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Adenovirus (Ad) is used extensively for construction of viral vectors, most commonly with deletion in its
E1 and/or E3 genomic regions. Previously, our attempts to insert envelope proteins (Env) of HIV-1 into
such vectors based on chimpanzee-derived Ad (AdC) viruses were thwarted. Here, we describe that ge-
netic instability of an E1- and E3-deleted AdC vector of serotype C6 expressing Env of HIV-1 can be
overcome by reinsertion of E3 sequences with anti-apoptotic activities. This partial E3 deletion presum-
ably delays premature death of HEK-293 packaging cell lines due to Env-induced cell apoptosis. The same
partial E3 deletion also allows for the generation of stable glycoprotein 140 (gp140)- and gp160-expressing
Ad vectors based on AdC7, a distinct AdC serotype. Env-expressing AdC vectors containing the partial E3
deletion are genetically stable upon serial cell culture passaging, produce yields comparable to those of
other AdC vectors, and induce transgene product–specific antibody responses in mice. A partial E3 de-
letion thereby allows expansion of the repertoire of transgenes that can be expressed by Ad vectors.

Keywords: HIV-1, vaccine, genetic stability, immune responses

INTRODUCTION
REPLICATION-DEFECTIVE ADENOVIRUS (Ad) vectors effi-
ciently deliver transgenes to multiple cell types.1,2

They trigger a potent inflammatory response,3,4

which initiates adaptive immune responses to the
transgene product and the antigens of the Ad vec-
tor.5 This has led to the development of different Ad
serotypes as vaccine carriers for a plethora of anti-
gens derived from viruses,6–10 bacteria,11,12 para-
sites,13,14 or tumor cells,15–17 which have consistently
induced potent and sustained B and T cell responses
to the transgene products.

In most Ad vaccine vectors, the E1 and E3 do-
mains are deleted from the genome. The E1 dele-
tion renders Ad vectors replication defective and
reduces synthesis of other Ad antigens. E3 encodes
a number of polypeptides that have anti-apoptotic
activity or allow the virus to escape immune sur-
veillance.18,19 The E3 domain, a region that is non-
essential for viral replication, is generally deleted to
allow for the insertion of lengthy transgene expres-

sion cassettes without exceeding the genome size
of wild-type virus, as this could potentially result in
genetic instability of Ad vectors.20

Ad vectors have been explored extensively as
vaccine carriers for antigens of human immuno-
deficiency virus (HIV)-1,21–25 the causative agent of
the acquired immunodeficiency syndrome (AIDS).
While initial efforts focused on expression of internal
antigens for the induction of CD8+ T cell responses
against HIV-1, efforts have since shifted toward ex-
pression of the envelope protein (Env). The heavily
glycosylated and highly variable Env of HIV-1 forms
trimers composed of glycoprotein (gp) 120 and gp41
on the surface of the virion. These complexes allow
HIV-1 to attach to its receptors and coreceptors
and are thereby essential for CD4+ cell infection by
HIV-1. Env is not only the sole target of HIV-1-
specific neutralizing antibodies26 but also binds
nonneutralizing antibodies, which may provide pro-
tection against infection as was shown by antibodies
directed to the V2 loop of HIV-1 Env.27,28 The Env
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protein of HIV-1 is therefore considered to be an es-
sential component of an HIV vaccine.

Previously, we attempted to insert gp140—a
truncated form of gp160 lacking the transmem-
brane and cytoplasmic domains—of HIV-1 clade
C into an E1- and E3-deleted chimpanzee-
derived Ad (AdC) vector of serotype S-AdV-23,
from here on referred to as AdC6. The complete
E3 deletion was designed to remove E3 open
reading frames (ORFs) 3–9. We were unable to
rescue the virus indicative of its genetic insta-
bility. We reasoned that this might have been
caused by premature apoptosis of the packaging
cells due to high levels of gp140.29 We inserted
the gp140 expression cassette into an E1-deleted
viral molecular clone that contained the E3 do-
main. The rescued vector and target genome
was initially changeable, however on subsequent
passages remained stable. Restriction enzyme
digestion indicated that the initial changes re-
flected deletions in part of the E3 domain. We
sequenced the E3 domain of the mutated vector
and then reinserted the E3 sequences that the
vector had maintained (i.e., E3 ORFs 8 and 9)
into the E1- and fully E3-deleted viral molecular
clone, thereby creating a vector with a partial E3
deletion. Vectors with this partial E3 deletion
rescued easily and were genetically stable over
12 serial passages upon insertion of the HIV-1
clade C gp140 or gp160 expression cassettes. An-
other chimpanzee Ad vector based on serotype S-
AdV-24, termed AdC7, also stably expressed these
two versions of HIV-1 Env when engineered with a
similar partial E3 deletion. AdC6 and AdC7 vec-
tors expressing gp140 or gp160 induced antibodies
to HIV-1 Env. Humoral responses were higher in
groups immunized with vectors expressing gp140.

