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The main challenge of gene therapy is to provide long-
term, efficient transgene expression. Long-term transgene 
expression from first generation adenoviral vectors (Advs) 
delivered to the central nervous system (CNS) is elicited in 
animals not previously exposed to adenovirus (Ad). How-
ever, upon systemic immunization against Ad, transgene 
expression from a first generation Adv is abolished. High-
capacity Advs (HC-Advs) provide sustained very long-
term transgene expression in the brain, even in animals 
pre-immunized against Ad. In this study, we tested the 
hypothesis that a HC-Adv in the brain would allow for 
long-term transgene expression, for up to 1 year, in the 
brain of mice immunized against Ad prior to delivery of 
the vector to the striatum. In naïve animals, the expres-
sion of β-galactosidase from Adv or HC-Adv was sustained 
for 1 year. In animals immunized prior to vector deliv-
ery, expression from a first generation Adv was abolished. 
These results point to a very long-term HC-Adv-mediated 
transgene expression in the brain, even in animals that 
had been immunized systemically against Ad before the 
delivery of HC-Adv into the brain. This study therefore 
indicates the utility of HC-Adv as a powerful gene therapy 
vector for chronic neurological disorders, even in patients 
who had been pre-exposed to Ad prior to gene therapy.
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Introduction
First generation adenoviral vectors (Advs) are excellent gene 
transfer vehicles for implementing gene therapy approaches in 
neurological diseases. Their efficacy in experimental disease 
models has led to several clinical trials.1,2 The most common 
first generation Advs developed for gene therapy are based on 
Ad2 and Ad5 serotypes. The wild-type adenovirus (Ad) genome 

encodes five early transcription units, E1A, E1B, E2, E3, and 
E4, whose products regulate viral DNA replication, expression 
of late genes and viral packaging. Recombinant Ad are made 
replication-defective through deletions in the E1 region, into 
which the therapeutic transcriptional cassette is inserted. Thus, 
replication defective Advs maintain up to 90% of the wild-type 
Ad genome. These wild-type transcription units can be expressed 
at low levels, providing antigenic proteins that can be the poten-
tial targets of an activated anti-Ad immune response.

Adv-mediated transgene expression in the central nervous 
system (CNS) is sustained and long-term in animals not exposed 
to Ad. Although initially naïve animals injected with Advs into 
the brain parenchyma will develop a dose-dependent innate, 
local immune response, it subsides rapidly and does not com-
promise long-term transgene expression.3,4 However, systemic 
immunization against Ad curtails transgene expression from 
first generation Adv.5 Immunization against Ad following the 
intracranial injection of Adv results in the infiltration of T cells 
into the brain parenchyma clearing partially or totally virally 
transduced cells.5–7 Most likely the immune system targets anti-
genic epitopes from viral proteins expressed from the remaining 
portions of the wild-type Ad genome within these first genera-
tion vectors.

Long-term, safe, and efficacious gene transfer is central to 
therapeutic gene therapy since a majority of the human popula-
tion has been exposed to Ad during childhood. For this reason, 
helper-dependent Ads (also known as high-capacity, “gutless” 
vectors; HC-Ads) have been engineered; these are devoid of all 
viral coding sequences.8–10 HC-Ads only contain minimal por-
tions of the Ad genome; these are limited to cis-acting elements 
for viral DNA replication and packaging, i.e., the inverted ter-
minal repeat (ITR) sequences and packaging signal. Since these 
elements are of restricted size, helper-dependent vectors have the  
capacity to carry up to ~36 kilobase of foreign DNA. The devel-
opment of HC-Ad has permitted the efficient and sustained 
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transduction of the brain even in the presence of systemic 
anti-Ad immune responses; so far, however, studies on long-
term expression in animals systemically immunized against 
Ad before gene transfer, have been limited to only 2 months in 
Sprague–Dawley rats.6 Thus, it is important to determine the 
long-term fate of transgene expression from HC-Ad in the brain 
of animals previously exposed to Ad immunization, which, so 
far, remains unknown.11

In the present study, we demonstrate that transgene expres-
sion from HC-Ad is indeed sustained for up to 1 year, following 
the injection of these vectors into the brain of mice systemically 
immunized against Ad (before viral vector delivery to the brain). 
In addition, direct immunization with HC-Ad induces a cellular, 
but not humoral immune response; intriguingly, this immune 
response is unable to eliminate transgene expression from a first 
generation Adv injected into the brain. Thus, HC-Advs provide 
sustained long-term transgene expression in the CNS even in 
animals previously exposed to Ad, and induce a lower immune 
response when compared to first generation Ad. This immuno-
logical profile highlights the advantages of the HC-Ad system for 
the potential treatment of chronic neurological disease.

