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ABSTRACT

The chicken chorioallantoic membrane
(CAM) assay represents one of the most
widely used in vivo screening assay for
genes with angiogenic (blood vessel-induc-
ing) or angiostatic (inhibition of vessel for-
mation or their destruction) activities. Here
we show that adenovirus gene transfer vec-
tors infect cells in the CAM and lead to ex-
pression of the viral transgene. Furthermore,
infection with an adenovirus vector contain-
ing the human vascular endothelial growth
factor gene induced the formation of new
blood vessels. This improved method saves a
considerable amount of time in the identifi-
cation of genes that can influence blood ves-
sel formation because the expensive and
time-consuming production and purification
of recombinant protein can be omitted.

INTRODUCTION

For therapeutic treatment of cancer
and ischemia, genes and gene products
with angiostatic or angiogenic activities
are of great interest. Since the growth
of tumors is highly dependent on the
formation of new vessels, genes ex-
hibiting a negative effect on vessel for-
mation or their stability are considered
as promising anticancer therapeutics
(7). Several angiostatic genes have
been identified, several of which are
currently being evaluated in clinical tri-
als for cancer therapy (2,5). Further-
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more, candidate angiogenic genes are
being tested in clinical trials for their
potential to induce vessel formation in
patients with cardiac or peripheral is-
chemia (5,6).

Therefore, assays that allow the
rapid functional screening of genes for
their negative or positive effects on ves-
sel formation have become of great im-
portance. Among the different in vivo
assays, the chicken CAM is most wide-
ly used. It represents a rapid and easy to
handle in vivo system, manipulations
are not very expensive (no animal facil-
ity is required), and it allows observa-
tions in situ over time through a win-
dow in the eggshell (10,16). The CAM
assay is primarily used for qualitative
screening purposes, but several authors
have described adaptations for quanti-
tative measurements (1,13,22).

The main disadvantages of the classi-
cal CAM assay is that about 250 ng of
recombinant protein are required, neces-
sitating a medium-scale production and
purification of the protein of interest
(1,15,18,22,23). To circumvent this ex-
pensive and time-consuming screening,
we investigated the use of viral transfer
vectors for gene delivery, expression,
and subsequent functional analysis.

Here we show that recombinant hu-
man adenovirus type 5 (Ad5) gene
transfer vectors can infect cells in the
chicken CAM, direct expression of the
encoded transgene vascular endothelial
growth factor (VEGF), and induce the
formation of new blood vessels. This
improved technology represents an im-
portant shortcut in the discovery
process toward the identification of
new genes with angiogenic or angiosta-
tic activities.

MATERIAL AND METHODS

Adenovirus Vectors

The adenovirus vector AdTG14682
contained the bacterial LacZ gene un-
der the control of the IE1-CMV pro-
moter, a chimeric rabbit betal-globin
ivs2/IgG intron and the simian virus 40
(SV40) poly(A) signal. Adenovirus
vector Ad-RSV-LZ contained the bac-
terial LacZ gene fused to a nuclear lo-
calization signal (NLS) under the con-
trol of the Rous sarcoma virus (RSV)
promoter (21). The empty adenovirus
vector AdTG6401 consisted only of the
vector backbone, deleted in the E1 and
E3 region and without a transgene.
Adenovirus vector AdTG15201 con-
tained the human VEGF-165 gene
(VEGFA gene isoform 165) under the
control of the IE1I-CMV promoter, a
chimeric rabbit betal-globin ivs2/IgG
intron, and the bovine growth hormone
poly(A) signal. All viral vectors repre-
sent first-generation vectors deleted in
the E1 and E3 region (12). Viral doses
were expressed as infectious units (IU),
as determined in a cell infection assay.

For infections of the CAM, the ap-
propriate amount of an adenovirus vec-
tor stock was added on ice to a Matri-
gel® solution (growth factor depleted;
BD Biosciences, San Jose, CA, USA)
using a maximum volume of 2 uL virus
solution per 10 UL mixture. Ten micro-
liters of the Matrigel/virus mixture
were then added onto a sterilized 3 x 3
mm nylon mesh (pore size 300 wm)
(Sefar Nitex® 03-300/51; Polylabo,
Strasbourg, France), which was placed
on a piece of Parafilm®. The complete
mixture was then incubated in a humid-
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ified chamber for 30 min at 37°C to al-
low gel formation.