Overall, our results show that genetic instability
of Ad vectors caused by toxic transgene products
can be overcome by the maintenance of selected E3
ORFs, specifically the regions encoding viral anti-
apoptotic polypeptides.

MATERIALS AND METHODS
Development of viral molecular clones

The vaccines are based on molecular clones of
two chimpanzee adenoviruses, AdC6 and AdC7, also
termed SAdV-23 andSAdV-24. Viruseswereobtained
from ATCC: AdC6 (ATCC VR-592, Genbank acces-
sion: AY530877); AdC7 (ATCC VR-593, Genbank ac-
cession: AY530878). Wild-type AdC6 and AdC7 were
propagated in HEK-293 cells and purified by CsCl
gradient centrifugation, followed by viral genomic
DNA purification as previously described.30

We generated three viral molecular clones, the
first has the entire E3 domain, the second has a
complete deletion of the E3 domain and a partial
deletion of the 5¢ part of U, and the third has a
partial E3 deletion. Generation of E1-deleted viral
molecular clones containing full-length E3 based
on the genome of wild-type virus has been de-
scribed elsewhere.30

To generate a complete E3 deletion, the original
plasmid of pAdC6 was digested with Sbf I, result-
ing in pC6 Sbf I; pC6 Sbf I was digested with Swa I
and Eco47 III to generate pAdC6-E3 deleted.

As the vector containing full-length E3 and the
gp140 expression cassette lost part of the E3 se-
quence upon passaging, we sequenced the E3 do-
main of the mutated viral clone and found that ORF
1 and 9 had remained intact, while ORF 2 and 8 had
been partially lost; the other E3 ORFs had been
deleted completely. The partial E3 deletions
spanned from bp 27835 to 31052. We amplified the
remaining E3 fragment by PCR with the forward
primer 5¢-CCATGGTGGCGCAGCTGAC-3¢, and
the reverse primer 5¢-ATTTAAATCATCATCAA
TATGATCTTTA-3¢. The PCR product was cloned
into the pAdC6 E3-deleted plasmid using Nco I
and Swa I restriction enzymes resulting in pC6 020-
E3. Finally, both plasmids of the original pAdC6 and
pC6 020-E3 were cut by Sbf I and ligated to generate
the viral molecular clone of E1- and partially E3-
deleted AdC6.

To create a partially E3-deleted AdC7 molecular
clone, a similar cloning strategy was adopted. The
E1-deleted AdC7 clone (pAdC7-E1 minus) was first
generated in pBR322 as backbone plasmid. The
fragment of Avr II (5.8 kb, from 23363 to 29172)
was cloned into pSL1180 resulting in pC7-AvrII,
which was digested by Nru I and ligated back to
obtain the pC7-E3 minus. Finally, the backbone
plasmid of pAdC7-E1 minus was digested with Avr
II. pC7-E3 minus as insert donor was cut by Spe I
and Avr II. The two fragments were ligated, re-
sulting in the viral molecular clone of E1- and
partially E3-deleted AdC7.

We inserted the gp140- and gp160-expression
cassette from pShuttle vectors30 into the viral mo-
lecular clones using the I-CeuI and PI-ScaI sites
present up- and downstream of the expression cas-
sette and inserted into the molecular clones that
contained the same restriction sites in the deleted E1.
The pShuttle vectors have the human cytomegalovirus
(CMV) promoter, the transgene (gp140 or gp160), and
the bovine growth hormone poly A sequence. Viral
vectors were rescued, expanded, purified, and quality
controlled.30 The ratios of virus particles (vps) to in-
fectious units were determined as described and ran-
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ged from *1:250 to 1:850 (AdC6-gp140, 1:467; AdC6-
gp160, 1:854; AdC7-gp140, 1:493; AdC7-gp160, 1:275).