Results
Brain cell types expressing vector-encoded 
transgenes
To characterize the cell types expressing vector-encoded trans-
genes 14 days following the injection of 1 × 107 infectious units 
(iu) of vector into the naive mouse brain, we double labeled trans-
gene expressing cells with various cell type-specific markers using 
immunocytochemistry. Immunofluorescence for β-galactosidase 
combined with microtubule-associated protein-2 (for neurons), 
glial fibrillary acidic protein (for astrocytes), myelin basic pro-
tein (for oligodendrocytes), and 4′,6-diamidino-2-phenylindole 
(nuclear counterstain), was performed on brain sections of mice 
injected with Ad-mCMV-βgal (expressing β-galactosidase); this 
demonstrated that β-galactosidase is expressed in astrocytes (glial 
fibrillary acidic protein positive cells; 97%), occasional oligoden-
drocytes (not illustrated) (<1%), but not in neurons (microtubule-
associated protein-2 positive cells; 0%) (Figure 1). However, brains 
of animals injected with HC-Ad (HC-Ad22-mCMV-βgal-WPRE) 
show expression of the transgene β-galactosidase in astrocytes 
(70%), and neurons (26%), but only in occasional oligodendro-
cytes (<1%) (Figure 1).

Long-term transgene expression from Ad injected 
into the mouse striatum of pre-immunized animals
We determined whether long-term transgene expression can be 
achieved following intracranial injection of HC-Ad, or first gen-
eration Ad, into the brain of animals that had been immunized 
systemically by intraperitoneal injection against Ad (preceding 
the injection of vectors into the brain), and compared this to 
naïve animals. Transgene expression was sustained up to 1 year 
after injection in naïve animals injected into the striatum with 
either vector (Figure 2). However, animals previously immunized 
against a first generation Ad, Ad-hCMV-HPRT, had a highly 
significant reduction in vector-mediated transgene expression 
(F = 57.08, df = 1, P < 0.001; two-way analysis of variance) already 

clearly evident 14 days after the intracranial injection (Figure 2). 
In animals injected with HC-Ad, however, there was no significant 
difference in transgene expression between immunized and non-
immunized animals (F = 3.36, df = 1, P = 0.07; two-way analysis of 
variance) and expression levels were maintained for 1 year post-
vector injection into the brain (Figure 2) (F = 1.2, df = 5, P = 0.33; 
two-way analysis of variance).

To control for systemic immunization we measured the 
increase in the serum titer of neutralizing anti-Ad antibodies; in 
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Figure 1  β-galactosidase (β-gal) expression in neurons and astro-
cytes in non-immunized brains infected with adenovirus (Ad) (HC-
Ad22-mCMV-βgal-WPRE). Panel (a) illustrates confocal images of 
immunohistochemistry for β-gal combined with the astrocyte marker 
glial fibrillary acidic protein (GFAP) (top row) or microtubule-associated 
protein-2 (MAP-2) (marker for neurons) (second row) of mouse brain 
sections injected in the striatum with Ad-mCMV-βgal. The top row shows 
merged images illustrating the co-localization of β-gal and GFAP, thus 
confirming the expression of transgene in astrocytes (97%). The second 
row of images shows staining for β-gal combined with MAP-2. In the 
merged image no co-localization is observed demonstrating that β-gal is 
not expressed in neurons in mouse brains injected with Ad-mCMV-βgal 
(0%). Panel (b) shows confocal images of immunofluorescence for β-gal 
combined with GFAP (marker for astrocytes) (top row) or MAP-2 (marker 
for neurons) (second row) of sections of mouse brain injected in the stria-
tum with HC-Ad22-mCMV-βgal-WPRE. The top row shows staining for 
β-gal combined with GFAP. In the merged image note the co-localization 
of β-gal and GFAP verifying the expression of transgene in astrocytes 
(70%). The second row of images show staining for β-gal combined with 
MAP-2. The merged image shows co-localization of β-gal with MAP-2 
demonstrating that the transgene is expressed in neurons in the brain of 
mice injected with HC-Ad22-mCMV-βgal-WPRE (26%). Scale bar: 30 µm. 
mCMV, murine cytomegalovirus; WPRE, wood chuck hepatitis virus post-
transcriptional regulatory element.
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addition to determining whether the injection of either vector 
into the brain could influence serum anti-Ad titers, we deter-
mined the neutralizing antibody titer over time, following the 
injection of either vector into the brain. A robust titer of neutral-
izing antibodies against Ad was detected for up to 60 days in all 
immunized animals, decreasing at 90 days, and becoming very 
low or absent at later times (Figure  3). Importantly, serum titers 
of neutralizing antibodies were unaffected by the intracranial 
delivery of either vector, indicating that careful delivery of vec-
tors into the brain parenchyma does not alter the nature of the 
systemic immune response.

The number of CD8+ T cells in the striatum was quantified.  
A significant increase of CD8+ T cells was found in the striatum of 
pre-immunized animals injected intracranially with Ad-mCMV-
βgal. The number of CD8+ T cells decreased by 90 days after the 
intracranial injection of vector, a time when transgene expression 
had almost been completely eliminated. No significant increase of 
CD8+ T cells was found in the striatum of pre-immunized ani-
mals injected with HC-Ad (Figure 4).

