydrodynamic injection of 1 � 1012 vp/kg. Spleen following (I)

) conventional or (L) hydrodynamic injection of 1 � 1013 vp/kg. Lung following

ing (O) conventional or (P) hydrodynamic injection of 5 � 1012 vp/kg. Lung

results from one representative mouse from each treatment group are shown.

MOLECULAR THERAPY Vol. 12, No. 1, July 2005

Copyright C The American Society of Gene Therapy



FIG. 2. h-Galactosidase activity and vector genome copy number in the liver, spleen, and lungs of mice 48 h following conventional (conv) or hydrodynamic

(hydro) injection of HDD28E4LacZ. Background h-galactosidase activity was (n = 3, no vector): liver, 12.5 F 2.5 AU/Ag protein; spleen, 9.3 F 0.5 AU/Ag protein;

lung, 6.7 F 2.7 AU/Ag protein. Vector genome was undetectable in mock-injected animals.
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liver, we extracted total DNA and subjected it to
quantitative real-time PCR. The number of vector
genomes per nanogram of DNA following hydrodynamic
injection was 2.7-fold higher ( P = 0.002) at 1 � 1012 vp/
kg and 1.9-fold higher ( P = 0.04) at 5 � 1012 vp/kg
compared to conventional injection (Fig. 2). At 1 � 1013

vp/kg, the number of vector genomes per nanogram of
DNA was no different following hydrodynamic or con-
ventional injection ( P = 0.4) (Fig. 2), likely because this
high dose was saturating.

Splenic Vector Uptake
In contrast to the liver, conventional injection at all
doses (1 � 1012, 5 � 1012, and 1 � 1013 vp/kg) (Figs.
1G, 1I, and 1K) appeared to yield qualitatively more h-
galactosidase-positive cells in the spleen than hydro-
dynamic injection (Figs. 1H, 1J, and 1L) as determined
by X-gal histochemistry. This was consistent with the
h-galactosidase activity assay, which revealed that
conventional injection resulted in higher activities than
hydrodynamic injection at all doses (Fig. 2), an increase of
8.2-fold ( P = 0.0001) at 1 � 1012 vp/kg, 6.6-fold ( P =
0.0005) at 5 � 1012 vp/kg, and 2.9-fold ( P = 0.01) at 1 �
1013 vp/kg. Compared to hydrodynamic injection, the
number of vector genomes per nanogram of DNA follow-
ing conventional injection was also 2.7-fold higher ( P =
0.002) at 1 � 1012 vp/kg and 9.4-fold higher ( P = 0.08) at
5 � 1012 vp/kg as determined by quantitative real-time
MOLECULAR THERAPY Vol. 12, No. 1, July 2005
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PCR (Fig. 2). The number of vector genomes per nanogram
of DNA was no different following hydrodynamic or
conventional injection of 1 � 1013 vp/kg ( P = 0.3) (Fig. 2).

Pulmonary Vector Uptake
Qualitatively, very few h-galactosidase-positive cells were
visible in the lungs at 1 � 1012 or 5 � 1012 vp/kg
following either conventional (Figs. 1M and 1O) or
hydrodynamic (Figs. 1N and 1P) injection as determined
by X-gal histochemistry. However, at a dose of 1 � 1013

vp/kg, conventional injection (Fig. 1Q) yielded more h-
galactosidase-positive cells than hydrodynamic injection
(Fig. 1R). Quantitatively, as determined by h-galactosi-
dase activity assay, conventional injection resulted in a
3.6-fold higher ( P = 0.0006) and 6.4-fold higher ( P =
0.002) level of activity than hydrodynamic injection at a
dose of 1 � 1012 and 1 � 1013 vp/kg, respectively (Fig. 2).
We observed no difference ( P = 0.3) in activity in the
lungs at a dose of 5 � 1012 vp/kg (Fig. 2). With respect to
vector genomes per nanogram of DNA, conventional
injection resulted in higher levels than hydrodynamic
injection at all doses as determined by quantitative real-
time PCR (Fig. 2): 3.6-fold higher ( P = 0.00006) at 1 �
1012 vp/kg, 3.8-fold higher ( P = 0.003) at 5 � 1012 vp/kg,
and 4.3-fold higher ( P = 0.002) at 1 � 1013 vp/kg.