Expression of AdC6/AdC7 HIV-1
gp140/HIV-1 gp160

AdC6 or AdC7 virus expressing HIV-1 clade C
gp140 or gp160 were tested by Western blots. Briefly,
HEK-293 cells were infected with 1010 vp of the AdC
vectors per well in a six-well plate overnight at 37�C
with 5% CO2. After the infection, cells were washed
twice with ice-cold phosphate-buffered saline (PBS)
and lysed using RIPA lysis buffer for 1 hour on ice.
The cell supernatant was collected by centrifuging
the lysate at 15,000 rpm for 30 minutes at 4�C. The
concentration of total lysate was determined using
Pierce BCA kit, and 40lg of protein was loaded onto
the SDS gel. The proteins were transferred to poly-
vinylidene difluoride membrane and blocked for 30
minutes with 5% milk powder in PBS containing
0.1% Tween. The membrane was probed overnight at
4�C with 1:1000 dilution of the ID6 mouse HIV-1
gp120 monoclonal antibody (obtained through the
NIH AIDS Reagent Program, Division of AIDS, Na-
tional Institute of Allergy and Infectious Diseases,
National Institutes of Health). After the incubation
the membrane was washed thrice with PBST and
further incubated with secondary anti-mouse im-
munoglobulin G (IgG) horseradish peroxidase anti-
body (Kirkegaard & Perry Laboratories, Inc.,
Gaithersburg, MD) at 1:20,000 dilution for 1 h.
Following incubation the membrane was washed
and developed using SuperSignal� West Pico
substrate (Thermo Fisher Scientific, Pittsburgh,
PA). The membrane was stripped and re-probed
with mouse monoclonal anti-ß-actin-peroxidase
antibody, clone AC-15 (Sigma-Aldrich, St. Louis,
MD) for loading control at 1:20,000 dilution.31,32

Mice
Female 6- to 8-week old CD-1 mice were pur-

chased from the Charles River Laboratory and
housed at theAnimalFacility of the Wistar Institute.
All experiments were performed in accordance with
institutionally approved animal protocols.

Immunization of mice
Groups of 5 mice were immunized intramuscu-

larly with AdC6 or AdC7 vectors expressing either
gp140 or gp160 of HIV-1 clade C. The groups were
injected with vectors diluted to 109–1011 vp in sterile
PBS, while control mice were injected with PBS
only. At 9 weeks after the prime, mice that re-
ceived the 1010 vp prime were boosted with the
same dose of a heterologous vector expressing the
same transgene.

Serum collection
Blood was collected from individual mice at 2, 4,

and 8 weeks after prime, and 8 weeks after the
boost by submandibular bleeding. Samples were
incubated at room temperature for 2 h and centri-
fuged at 5500 g for 10 min for separation of serum.
Sera were stored at -20�C.

Enzyme-Linked Immunosorbent Assay
Round-bottom ELISA plates were coated with

150 ng of recombinant gp140 of HIV-1 clade C strain
DU172 per well and incubated overnight at 4�C. The
plates were washed with 0.05% PBS-Tween and
blocked overnight at 4�C with 3% bovine serum al-
bumin (BSA) in PBS-T. After a PBS-T wash, two-
fold serial dilutions of sera starting at 1:200 were
added to the plates and incubated for 2 hours at
room temperature. The plates were washed with
PBS-T and Alkaline phosphatase (AP)-conjugated
anti-mouse IgG diluted to 1:30,000 was added to
the plates for 1 h at room temperature. At the end of
the incubation, the plates were washed, developed
(phosphatase substrate dissolved in diethanolamine
buffer), and read 30 min later at 405 nm. All samples
were run in duplicate.

Affinity of transgene product–specific antibodies
Round-bottom ELISA plates were coated with

150 ng of recombinant gp140 of HIV-1 clade C
strain DU172 per well and incubated overnight at
4�C. The plates were washed with 0.05% PBS-T
and blocked overnight at 4�C with 3% BSA in PBS-
T. After a PBS-T wash, serum diluted to 1:300 or
1:200 was added to the blocked plates and incu-
bated for 2 h at room temperature. The plates were
washed with PBS-T and eluted for 15 min with nine
2-fold serial dilutions of NH4SCN starting at 5 M.
Control wells were incubated with PBS. The plates
were washed with PBS-T and AP-conjugated anti-
mouse IgG diluted to 1:30,000 was added to the
plates for 1 hour at room temperature. At the end of
the incubation, the plates were washed, developed
(phosphatase substrate dissolved in diethanola-
mine buffer), and read 30 minutes later at 405 nm.
All samples were run in duplicate.