Systemic immunization with HC-Ad elicits T-cell 
responses but not neutralizing antibodies
In order to test whether systemic immunization with HC-Ad 
is able induce a systemic immune response capable of elimi-
nating transgene expression mediated by first generation Advs 
previously injected into the brain, animals were injected systemi-
cally with the control vector HC-Ad22-mCMV-TKnull-WPRE; 
results were compared to those obtained in another group of 
animals that were immunized with Ad-hCMV-HPRT, or saline 
alone. Mice were thus injected into the brain with Ad-mCMV-
βgal, and 30 days later they were immunized systemically with 
either Ad-hCMV-HPRT or HC-Ad22-mCMV-TKnull-WPRE. 
Animals injected with Ad-hCMV-HPRT display an important 
increase in serum titers of anti-Adv antibodies (Figure 5a), and 
a corresponding loss of transgene expression from the striatum 
(Figure 5b). However, animals immunized with HC-Ad22-
mCMV-TKnull-WPRE did neither demonstrate an increase in 
antibody titers, nor a loss in transgene expression. This dem-
onstrates that HC-Ads are unable to induce a systemic anti-Ad 

Figure 2 L ong-term transgene expression following the injection of adenovirus (Ad) into naïve mice, or mice immunized against Ad preced-
ing the delivery of vectors into the brain. Panel (a) shows mouse brain sections injected with Ad-mCMV-βgal immunostained for β-galactosidase 
(β-gal) in naïve animals (top row), or animals preimmunized against Ad (second row) at different time points. Naïve animals show a robust expression 
of transgene even 1 year after the intrastriatal injection. However, preimmunized animals show a significant decrease of transgene expression 14 
days after injection and finally loss of the transgene expression. Panel (b) shows the expression of β-gal in brain sections of mice injected with High-
capacity Ad (HC-Ad) (HC-Ad22-mCMV-βgal-WPRE). Both naïve and preimmunized animals show sustained expression of the transgene even 1 year 
after vector injection into the brain. Scale bar: 1 mm. (c,d) shows the stereological quantification of β-gal expressing cells in animals injected with 
Ad-mCMV-βgal or HC-Ad22-mCMV-βgal-WPRE. The quantitative analysis demonstrates that the expression of the transgene is sustained following 
HC-Ad injection 1 year after the injection even in animals that have been pre-immunized against Adv. c shows the stereological estimation of the total 
number of β-gal expressing cells in mouse striatum 14, 30, 60, 90, 180, and 365 days after intracranial (IC) injection of Ad-mCMV-βgal in naïve and 
preimmunized animals. Note that naïve animals show sustained transgene expression that decreases slightly over 1 year. However preimmunized 
animals show a significant decrease of transgene expression 14 and 30 days after IC injection, and it is almost completely lost at 180 days [(F = 57.08, 
df = 1, P < 0.001; two way analysis of variance (ANOVA)]. d shows the stereological estimation of the total number of β-gal expressing cells in mouse 
striatum 14, 30, 60, 90, 180, and 365 days following the IC injection of HC-Ad22-mCMV-βgal-WPRE in naïve and preimmunized animals. Naïve and 
preimmunized animals illustrate sustained transgene expression over 1 year. There was no significant difference in transgene expression between 
immunized and non-immunized animals (F = 3.36, df = 1, P = 0.07; two way ANOVA) and expression levels were maintained for 1 year post-vector 
injection into the brain (Figure 2) (F = 1.2, df = 5, P = 0.33; two way ANOVA). IP, intraperitoneal; mCMV, murine cytomegalovirus; WPRE, wood 
chuck hepatitis virus post-transcriptional regulatory element.
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immune response that is able to eliminate transgene expression 
from the brain (Figure 5b).

To confirm the lack of a systemic immune response to HC-
Ad we performed two additional experiments to assess the 
capacity of HC-Ad to induce either humoral or cell-mediated 
immune responses. In the experiment depicted in Figure 6a, 
we quantified antibody responses against two HC-Ads. In this 
experiment mice were injected into the brain with Ad-mCMV-
βgal, and immunized 30 days later with two HC-Ads, HC-Ad22-
mCMV-TKnull-WPRE, or HC-Ad22-mCMV-βgal-WPRE, or 
with a control first generation Ad, Ad-hCMV-HPRT. Again, only 
mice immunized systemically with the first generation vector 
Ad-mCMV-HPRT demonstrated the presence of neutralizing 
antibodies against Ad. HC-Advs elicited a negligible or non-
existent neutralizing antibody response against Ad (Figure 6a) 
further confirming the reduced ability of HC-Advs in eliciting a 
systemic humoral anti-Ad immune response, regardless of the 
vector configuration.