CAM Assays

Fertilized White Leghorn chicken
eggs (Lohmann Tierzucht, Cuxhaven,
Germany) were incubated in a humidi-
fied chamber at 37°C. At day 4 of incu-
bation, a window was cut into the
eggshell and the underlying skin and
sealed again with an adhesive plaster.
At day 10 of incubation, the nylon
mesh support containing the Matrigel/
adenovirus mixture was placed onto
the CAM. A quarter piece of a steril-
ized plastic cover slide (13 mm diame-
ter) (Thermanox®; Merck-Eurolab,
Fontnay-sous-Bois, France) was then
placed on top of the Matrigel/mesh to
avoid drying the gel during the follow-
ing incubation of the eggs at 37°C. At
the indicated time points, the CAM
was fixed in situ for 5—-10 min with 2%
formaldehyde in PBS. Subsequently,
the area of the CAM around the mesh
was cut out and placed into a culture
dish filled with PBS. Pictures of the
CAM vasculature were taken using a
dissection microscope. For LacZ ex-
pression analysis, the dissected CAM
was stained overnight as previously de-
scribed (20), washed twice in PBS, and
then photographed using a dissection
microscope. For histological sections,
the tissues were dehydrated, embedded
in paraffin (Histoplast®; Life Science
International, Eragny, France), and cut
into 5 wm sections. For the visualiza-
tion of newly formed blood vessels,
tissues were counterstained with hema-
toxylin and eosin (Merck, Darmstadt,
Germany), mounted in Eukitt (Labo-
nord, Villeneuve d’Ascq, France), and
then photographed under a light micro-
scope (Nikon, Melville, NY, USA). For
LacZ expression analysis, sections
were not counterstained but embedded
directly in Eukitt and photographed us-
ing a light microscope with Nomarski
polarization filter optics (Nikon). Im-
munodetection of Von Willebrand fac-
tor (VWF) as a marker for endothelial
cells was performed on 5 um paraffin
sections by incubation with a primary
rabbit anti-human VWF antibody (di-
lution 1/200; Dako, Glostrup, Den-
mark), followed by a secondary goat
anti-rabbit IgG-dextran polymer-HRP
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antibody (Dako). HRP activity was re-
vealed with diaminobenzadine (Dako),
slides were counterstained with Hema-
toxylin Harris® (Sigma, St. Louis,
USA), and mounted in Mowiol®
(Calbiochem-Novabiochem, La Jolla,
CA, USA).

RESULTS

Human AdS5 Vectors Infect the
Chicken CAM and Direct
Expression of the LacZ Transgene

The recombinant adenovirus vector
AdTG14682 encoding the bacterial
LacZ gene was included into a Ma-
trigel/nylon mesh support and then ap-
plied to the chicken CAM on day 10 of
incubation. The CAM was prepared at
1, 2, 3, and 7 days after infection and
stained for the expression of the LacZ
reporter (Figure 1).

LacZ-expressing blue cells were de-
tectable at all time points in the area of
the mesh and surrounding tissues (Fig-
ure 1, A-D), whereas in CAMs infect-
ed with the empty adenovirus vector
AdTG6401, only background staining
was observed (Figure 1F).

At day 1 after infection, blue cells
can already be seen in the mesh region
(Figure 1A). At day 2, the number of
positive cells increased, and cells adja-
cent to the mesh expressed the reporter
gene (Figure 1B). At day 3, the staining
pattern was similar to day 2 but with
more positive cells, especially around
the mesh (Figure 1, C and D). Until day
3, only weak background staining was
detected in CAMs infected with empty
adenovirus (Figure 1F). This nonspe-
cific staining was clearly distinguish-
able from the specific reporter gene-
mediated staining because it was less
intense and did not exhibit the specific
punctuated vector-mediated staining.