Taken together, we interpret the results presented in
Figs. 1 and 2 to suggest that hydrodynamic injection
alters vector biodistribution, resulting in higher effi-
101



FIG. 3. Serum IL-6 and IL-12 in mice 6 h following

conventional (conv) or hydrodynamic (hydro) injection

of HDAd.
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ciency hepatic transduction at the expense of extra-
hepatic transduction as evident by the lower efficiency
of vector uptake and transduction in the spleen and
lungs.

Proinflammatory Cytokines
Systemic intravascular administration of Ad-based vec-
tors results in activation of the innate inflammatory
response, marked by elevations of proinflammatory
cytokines, the magnitude of which is dose-dependent
[10,11,15]. Therefore, we compared the levels of the
proinflammatory cytokines IL-6, IL-12, and TNFa in the
mice presented above at 6 and 48 h postinjection.
Serum IL-6 was undetectable following injection of
vehicle alone under either conventional or hydrody-
namic injection. At a dose of 1 � 1012 vp/kg, hydro-
dynamic injection resulted in a 1.6-fold higher ( P =
0.05) level of IL-6 compared to conventional injection at
6 h (Fig. 3). At 5 � 1012 and 1 � 1013 vp/kg, conven-
tional injection resulted in 2.6- ( P = 0.01) and 4.4-fold
higher ( P = 0.007) levels of IL-6, respectively, than
hydrodynamic injection at 6 h (Fig. 3). IL-6 returned to
undetectable levels by 48 h for all doses and injection
conditions.

For serum IL-12, hydrodynamic injection of vehicle
alone resulted in an elevation from undetectable to
77.6 F 10 pg/ml at 6 h (Fig. 3). In contrast, conven-
tional injection of vehicle alone resulted in no detect-
able IL-12 at 6 h, indicating that hydrodynamic
TABLE 1: Dilution effect of

Albumin (g/dl)
Mouse Prea Postb Pre

1 2.8 2.4 5.1

2 2.7 2.7 5.0

3 2.8 2.6 5.0
4 2.7 2.3 4.8

Mean F SD 2.75 F 0.1 2.5 F 0.2 5.0 F
a Baseline value obtained 21 days pre-hydrodynamic injection.
b Value obtained 6 h post-hydrodynamic injection.
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injection alone increased IL-12 (Fig. 3). Interestingly,
at all doses, conventional injection resulted in higher
levels of IL-12 than hydrodynamic injection at 6 h (Fig.
3); 2.3-fold higher ( P = 0.02) at 1 � 1012 vp/kg, 6.1-
fold higher ( P = 0.000003) at 5 � 1012 vp/kg, and 4-
fold higher ( P = 0.002) at 1 � 1013 vp/kg. IL-12
returned to undetectable levels by 48 h for all doses
and injections.

We observed no elevation in serum TNFa at any dose
under either injection condition (data not shown). This is
consistent with published studies indicating little to no
elevation in serum TNFa in mice, nonhuman primates, or
humans following systemic administration of Ad in other
studies [11,12,15,16].

Because hydrodynamic injection involves injection
of about 2.5 to 3.0 ml into a mouse, possible dilution
effects from the large volume may result in under-
estimations of the serum cytokines levels. To inves-
tigate this, we hydrodynamically injected four mice
with vehicle only and measured the hematocrit as well
as the serum levels of albumin and total protein 6 h
postinjection and compared them to preinjection
values obtained 21 days previously. All three parame-
ters were reduced 6 h post-hydrodynamic injection
compared to baseline values: albumin decreased 9.1%
( P = 0.02), total protein decreased 8% ( P = 0.03), and
the hematocrit decreased 7.6% ( P = 0.03) (Table 1).
However, these reductions were small relative to the
differences observed for IL-6 and IL-12. Therefore, a
hydrodynamic injection

Total protein (g/dl) Hematocrit (%)
a Postb Prea Postb

4.4 48 44

4.9 46 41

4.8 48 45
4.2 43 41

0.1 4.6 F 0.3 46.3 F 2.4 42.8 F 2.1
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dilution effect of hydrodynamic injection does not
account for the lower levels of IL-6 and IL-12 observed
compared to conventional injection. That the excess
volume introduced by hydrodynamic injection is
rapidly excreted is consistent with a previous study
[17].

Taken together, we interpret these results to suggest
that systemic HDAd administered by hydrodynamic
injection results in a less severe elevation in serum IL-6
and IL-12 compared to administration by conventional
injection.