To determine the potential existence of a cellular immune 
response to HC-Ad we used an enzyme-linked immunospot 
(ELISPOT) assay to test for the presence of a specific T cell 
response against Ad capsid proteins in animals immunized 
systemically with HC-Ad or first generation Advs. To do so, 
animals were immunized systemically with HC-Ad22-mCMV-
TKnull-WPRE, HC-Ad22-mCMV-βgal-WPRE, and the control 
first generation vector Ad-hCMV-HPRT. Animals were killed 
7 days after immunization, at the peak of the potential T cell 
response, and splenocytes were isolated. Heat inactivated Ad-
hCMV-HPRT was used to stimulate the splenocytes in vitro 
against Ad capsid proteins. An ELISPOT assay demonstrated that 
animals mounted a T-cell immune response against Ad capsid 

proteins regardless of the vector backbone used for immuniza-
tion (whether, HC-Ad or first generation Advs) when compared 
to saline. Immunization with either HC-Ad or first generation 
Advs elicited an increase in the frequency of anti-Ad T cells 
secreting interferon-γ (IFN-γ) at 7 days post-immunization 
(Figure 6b).
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Discussion
In the present study we demonstrate that HC-Advs mediate sus-
tained, long-term transgene expression for up to 1 year, even in 
animals exposed to a systemic immunization against Ad that 
preceded the injection of the vector into the brain. The experi-
mental model utilized was implemented to mimic the clinical 
situation in which individuals had been exposed to Ad at a time 

preceding the delivery of gene therapy. We demonstrate that 
the systemic immunization with Ad-hCMV-HPRT primes an 
adaptive immune response that eliminates transgene expression 
mediated by the first generation Adv Ad-mCMV-βgal. However, 
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this immune response is unable to eliminate transgene expres-
sion from the HC-Adv. Our experimental paradigm is designed 
to test the immune response against virion proteins, rather than 
the transgene, since the transgene encoded by the Ad used for 
the systemic immunization [i.e., hypoxanthine-guanine phos-
phoribosyltransferase (HPRT)] is different from the transgene 
expressed in the striatum (β-galactosidase).

The immune response to the Ad injected into the brain 
depends on the precise anatomical site into which the vectors are 
delivered. Injection of vectors carefully into the brain parenchyma, 
fail to stimulate a systemic cellular or humoral immune response. 
Injection of vectors into the brain ventricles, choroid plexus, or 
meninges, has the potential to stimulate systemic humoral and 
cellular immune responses. The brain parenchyma’s peculiar 
immune reactivity is determined by a number of factors includ-
ing a lack of classical lymphatic outflow channels, absence of pro-
fessional afferent antigen presenting cells (i.e., dendritic cells),12 
the presence of a blood–brain barrier that mainly limits the entry 
of antibodies into the brain,13 and production of a large number 
of immune-inhibitory molecules (e.g., transforming growth fac-
tor β); the brain ventricles, choroid plexus, and meninges, on the 
other hand have a population of resident dendritic cells, classi-
cal lymphatic outflow channels, and lack a blood–brain barrier. 
Therefore, the site of injection of vectors into the brain will deter-
mine the immune outcome; careful injections that limit the area 
of transduction to the brain parenchyma itself will not stimulate 
systemic anti-vector immune responses. If the vector, however, 
reaches the brain ventricles, a systemic immune response will 
ensue.14,15 Careful brain vector delivery is thus necessary to avoid 
priming a systemic immune response, regardless of the vector 
backbone (whether, first generation or HC-Ad), and regardless of 
the vector type used. Indeed, the “rules” of brain immune-reactivity  
described here, apply to any particulate antigen (e.g., including 
other viruses, and bacille calmette-guérin),14–16 and thus, ought to 
be taken into consideration in the planning and design of human 
clinical trials.

Following the administration of first generation Advs to 
peripheral organs, such as liver and lung, immune responses 
frequently result in the complete elimination of both vector and 
transgene expression in 2–3 weeks,17,18 although there are exam-
ples when expression from first generation Advs has persisted 
even in the presence of a cytotoxic T-lymphocyte and/or anti-
body response.19,20 However, following delivery of viral vectors 
to the CNS, transgene expression persists for long periods (i.e., 
12 months).21,22 When administering injections of either first gen-
eration Adv or HC-Adv in the CNS, diligent care must be taken 
to avoid the ventricles, choroid plexus, and meninges as injection 
of the vector into these compartments of the brain will result in 
a systemic immune response capable of eliminating transgene 
expression from the CNS.14,15,23

In addition, we now demonstrate that the systemic immune 
reactivity of HC-Ad differs in important aspects from that of 
first generation Ad. Systemic immunization with first generation 
Ad causes both a humoral and cellular immune response. 
Unexpectedly, we determined that a systemic injection of HC-Ad 
stimulated an increase in the frequency of anti-Ad T cells secret-
ing IFN-γ, but failed to increase the titer of neutralizing anti-Ad 

antibodies. Concomitantly, immunization with first generation 
Ad abrogated transgene expression from a first generation Ad 
injected into the brain, but systemic immunization with HC-Ad 
failed to do so. Although T cells have always been thought to be 
responsible for mediating the elimination of transduced cells from 
the brain, these data suggest that B cells and circulating anti-Ad 
antibodies may play an important role in the elimination of trans-
gene expression. Previous studies from our laboratory have shown 
that B cells are necessary for transgene expression loss following 
anti-Ad immunization.24