At day 7, reporter gene-expressing
cells were still detectable in and around
the mesh area (data not shown), but at
this stage, background staining became
more intense, making it difficult to
evaluate precisely the area and number
of cells exhibiting specific staining.

The localized distribution of the
blue cells indicates that the adenovirus,
when delivered by a Matrigel/nylon
support, was confined to the gel matrix
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and cover slide and did not spread fur-
ther over the CAM surface. Most of the
blue cells were located underneath, in-
side, or in the immediate neighborhood
of the mesh (Figure 1, B-D). In addi-
tion, single blue cells were observed at
some distance from the mesh but still
underneath or immediately adjacent to
the cover slide (Figure 1, B-D).

Histological sections of positive tis-
sues located adjacent to the mesh
revealed that only the outer ectodermal
layer of the CAM expressed the LacZ
reporter gene (Figure 1E). For histolog-
ical sections, Ad-RSV-LZ vector was
used because it directs the LacZ
reporter gene product into the nucleus,
allowing one to unambiguously
distinguish specific adenovirus vector-
mediated expression from background
staining.

AdS5 Vector Expressing the Human
VEGF Gene Induced Blood Vessel
Formation

Adenovirus vector carrying the hu-
man VEGF gene induced the formation
of new blood vessels in the CAM,
whereas empty adenovirus and Ad-
LacZ vectors had no effect (Figure 2).

Four days after the application of the
VEGF-containing vector AdTG15201
to the CAM, the induction of new ves-
sels could readily be observed with a
dose of 2 x 107, 5 x 107, or 1 x 108 TU
(Figure 2, C-F). The two highest doses
led to a more dense and regionally ex-
tended neo-vascularization. Further-
more, at day 3, the formation of new
vessels was already detectable in situ
through the window in the eggshell with
the two higher doses of 5 x 107 or 1 x
108 TU but was not obvious with 2 x 107
IU (data not shown). When a lower dose
(1 x 109 IU) of the adenovirus VEGF
vector was used, no induction of blood
vessels was observed (Figure 2B).

The formation of blood vessels was
strongest in the immediate neighbor-
hood of the mesh. In some cases, the ef-
fect extended to slightly more distant
regions but was still confined to the
limits of the overlaying cover slide.
These observations correlate well with
the expression data observed for the
LacZ reporter gene. No vessel forma-
tion was observed with the empty ade-
novirus vectors at all doses tested: 1 X
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106, 2 x 107, 5 x 107, and 1x 108 IU
(Figure 2, A and G, for 5 x 107 IU).

In histological sections, we ob-
served the formation of a very dense
vascular network around the mesh (Fig-
ure 2, H and I). Newly formed vessels
were mainly confined to stromal re-
gions directly adjacent to the ectoder-
mal layer of the CAM. In addition, in
regions with increased vascularization,
the CAM appeared to be thicker than in
control embryos or areas more distant
from the mesh. In CAMs infected with

DISCUSSION

This work demonstrates that the
chicken CAM can be infected by the
human AdS gene transfer vector and
that the transgene is expressed and re-
sults in a biological response—the in-
duction of new vessels.

At day 1, blue cells could already be
detected in Ad-LZ-infected CAMs.
Over the following days, the number of
blue cells increased, with maximal ex-
pression on day 3. On day 7, blue cells

could still be detected. It should be not-
ed that the half-life of the (-galactosi-
dase protein in vivo is about one day. We

the empty adenovirus, no reaction or
only a weak reaction of the CAM was
observed (Figure 2G).