Antibody isotyping
ELISA assays were used to characterize the iso-

types of transgene-specific antibodies in sera from
immunized mice. Round-bottomed ELISA plates
were coated with 150 ng of recombinant gp140 of
HIV-1 clade C strain DU172 and incubated over-
night at 4�C. The plates were washed with PBS and
blocked overnight at 4�C with 3% BSA in PBS. After
a PBS wash, sera were diluted to 1:300 in blocking
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buffer and added to the coated plates for 2 h at room
temperature. The plates were washed with PBS
and six rabbit anti-mouse Ig antibodies directed to
IgG1, IgG2a, IgG2b, IgG3, IgA, or IgM (Calbiochem
Hybridoma Subisotyping Kit) were added to the
plates for 1 hour at room temperature. The plates
were washed with PBS and AP-conjugated goat
anti-rabbit IgG diluted to 1:30,000 was applied to
the plates for 1 hour at room temperature. At the
end of the incubation, the plates were washed, de-
veloped (phosphatase substrate dissolved in die-
thanolamine buffer), and read 30 minutes later at
405 nm. All samples were run in duplicate.

Detection of V1/V2 loop–specific antibodies
Round-bottomed ELISA plates were coated with

600 ng/well of a HIV-1 V2 peptide (corresponding to
HIV-1 Clade C strain DU172) and incubated over-
night at 4�C. The plates were washed with PBS and
blocked overnight at 4�C with 8% BSA in PBS.
After a PBS wash, 2-fold serial dilutions of sera
starting at 1:200 were incubated on the coated
plates for 2 hours at room temperature. The plates
were washed with PBS and AP-conjugated anti-
mouse IgG diluted to 1:30,000 was applied to the
plates for 1 hour at room temperature. At the end of
the incubation, the plates were washed, developed
(phosphatase substrate dissolved in diethanola-
mine buffer), and read 30 minutes later at 405 nm.
All samples were run in duplicate.

Statistical analyses
For differences in antibody responses, the area

under the curve for antibody titers in individual
mice was calculated. Significant differences be-
tween groups were then determined by one-way
ANOVA. Differences in isotypes were determined
by two-way ANOVA. Differences in affinity were
tested for by multiple t-tests with Holm-Sidak
correction for type 1 errors.

RESULTS
AdC6 and AdC7 vectors partially E3-deleted
stably express gp140 or gp160 of HIV-1 clade C

We previously developed viral molecular clones
for E1- and E3-deleted AdC6 vectors. We success-
fully inserted a number of different transgene cas-
settes, which upon rescue in HEK-293 cells resulted
in genetically stable vectors.33–35 Nevertheless, our
initial attempts to generate AdC6 vectors expres-
sing the gp140 of HIV-1 clade C envelope repeatedly
failed. We reasoned that the toxicity of gp140 of
HIV-1 might result in genetic instability and that
this could be addressed by reinserting specific se-
quences of E3 encoding polypeptides with anti-

apoptotic activity. In AdC6 wild-type virus (acces-
sion number AY530877), the E3 domain spans from
base pairs (bp) 27110 to 31864. In our first gener-
ation of E3-deleted AdC6 vectors, E3 ORFs 3–9, in
addition to part of the sequence encoding protein
U, were deleted of 4013 bp by the use of restriction
enzymes that cut at convenient sites (bp 27896–
31909). Deletion of sequences encoding protein U
in Ad vectors of human serotype 5 had been pre-
viously shown to impair the organization of repli-
cation centers late during infection, while vectors
with a U exon deletion displayed a mild growth
defect.36 Nevertheless, the partial U deletion was
unlikely to cause the genetic instability of AdC6
vectors as other transgenes were well tolerated and
neither rendered the vectors genetically unstable
nor reduced yields.