The injection of 1 × 107 iu of either a first-generation or 
HC-Ad into the brain causes a self-limiting, reversible, and 
innate inflammatory reaction characterized by infiltration of 
macrophages and lymphocytes, increased expression of major 
histocompatibility complex class I, activation of local microg-
lia and astrocytes localized to the injection site; however, a sta-
tistically significant increase in the expression of cytokine and 
chemokine genes is only observed at 1 × 108 iu and above.4,25,26 
Importantly, this initial innate inflammatory response is 
transient and does not reduce long-term vector expression. 
However, acute Ad-induced cytotoxicity is seen when vector 
doses of ≥108 iu are used to transduce the brain.27 These early 
innate inflammatory immune responses are caused by Advs, 
but also by HC-Ad, or ultraviolet/psoralen-inactivated Ad; 
this confirms that viral genes are not necessary to stimulate 
innate immune responses.28,29 Nevertheless, continued expres-
sion of viral antigens encoded by the first generation Ad may be 
necessary to stimulate stronger humoral and cellular adaptive 
immune responses against Ad.3,5,30

This innate response while causing acute cellular- and  
cytokine-mediated inflammatory reactions, on its own, does not 
curtail long-term transgene expression from first generation Advs. 
However, following the stimulation of systemic adaptive anti-Ad 
immune responses, transgene expression from the first generation 
Ad is rapidly eliminated.3,27 Following the systemic administra-
tion of Ad, an adaptive immune response peaks 7–10 days later.31 
This adaptive immune response consists in the generation of Ad 
capsid, or transgene-specific cytotoxic T-lymphocytes, and capsid 
neutralizing antibodies.32,33 The adaptive immune response elimi-
nates transgene expression from Ad transduced cells.31,33–36

HC-Advs lack all viral encoding proteins. As a result, the only 
potential antigenic proteins encountered by the immune system 
are those that comprise the viral particles (vps) that are directly 
administered in the HC-Ad dosing regime. On the other hand, 
first generation Advs retain most of the wild-type viral encoding 
sequences, and as such, produce viral antigenic proteins in situ. We 
have established previously that as little as 1 × 106 iu of a first gen-
eration Adv delivered systemically stimulates an immune response 
that eliminates transgene expression in the brain.37 In contrast, the 
viral capsid protein load associated with the systemic delivery of 
as many as 2 × 109 vp of the HC-Adv remains below this immuno-
logical threshold, being incapable of eliciting an immune response 
capable of eliminating transgene expression in the CNS. One can 
conclude that in situ viral gene expression from first generation 
Advs is responsible for the enhanced immune response capable 
of eliminating transgene expression from a first generation Adv, 
compared to the HC-Adv platform.
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Mechanisms by which the adaptive immune response inhib-
its transgene expression have not yet been completely elucidated. 
Systemic immunization against Ad induces CD8+ and CD4+ 
T cells to infiltrate those areas of the brain that had been trans-
duced with Adv. This immune response is able to significantly 
decrease the number of transgene expressing cells through 
a mixture of cytotoxic and non-cytotoxic mechanisms.38–40 
Rats infected with an Ad whose transgene is expressed mainly 
in astrocytes show an elimination of the transgene and viral 
genomes with evidence of cell death.7 Both responses are medi-
ated by CD8+ and/or CD4+ positive T cells. In mice, similar 
responses are encountered, with responses depending on CD8+ 
and CD4+ T cells, IFN-γ, tumor necrosis factorα, and perforin. 
Thus, complex immune mechanisms mediate the elimination of 
transduced brain cells; the final response is determined by the 
vector used, the transcriptional cassette encoded, the species, 
and the strain of experimental animal.

These results indicate that the use of first generation Ad is 
limited in immune competent individuals, making it necessary to 
develop vectors that are as close as possible to being invisible to 
the adaptive immune system. Thus, for first generation Ad long-
term expression can only be achieved in the absence of stimula-
tion of the systemic adaptive immune response. HC-Ad, however, 
are able to sustain long-term expression even in the presence of 
such an adaptive immune response that can clear most of the cells 
transduced by a first generation Ad in the CNS.

Since a majority of the human population is likely to have been 
exposed to Ad,41 and considering the difficulties in determining 
whether exposure to Ad has indeed occurred, it is important to 
develop vectors that can deliver sustained, safe, long-term trans-
gene expression (in the presence of systemic adaptive immune 
responses against Ad). Using a pre-immunization paradigm, the 
experiments described here mimic as closely as possible (in a 
rodent model), the condition of many human patients likely to 
undergo gene therapy for a neurological disorder. Even the use of 
human Ad is unlikely to induce a stronger immune response due to 
the inability of human Ad to replicate in rodents. The mechanisms 
underlying the detrimental effects (of the combined humoral and 
cellular immune response) on brain viral vector-mediated trans-
gene expression, following the systemic delivery of Adv remain to 
be fully elucidated. Nevertheless, we move forward toward human 
clinical trials using HC-Adv for treating neurological disorders 
such as glioma and Parkinson’s disease.

It is in order to solve this problem that HC-Ads or more 
commonly, “gutless” Ad have been developed, in which the 
entire viral genome is absent, a manipulation that makes vec-
tors less immunogenic. Previous studies in rats have shown 
the potential of HC-Ads in providing long-term expression in 
animals pre-immunized against Ad;27 however, these previous 
studies had been limited to a short time post-vector delivery, not 
addressing the issue of how stable the expression from vectors 
actually would be in the presence of systemic immune responses 
that abolish expression from first generation vectors in under 
a month. This study now demonstrates that expression from  
HC-Ad is truly very long-term, being sustained for up to 1 year.