day3

Ad-empty day3 ——  __

Figure 1. Expression of LacZ reporter gene in the chicken CAM after infection with recombinant
Ad-LZ virus. Chicken CAMs were infected with adenovirus vectors AdTG14682 containing the LacZ
gene (A-D) or the empty adenovirus control vector AdTG6401 (F) at a dose of 2 x 108 TU per CAM. At
various times after infection, CAMs were isolated and stained with X-gal for the expression of the LacZ
reporter gene. Positive blue cells could already be detected at day 1 after infection (A). The number of
expressing cells increased at day 2 (B) and day 3 (C and D). Panel D shows a higher magnification of
panel C. Some weak homogenous blue background staining was observed in a few CAMs infected with
the empty adenovirus vector on day 3 (F), whereas most embryos infected with the empty vector did not
show any background staining. In histological sections of CAMs infected with the Ad-NLS-LZ virus (2
x 107 TU per CAM), LacZ-positive cells were found in the nuclei of cells in the outer epidermal layer of
the CAM (E). ec, ectodermal layer; en, endodermal layer. Measuring bars correspond to 1 mm in (A-D
and F) and to 20 um in E.
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can thus conclude that, under the condi-
tions used in these assays, Ad5-mediat-
ed gene expression continues for at least
six days. When recombinant VEGF pro-
tein was applied to the CAM, protein
was no longer detectable after four days
(23). Thus, using an adenovirus as ex-
pression vector will allow a more ex-
tended presence of the gene product,
which may be important for gene prod-
ucts that give a weaker response or need
to be present for an extended period to
induce a biological response.

At the later time points, specific ex-
pression of the LacZ reporter gene was
more difficult to evaluate because back-
ground staining increased strongly on
day 7. This background staining may
be due to endogenous expression of the
chicken B-galactosidase gene or to
changes in the property of the CAM or
Matrigel, causing the nonspecific con-
version of the X-gal substrate.

We showed that a human AdS gene
transfer vector can infect chicken em-

bryo cells in the CAM. Previous work
also demonstrated that cells in the devel-
oping heart or central nervous system
(CNS) express the reporter gene after
systemic or neural tube injection of ade-
novirus vectors in chicken embryos (8).
To date, the exact mechanism of infec-
tion in chicken is unknown. Since it is
currently unknown whether the chicken
genome contains a coxsackie and aden-
ovirus receptor (CAR) gene homologue
or where it might be expressed, infection
of CAM cells may occur through the
CAR/integrin binding pathway or
through integrin binding alone.

It has been shown that the CAR pro-
tein represents the primary receptor-
mediating cell type specific infection
by the Ad5 virus (11). By performing a
protein BLAST search, we could not
find a chicken CAR orthologue among
the known chicken genes in the Gen-
Bank® database. On the other hand, a
CAR orthologue has been identified in
fish (GenBank), which indicates that

the ancestral gene was already present
in the early vertebrate lineage. One
may thus assume the presence of a CAR
gene in chicken.

After binding to the CAR receptor,
human Ad5 will involve a secondary re-
ceptor for cell entry, the o3 and oy Ps
integrins (11). Since integrins are ex-
pressed on most cells, AdS5 exhibits a
broad host tropism and can even infect
cells that express low levels of CAR; al-
though in this case, a higher multiplicity
of infection is needed. In the chicken
genome, orthologues of the o, and B3
integrin genes can be found (GenBank).

The virus did not spread far on the
CAM when it was applied in a Matrigel
support. LacZ-positive cells were only
detected in the immediate neighbor-
hood of the Matrigel/nylon mesh. Fur-
thermore, we observed that only cells in
the outer, ectodermal layer of the CAM
expressed the LacZ gene. Thus, it ap-
pears that only those cells that are phys-
ically accessible to the virus become in-




DRUG DISCOVERY

| AND GENOMIC TECHNOLOGIES

the VEGF concentrations necessary for
the induction of new blood vessels are
obtained only in the immediate neigh-
borhood of infected cells or that local
receptors and/or scavengers limit the
effect and/or diffusion of the secreted
VEGF protein.

fected and express the transgene.
Similarly, the effect of the VEGF
protein did not extend far beyond the
area where LacZ expression was seen.
Also, induced neo-vessels were only
observed in stromal regions adjacent to
the ectoderm. Thus, it is very likely that