Kupffer Cells
Kupffer cells (KC) of the liver are a barrier to efficient
hepatocyte transduction by avidly sequestering Ad
following systemic intravascular administration, at least
in mice [5,6], and this has been implicated to play a
role in innate inflammatory response activation [6,18].
Therefore, we next investigated the effect of hydro-
dynamic injection on vector uptake by KC by injecting
fluorescently labeled HDD28E4LacZ either hydrody-
namically or conventionally into mice at a dose of
1 � 1012 vp/kg (n = 3 per injection condition). We
sacrificed the mice 1 h postinjection and harvested the
livers for fluorescence microscopy to localize the vector
and the KC. The results revealed comparable and
extensive colocalization of KC (green) and vector (red)
following either conventional or hydrodynamic injec-
tion. The results of two representative mice are pre-
sented in Fig. 4. Specifically, the percentage of KC that
appeared not colocalized with vector was comparable
MOLECULAR THERAPY Vol. 12, No. 1, July 2005
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following either conventional (5/45 or 11.1%) or hydro-
dynamic (6/65 or 11.5%) injection. These results indi-
cate that hydrodynamic injection does not alter the
number of KC that take up vector compared to conven-
tional injection.

Duration of Transgene Expression
HDAd have been shown to mediate long-term trans-
gene expression following hepatocyte transduction
[1,2]. Therefore, we next investigated whether hydro-
dynamic injection would affect the duration of expres-
sion by injecting three mice with 1 � 1012 vp/kg of
HDD21.7E4PEPCK-hFIX-WL, a HDAd bearing a liver-
restricted expression cassette for human coagulation
factor IX (hFIX), under either hydrodynamic or conven-
tional conditions. As shown in Fig. 5, both injection
conditions resulted in stable, high-level transgene
expression for at least 190 days, indicating that hydro-
dynamic injection did not compromise the duration of
expression from the HDAd. Consistent with the results
presented in Fig. 2, hydrodynamic injection resulted in
2.8-fold higher plasma hFIX compared to conventional
injection.

DISCUSSION

It has been proposed that the large volume rapidly
delivered by hydrodynamic injection results in accumu-
lation of excess fluid in the liver, as it is the largest
organ in the body with an expandable architecture.
Consequently, the liver fenestrations are enlarged due to
FIG. 4. Fluorescence microscopy of the liver from

representative mice 1 h postinjection with 1 � 1012

vp/kg of Cy3-labeled HDD28E4LacZ (HDAd) under

conventional or hydrodynamic conditions. Locations

of KC (green) are indicated by circles. KC that do not

appear colocalized with HDAd (red) are indicated by

yellow circles.
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FIG. 5. The mean F SD plasma levels of hFIX from mice (n = 3) following

conventional or hydrodynamic injection of 1 � 1012 vp/kg of HDD21.

7E4PEPCK-hFIX.
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the high intrahepatic pressure [13]. Since the liver
fenestrations are V100 nm in diameter, their enlarge-
ment by hydrodynamic injection may result in
increased extravasation of the 100 nm HDAd virion
into the liver parenchyma, thus increasing the like-
lihood of hepatocyte transduction. Indeed, we demon-
strate that systemic hydrodynamic injection of HDAd
results in higher efficiency of hepatic vector uptake
compared to conventional injection. Consistent with
our results is a study showing a direct positive relation-
ship between the size of the fenestrations and the
hepatocyte transduction efficiency by systemic Ad in
rabbits [20]. Furthermore, enlargement of the fenestra-
tions with sodium decanoate resulted in increased
hepatocyte transduction by Ad [20].

The spleen and the lung are major sites of vector
deposition following systemic administration of Ad
[11,12,15]. Our results also show that hydrodynamic
injection was accompanied by reductions in splenic and
pulmonary vector uptake. These results were perhaps not
surprising because it is reasonable to assume that if more
of the input dose were directed to the liver, then less
would be available for extrahepatic uptake.