Other groups have demonstrated that systemic HC-Ad 
delivery elicits neutralizing antibodies against Ad42 or cytotoxic 

T-lymphocytes.43 However, our study has shown that the two dif-
ferent HC-Ad preparations developed in our laboratory are inca-
pable of inducing neutralizing antibodies against Ad. At this time 
we can only speculate about the cause for these different responses. 
It could be that the particular species and strains used, the dose of 
vectors injected, the number of vector injections, and the purity of 
the vectors, could all influence the capacity to induce a humoral 
immune response. Although the reasons for the differences have 
not been investigated in our experiments, it will be important to 
do so in the future, especially if HC-Ad were to be used to stimu-
late humoral immune responses.

HC-Ad induces transgene expression in astroglia and neu-
rons. Importantly, for therapies to be effective, vectors need to 
elicit transgene expression within different cell types in the brain, 
i.e., neurons, astrocytes, and/or oligodendrocytes. Advs have a 
number of positive characteristics, including the ability to infect 
many different cell types, both dividing and non-dividing, and 
have an extremely low probability of random integration into 
the host chromosomes. The brain cell-type expressing vector-
encoded transgenes differed between the vectors used. Cell-type 
expression depends on the promoter elements utilized; however, 
in the context of viral vectors, transgene expression also depends 
on other factors. For example, from the vector’s perspective, the 
vector backbone and the transgene itself can influence transgene 
expression; in addition, the species, strain, and sex, also affect 
transgene expression. How each of these elements is weighed in 
the final outcome is still poorly understood. Nevertheless, both 
vectors express mostly in brain astrocytes, and our data conclu-
sively demonstrate long-term expression from a HC-Adv and only 
short-term expression from a first-generation Adv in the presence 
of a pre-existing systemic anti-Ad immune response. It will be 
important to fully elucidate all factors that influence cell-type spe-
cific transgene expression.

In summary, we demonstrate that novel helper-dependent 
HC-Adv sustain transgene expression for up to 1 year, even when  
injected into the brains of animals immunized against Ad pre-
ceding brain gene transfer. This strongly supports the use of  
HC-Ad for gene transfer into the brain, not only for short-term 
gene expression, but also for long-term gene expression, and 
potentially for gene therapy in human neurological diseases. 
Further, the incapacity of HC-Ad to induce systemic anti-Ad 
immune responses further supports the safety and potential effi-
cacy of these vectors.

MaterialS and Methods
First generation Adv development. Ad-mCMV-βgal (previously referred 
to as RAd36) and Ad-hCMV-HPRT (previously referred to as RAdHPRT) 
are first-generation, replication defective serotype 5 Advs with deletions 
in their E1 and E3 regions.3–6,44,45 Ad-mCMV-βgal contains an expression 
cassette consisting of Escherichia coli β-galactosidase gene driven by a  
1.4-kilobase fragment from the major-immediate-early, murine cytomeg-
alovirus promoter (mCMV). Ad-hCMV-HPRT contains an expression 
cassette consisting of the HPRT gene driven by the human cytomegalovi-
rus (hCMV) intermediate-early promoter.

HC-Adv development. HC-Ad22-mCMV-βgal-WPRE and HC-Ad22-
mCMV-TKnull-WPRE are novel HC-Advs (Figure 7) and were developed 
as follows:
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Polymerase chain reaction amplification of the Ad and stuffer sequences 
and engineering of the high capacity backbone plasmid pC22. Ad 
sequences corresponding to the left ITR plus the packaging signal 
(Ψ) (L-ITR-Ψ), and the right (R-ITR) were polymerase chain reaction 
amplified. A 451-basepair (bp) DNA fragment of human Ad type 5 left-
end sequence that includes the L-ITR was generated using the prim-
ers: L-ITR forward: 5′-TGTGTGGTACCGTTTAAACCATCATCAAT 
AATAACCTTTTGGATTGAAGC-3′; and L-ITR reverse: 5′-GTGTGT 
GAGCTCGGCGCGCCGTGTGTTTAATTAAAAAACGCCAACT
TGACCCGGAACG-3′. A 480-bp DNA fragment human Ad type 5 
right-end sequence that includes the E4 promoter and the R-ITR was 
generated using the primers: R-ITR forward 5′-GTGTGTGGCGCG
CCGTGTGTGCGGCCGCCCTTACCAGTAAAAAAGAAAAGGTA
TTAAAAAAACACC-3′; and R-ITR reverse 5′-GTGGTGTGAGCTC 
GTTTAAACCATCATCAATAATATACCTTATTTTGGATTGAAGC-3′.