Figure 2. Blood vessel induction in the chicken CAM after infection with the Ad-VEGF virus.
Chicken CAMs were infected with recombinant adenovirus vector AdTG15201 containing the human
VEGF gene at various doses (B—F and H) or the empty adenovirus vector AdTG6401 (A and G) at dif-
ferent doses and analyzed four days later. The empty adenovirus at a dose of 5 x 107 (A) and the Ad-
VEGF virus at a dose of 1 x 106 IU (B) did not induce the formation of new blood vessels. At a dose of 2
x 107, some newly formed blood vessels were observed after infection with the Ad-VEGF virus (C),
whereas at the higher doses (D: 5 x 107 IU; E and F: 1 x 108 IU), a strong inducing effect was evident.
Panel F shows a higher magnification of panel D. In histological sections, the formation of a dense vas-
cular network is observed in Ad-VEGF-infected CAMs (H) on day 4 with 5 X 107 IU but not in CAMs
infected with the empty vector (G). Endothelial cells in CAMs infected with Ad-VEGF virus were re-
vealed by immunostaining with an antibody against VWF (panel 1, arrows) Measuring bars correspond to
1 mm in panel A-F; 20 um in panels G and H; and 5 um in panel I.
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Although vessel formation was visi-
ble at day 3 after the infection of the
CAM with the Ad-VEGF virus and at a
dose of 2 x 107, it is recommended to
screen with increasing doses to at least
up to 5 x 107 IU and to perform the final
evaluation at day 4. We did not test later
time points. It is possible that the effects
may even become more pronounced,
especially when using lower doses.

Here expression of a human gene
gave rise to a biological response in
chicken. Similarly, several other labo-
ratories demonstrated that the human
recombinant VEGF is able to induce
vessel formation in the chicken CAM
(9,17,22,23) and to bind to the chicken
VEGEF receptor 2 (4). This may be due
to the high sequence conservation be-
tween the human and chicken VEGF:
72% identity and 91% similarity at the
amino acid level. However, one should
take into consideration that in other
cases, the human gene may be less well
conserved to cause a biological effect.
This could then be circumvented by
expressing the chicken orthologue,
which can be achieved fast and easily
using the recombinant adenovirus vec-
tor system (3).

When recombinant protein is used in
chicken CAM assays, about 250 ng pro-
tein are needed to observe a clear effect
of vessel growth (1,15,18,22,23). With
our system, 5 X 107 IU of an adenovirus
vector gave a similar response. Since
adenovirus vectors can be easily pro-
duced in quantities of up to 101! IU, this
system allows one to perform a large
number of assays. In addition, the prepa-
ration of an adenovirus vector by homol-
ogous recombination (3) will be much
faster than expressing and purifying
large amounts of recombinant protein.

Another advantage is that adeno-
virus-transferred genes are expressed
directly in CAM cells. Therefore, it
will be possible to study the effects of
intracellular or membrane-bound gene
products. Furthermore, potential post-
translational modifications are also ex-
pected to occur in this system. The ade-
novirus vector system would allow the
expression of more than one gene in the
CAM by using appropriate bi-cistronic
expression cassettes or infecting with a
mixture of recombinant viruses. Even
complete genomic regions of genes
may be incorporated in gutless aden-
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ovirus vectors (19), allowing the ex-
pression of splice variants from a given
gene locus.

Recently, the use of lentiviral vec-
tors has been described for gene trans-
fer to the chicken CAM (14). Lentiviral
vectors have the advantage that infect-
ed cells stably express the transgene,
but compared to recombinant aden-
ovirus vectors, they are much more dif-
ficult to produce in large enough quan-
tities for routine assays.

The system described here should
also allow for the study of the inhibito-
ry or stimulatory effects of small chem-
ical molecules or candidate genes that
may influence the activity the human
VEGF pathway. In this scenario, one
would first express the human gene by
supplying the appropriate adenovirus
vector and then add the chemical sub-
stances or apply both together with the
Matrigel matrix.

In conclusion, the described experi-
mental system provides an easy and ef-
ficient assay system that considerably
accelerates the search for genes capable
of inducing or repressing the formation
of blood vessels. Furthermore, in ap-
propriate experimental settings, the
system may allow for the analysis and
identification of genes repressing blood
vessel formation.
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