An important finding is that elevations in the proin-
flammatory cytokines IL-6 and IL-12, sensitive markers of
the inflammatory response following systemic adminis-
tration of Ad [10–12,16,21], were less severe following
hydrodynamic than following conventional injection.
Significantly, although hydrodynamic injection itself
results in a modest elevation in serum IL-12, it appears
to negate vector-mediated elevation in IL-12 because,
unlike conventional injection, serum IL-12 levels were no
longer correlative to vector dose or level of hepatic
transduction. Taken together, these results suggest that
high efficiency hepatic transduction does not, at least
alone, necessarily provoke a potent inflammatory
response. Instead, the results suggest that extrahepatic
vector uptake may play a major role in the severity of the
inflammatory response. Indeed, numerous studies have
implicated extrahepatic vector uptake to play an impor-
tant role in the acute inflammatory response to systemic
Ad. For example, vector uptake and activation to secrete
104
proinflammatory cytokines by macrophages and den-
dritic cells in the spleen and the lungs have been
implicated [11,12,18]. Vector transduction of endothelial
cells [9,22] and peripheral mononuclear cells [23] and Ad-
mediated complement activation [24,25] have all been
implicated to play a role in acute toxicity. Several studies
also suggest that antibodies, both neutralizing and
naturally occurring (nonspecific cross-reacting), may
contribute to acute toxicity [5,6,16,24]. For example,
systemic vector administration into nonhuman primates
resulted in significantly higher IL-6 levels in animals with
neutralizing anti-Ad antibodies compared to naRve ani-
mals [16]. An important implication of our study is that
factors or conditions that result in a decrease in the size of
the hepatic sinusoidal fenestrations, such as cirrhosis,
hepatic metastasis, and aging [26], may decrease the
therapeutic index of Ad by decreasing hepatic, while
increasing extrahepatic vector uptake. These factors may
need to be taken into consideration in assessing the
risk:benefit ratio.

KC of the liver have been implicated in acting as a
barrier to efficient hepatocyte transduction because
prior depletion of KC with chlodronate liposomes
results in higher efficiency hepatic transduction [5,6].
However, the depletion of extrahepatic reticuloendothe-
lial cells with systemic chlodronate liposomes cannot be
ruled out and these and other cell types may also
contribute to the barrier to hepatocyte transduction.
Although our results suggest that avid uptake of HDAd
by KC is unaffected by hydrodynamic injection, they
also suggest that extrahepatic vector uptake also con-
tributes significantly to the barrier to efficient hepato-
cyte transduction. Indeed, although the liver takes up
more vector than any other individual organ following
systemic injection, the total amount of vector that is
distributed throughout the body in mice [11], in non-
human primates [12,16], and in the one human studied
[15] is significant. It also has been suggested that vector
uptake by KC plays a major role in the activation of the
innate inflammatory response [6,18]. However, our
results suggest that vector uptake by KC, at least alone,
is not sufficient to provoke a severe proinflammatory
cytokine response because the levels of IL-6 and IL-12 do
not appear to correlate with vector uptake by KC.
Indeed the consequence of vector uptake by KC on
the severity of the acute innate inflammatory response
is controversial and remains to be fully elucidated
because most studies in mice utilizing KC depletion
prior to Ad administration did not investigate cytokine
response [27–29]. Of the studies that did, systemic
injection of first-generation Ad into mice depleted of
KC nearly eliminated production of TNFa but resulted
in a more robust IL-6 increase and did not affect NF-nB
compared to mice with KC [30]. In another study,
depletion of KC in mice prior to systemic injection of
HDAd appeared to have no effect on the serum levels of
MOLECULAR THERAPY Vol. 12, No. 1, July 2005
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IL-2, IL-4, IL-5, IL-6, TNF-a, and IFN-g [31]. It is also
important to note that systemic injection of low vector
doses into nonhuman primates and mice that result in
low efficiency hepatocyte transduction likely yield sub-
stantial vector uptake by KC because they preferentially
take up vector before hepatocytes [5,6]. Yet, these
animals exhibit little, if any, manifestations of acute
toxicity. Taken together, these studies also suggest that
vector uptake by KC, at least alone, may not necessarily
provoke a potent inflammatory response. Indeed it has
been suggested that KC may, in fact, play a protective
role [32]. However, it should be noted that the method
of colocalizing KC and Ad that we, and others, have
used is not quantitative because the amount of HDAd
taken up per KC cannot be ascertained. Therefore, it is
possible that less HDAd is taken up per KC following
hydrodynamic than following conventional injection
and that this might account, at least in part, for the
higher efficiency of hepatic transduction and reduced
proinflammatory cytokine levels.