Stuffer 1 (7,990 bp) was amplified from the human chromosome 
22q 11.2 contig AC000093 by using the primers: Stuffer 1 forward 
5′-GTGTGTGGCGCGCCCCATCAATGATGCAGGAAAAGAGG 
CTCTGGTCACC-3′; and Stuffer 1 reverse 5′-GTGTGTGCGGCCGC 
GCTGAGGCCAGGAGTGCCTGTGTGG-3′. Stuffer 2 (8,007 bp) was 
amplified from the human chromosome 22q 11.2 contig AC004463 by 
using the primers: Stuffer 2 forward 5′GTGTGTTTAATTAACTTAGTC 
T TGGGAAAACTGAGATGCAGATGCCTGGTCGTCACC-3 ′ ;  
and Stuffer 2 reverse 5′-GTGTGTGGCGCGCCCAAATCCATCCATGT 
GTCCCCCCTGTG GTCTGTGTGTGACACC-3′. Stuffer 3 (8,994 bp) 
was amplified from the human chromosome 22q 11.2 contig AC000551 
by using the primers: Stuffer 3 forward 5′-GTGTGTTTAATTAATTTC 
AGTAGGTGCCCAATAAATGTTTGTGGG-3′; and Stuffer 3 reverse 
5′-GTGTGTTTAATTAAAAGAAACTACCAGACTGTTTTCCAA 
AGTGGCTGCACC-3′. The three stuffer sequences were combined with 
the L-ITR-Ψ and R-ITR to generate the generating HC-Adv plasmid pC22 
(28,922 bp).

The transgene cassette [mCMV-βGal-WPRE-polyA], was cloned 
into pC22 generating the vector pC22.mCMV.βGal.WPRE (31,581 bp) 
(Figure 7). The transgene cassette [mCMV-TKnull-WPRE-polyA], was 
cloned into pC22 generating the vector generating the vector pC22.
mCMV.TK.WPRE (29,558 bp) (Figure 7). Testing of this vector in vitro 
indicated that herpes simplex virus 1 thymidine kinase activity is not 
detected in infected cells, and furthermore, herpes simplex virus 1 
thymidine kinase immunoreactivity is also undetectable from infected 
cells. Thus, since neither herpes simplex virus 1 thymidine kinase activity 
nor immunoreactivity is expressed from this HC-Adv, we decided to 
utilize this vector as a control HC-Ad for immunization (Figure 7).

Vector rescue, scale up, purification, and characterization. First genera-
tion vectors were scaled as described previously.5,44 High capacity vectors 
were rescued and scaled up as described in detail previously.46,47

First generation vectors were titered for both total viral particles 
(vps/ml)44 and for iu [plaque forming units (PFU)/ml].44 The titers 
determined were as follows: Ad-mCMV-βgal45 was 2.51 × 1012 vps/ml 
and 8.19 × 1010 PFU/ml, Ad-hCMV-HPRT3–6 was 3.63 × 1012 vp/ml and 
3.28 × 1011 PFU/ml. High capacity vectors were titered for total viral 
particles (vp/ml), blue forming units (bfu/ml), and contaminating 
helper virus (PFU/ml).44,48 The titers determined were as follows: HC-
Ad22-mCMV-βgal.WPRE was 5.5 × 1012 vps/ml, 1.64 × 1012 bfu/ml, and 
1 × 105 PFU/ml; HC-Ad22-mCMV-TK-null-WPRE was 1.1 × 1013 vps/
ml and 1 × 105 PFU/ml.

The vector preparations were screened for the presence of replication 
competent Ad44 and for lipopolysaccharide contamination (Cambrex, 
East Rutherford, NJ).44 Virus preparations used were free from replication 
competent Ad and lipopolysaccharide contamination.

Animals and surgical procedures. Female C57BL/6 mice (Jackson 
Laboratories, Bar Harbor, ME) were injected systemically (using an 

intraperitoneal injection) with either 3.28 × 108 PFU of Ad-hCMV-HPRT in 
100 µl of solution (n = 120) or saline (n = 120). Thirty days after viral vector 
systemic immunization mice were anesthetized using ketamine (75 mg/kg) 
and medetomidine (0.5 mg/kg) and injected into the right striatum as pre-
viously described24 with 1 × 107 PFU of first generation Adv Ad-mCMV-
βgal (n = 120) or 1 × 107 bfu of HC-Ad22-mCMV-βgal-WPRE (n = 120). At 
experimental endpoints (14, 30, 60 90, 180, and 365 days) mice were anes-
thetized.24 All animal experiments were performed after prior approval by 
the Institutional Animal Care and Use Committee and conformed to the 
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Figure 7 S chematic representation of pC22.mCMV.βgal.WPRE and 
pC22.mCMV.TKnull.WPRE plasmids. (a) Plasmid map of pC22.mCMV.
βgal.WPRE (left panel) and pC22.mCMV.TKnull.WPRE (right panel) indi-
cates the constituents and orientation of the murine cytomegalovirus 
(mCMV)-driven β-galactosidase (β-gal) and TKnull cassettes respectively. 
Both expression cassettes contain a wood chuck hepatitis virus post-
transcriptional regulatory element (WPRE). pC22.mCMV.TKnull.WPRE 
does not express herpes simplex virus 1 thymidine kinase due to the 
removal of its stop codon (b) Gel electrophoresis and restriction map 
analysis of pC22.mCMV.βgal.WPRE (left panel) and pC22.mCMV.TKnull.
WPRE (right panel) plasmid were used to check for expected sizes. Lanes 
are as follows: lane 1, Hyperladder; lane 2, undigested plasmid; lane 3, 
HindIII digest; lane 4, PmeI digest; lane 5, EcoRV digest; lane 6, NotI + 
AscI digest; lane 7, Hyperladder. Note: An additional EcoRV site is pres-
ent 104 base pair (bp) downstream from the site indicated in the TKnull 
transgene but is not illustrated in the schematic diagram for simplicity. 
(c) Linear depiction of HC-Ad22-mCMV-βgal-WPRE (top panel) and 
HC-Ad22-mCMV-TKnull-WPRE (bottom panel). The constructs indicate 
the individual components and the orientation of the cassettes as well 
as the constituents of the HC-Ad22 vector genome including left and 
right inverted terminal repeat (ITR)’s, packaging domain, and three inert 
stuffer sequences. TK, thymidine kinase.
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policies and procedures of the Cedars-Sinai Medical Center Comparative 
Medicine Department.

We also performed experiments to determine if HC-Ad can induce a 
systemic anti-Ad immune response upon intraperitoneal injection. To do 
so, we immunized female C57Bl/6 mice 30 days following an intracranial 
injection of Ad-mCMV-βgal. Systemic immunization consisted of either 
the injection of 2 × 109 vps of HC-Ad22-mCMV-βgal-WPRE (n = 10), 
2 × 109 vps of HC-Ad22-mCMV-TK-null-WPRE (n = 10), or 3.28 × 108 
PFU of Ad-hCMV-HPRT (n = 10) or saline (n = 10). Animals were killed 
30 or 60 days after the systemic injection as described above.

Immunohistochemistry and immunofluorescence. Sections of the striatum 
(50 µm) were used for immunohistochemistry to detect transgene expres-
sion or specific immune cells using methodologies described previously.7 
The primary antibodies used for immunohistochemical staining were 
the following: rabbit polyclonal anti-β-galactosidase (1:1,000) (produced 
by us49); Chicken anti microtubule-associated protein-2 (1:500) (Abcam, 
Cambridge, MA), Guinea Pig anti glial fibrillary acidic protein (1:500) 
(Advanced Immunochemical, Long Beach, CA), mouse anti myelin basic 
protein (1:1,000) (Chemicon, Billerica, MA) and rat anti-mouse CD8α 
(1:1,000) (Serotec, Raleigh, NC). Appropriate secondary antibodies were 
used: biotin-conjugated goat anti-rabbit immunoglobulin G (1:800), bio-
tin-conjugated goat anti-rat immunoglobulin G (1:800) (DAKO, Glostrup, 
Denmark), Texas Red conjugated goat anti-rabbit (1:1,000) (Jackson 
ImmunoResearch, West Grove, PA), Alexa 488-conjugated goat anti-
chicken (1:1,000), Alexa 594-conjugated goat anti-Rabbit (1:1,000), Alexa 
647-conjugated goat anti Guinea Pig (1:1,000), Alexa 594-conjugated goat 
anti mouse (1:1,000) (Molecular Probes, Carlsbad, CA).

Quantification and sterological analysis. The number of labeled cells 
were quantified as previously described.50 Data was expressed as an abso-
lute number of positive cells in each anatomical region analyzed. Results 
were expressed as the mean ± SEM.

Confocal imaging. Sections were examined by confocal microscopy as 
described previously.7

Neutralizing antibody assay. Neutralizing antibody titers were measured 
in serum samples taken from mice that were killed at specific points of 
time following intraperitoneal injection of Adv as described.27 Results were 
expressed as the mean ± SEM.

ELISPOT assay. As a measure of the cell-mediated immune response to Ad 
we assessed the frequency of IFN-γ-producing T cells using the ELISPOT 
kit assay (R&D Systems, Minneapolis, MN) according to the manufactur-
er’s instructions. Briefly, splenocytes (1 × 106 cells/well) were cultured in 
Millipore MultiScreen-HA plates (coated with anti-IFN-γ antibody) for 
24 hours in X-Vivo media (Cambrex, Baltimore, MD) containing 1 × 109 
PFU/ml of heat-inactived recombinant Ad Ad-hCMV-HPRT (inactivated at 
85 °C for 15 minutes). The wells were then washed and incubated overnight 
at 4 °C with biotinylated anti-IFN-γ detection antibodies (R&D Systems, 
Minneapolis, MN). Reactions were visualized using streptavidin-alkaline 
phosphastase, and 5-bromo-4-chromo-3-indolylphosphatase p-toluidine 
salt, and nitro blue tetrazolium chloride as substrate. The number of spots 
per 106 splenocytes, which represents the frequency of IFN-γ-producing 
cells, was counted with the KS ELISPOT automated image analysis system 
(Zeiss, Jena, Germany). Results were expressed as the mean ± SEM.

Statistical analysis. Data were analyzed by using one or two-way analysis 
of variance, followed by Tukey’s test; results were expressed as the mean ± 
SEM. A P value < 0.05 was considered the cut off for significance.
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