Ultimately, the precise mechanism responsible for
activation of the acute inflammatory response by
systemic Ad is multifactorial and complex and remains
to be fully elucidated. However, regardless of the precise
mechanism, it is likely that a threshold of innate
immune activation must first be attained, as a conse-
quence of high dose and systemic exposure of the vector
to many cell types and blood-borne components, before
severe and lethal acute toxicity manifests. Nevertheless,
one important implication of this study is that high
efficiency hepatic transduction by HDAd does not, at
least alone, necessarily result in potent activation of the
innate inflammatory response, but that systemic vector
dissemination may play a key role in this regard.
Therefore, one approach to increase the therapeutic
index of HDAd may be to alter the vector biodistribu-
tion to favor hepatic transduction while minimizing
systemic dissemination. While systemic hydrodynamic
injection as performed in the mouse is not feasible in
larger animals, methods of localized hydrodynamic
injection directly into the liver may offer this potential
[33,34]. Alternatively, enlargement of the hepatic sinus-
oidal fenestrations by pharmacological means may also
be an option [20]. Perhaps the ultimate approach may
be to alter the tropism of the vector to target exclusively
hepatocytes. Successful development of these or other
strategies should greatly increase the therapeutic index
of these vectors.

MATERIALS AND METHODS

Vectors. HDD28E4LacZ contains a MCMV-LacZ expression cassette [14].

HDD21.7E4PEPCK-hFIX-WL contains a hFIX expression cassette com-

posed of the following elements (from 5V to 3V): a liver-restricted rat

phosphoenolpyruvate carboxykinase promoter [35], the ApoAI intron,

the hFIX cDNA, the woodchuck hepatitis virus posttranscriptional

regulatory element, the ApoE locus control region, and the human
MOLECULAR THERAPY Vol. 12, No. 1, July 2005
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growth hormone poly(A). Both HDAd’s were produced in 116 cells [14]

with the helper virus AdNG163 [36] as described in detail elsewhere

[14,37]. Characterization of both vectors, as described elsewhere [14],

revealed the expected genomic structure and a level of helper virus

contamination of b0.05%.

Mice and injections. Nine- to 12-week-old male C57BL/6 mice (The

Jackson Laboratory, Bar Harbor, ME, USA) were used for all the

experiments. HDAd was diluted in sterile Ringer’s solution (147 mM

NaCl, 4 mM KCl, 1.13 mM CaCl2) prewarmed at 378C and injected into

the tail vein. Conventional injections were performed with a volume of

200 Al. Hydrodynamic injections were performed with a volume of 100

ml/kg using a 27-gauge needle at a rate of 0.4 ml/s. Unless otherwise

stated all treatment groups consisted of at least three mice. For mice

injected with HDD28E4LacZ, blood was collected retro-orbitally for

analyses at 6 h postinjection and at the time of sacrifice at 48 h

postinjection. Upon sacrifice, the liver, spleen, and lung were harvested

and kept on dry ice or at �808C until analyses. Mice injected with

HDD21.7E4PEPCK-hFIX-WL were bled from the tail vein at various times

postinjection and blood samples were collected into 1/10 volume of

3.2% sodium citrate buffer to prevent coagulation and plasma was

prepared by centrifugation. Plasma was frozen immediately and stored at

�808C until analyses.

Analyses of tissue and blood. X-gal histochemistry was performed on

liver, spleen, and lung from mice as described previously [10]. Total

protein was extracted from the liver, lung, and spleen and the h-

galactosidase activity was determined using the h-Galactosidase

Enzyme Assay System with Reporter Lysis Buffer (Promega, Madison,

WI, USA) following quantification using the Micro BCA Protein Assay

Kit (Pierce, Rockford, IL, USA). Total DNA was extracted from liver,

spleen, and lung using the QIAamp DNA extraction kit (Qiagen) and

quantitated by absorbance at 260 nm. Quantitative real-time PCR was

performed using the LightCycler FastStart DNA Master SYBR Green I

(Roche) in a total volume of 20 Al with 2 Al of template DNA, 4 mM

MgCl2, and 5 AM each HDAd-specific primer (5V-TCTGAA-

TAATTTTGTGTTACTCATAGCGCG-3V and 5V-CCCATAAGCTCCTTT-

TAACTTGTTAAAGTC-3V). Cycling conditions consisted of 958C for 10

min followed by 45 cycles at 958C for 10 s, 608C for 7 s, and 728C for

20 s. Serial dilutions of a plasmid bearing the PCR target sequence

were used as a control to determine the amounts of HDAd and results

were analyzed with LightCycler software version 3.5 (Roche). Serum

levels of IL-6, IL-12, and TNFa were determined by ELISA (Biosource)

according to the manufacturer’s protocol. Plasma hFIX antigen levels

were measured by ELISA (Enzyme Research Laboratories, South Bend,

IN, USA) according to the manufacturer’s protocol. In situ localization

by fluorescence microscopy of KC and HDAd was performed as

described elsewhere [19]. Statistical analyses were performed with the

t test.
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