We reconstructed the vector by reinserting E3
ORFs 8 and 9, and the missing part of the sequence
encoding protein U, resulting in a new vector with
a deletion of bp 27835-31052 (3218 bp deletion)
corresponding to the sequences of wild-type virus
(Fig. 1A). We then inserted expression cassettes
containing gp140 or gp160 of HIV-1 clade C isolate
Du422, which originated from a recently infected
individual. Both vectors were isolated successfully,
and upon 12 serial passages their genomes main-
tained the expected banding pattern upon restric-
tion enzyme digest (Fig. 1B). We then developed an
E1-deleted AdC7 vector with a similar E3 deletion
of bp 27775–31298 (3523 bp) (Fig. 1A) and inserted
gp140 or gp160 of Du172, another early clade C
HIV-1 isolate. Again, these two vectors were rescued
successfully and were genetically stable upon 12 se-
rial passages in HEK-293 cells (Fig. 1B). Our at-
tempts to generate fully E3-deleted AdC7 vectors
expressing gp140 of HIV-1 repeatedly failed. Growth
characteristics of the partially E3-deleted AdC vec-
tors expressing Env of HIV-1 were similar to those
observed for partially E3-deleted AdC vectors ex-
pressing other transgene products (Fig. 1C). Western
blots conducted on cell lysates from HEK-293 cells
infected with AdC6gp140, AdC6gp160, AdC7gp140,
or AdC7gp160 showed expression of the transgene
product (Fig. 1D).

AdC6 and AdC7 vectors expressing Env
of HV-1 induce antibody responses in mice

To further ensure that the HIV-1 Env-expressing
AdC vectors containing the partial E3 deletion were
functional, we immunized mice with three doses
(109–1011 vp) of the four different constructs. Mice
were bled at baseline and then in 2-week intervals for
the next 8 weeks. Mice that received the 1010 vp dose
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were boosted at 9 weeks after the initial vaccination.
Mice primed with AdC6 were boosted with the same
dose of the AdC7 vector expressing the same trans-
gene product and vice versa. As shown in Fig. 2, the
AdC6gp140 vector induced an antibody response to
HIV-1 Env in a dose-dependent fashion, with in-
creases in humoral responses seen till week 8. A
booster dose with a heterologous vector induced a
further increase in antibody titers. The AdC6gp160
vector was less immunogenic and mice did not ser-
oconvert until 4 weeks after immunization. The boost
caused a significant increase in antibodies to Env.

The AdC7 vectors showed a different pattern
(Fig. 3). Responses to AdC7gp140 at the two lower
doses peaked earlier by week 4 and there were no
significant differences between responses at weeks
4 and 8. The booster immunization failed to in-
crease transgene product–specific antibody titers.
The AdC7gp160 vector was poorly immunogenic,
with no detectable response elicited at the 109 vp
vector dose. Responses to the two higher doses were
low and came up with a delay as compared with
those to the AdC6 vector expressing the same

transgene product. The booster immunization with
AdC6gp160 failed to increase antibody titers.

Env-specific antibodies at 8 weeks after the first
immunization or booster dose were mainly of the
IgG1 and IgG2a/b isotypes indicative of the mixed
Th1/Th2 responses. Differences between the groups
were subtle (Fig. 4).

We tested sera of mice immunized with 1010vp of
AdC vectors expressing gp140 or gp160 for anti-
bodies to the V2 loop of HIV-1 by a peptide ELISA at
baseline and at 8 weeks after the prime and the
boost. AdC6gp140 and AdC7gp140 vectors induced
antibodies to the V2 loop by 8 weeks after priming,
which increased after the heterologous boost (Fig. 5).
Increases in response were more substantial for the
V2 loop than observed for the antibodies against the
whole protein (Figs. 2,3). The antibody response to
the V2 loop of Env was marginal after immunization
with the AdC6gp160 or AdC7gp160 vectors.

Antibodies collected at 8 weeks after priming
with 1010 vp of AdC6 or AdC7 were tested for their
affinity by an ammonium thiocyanate replace-
ment assay. As shown in Fig. 6, antibodies induced

Figure 1. Partially E3-deleted adenovirus C (AdC) vectors are genetically stable and express the transgene product in transfected HEK-293 cells. (A)

indicates the deletions. (B) shows the results of the restriction enzyme digest of the viral DNA isolated after an early (5th) or late (12th) passage. The molecular
weight ladder (MW) is shown on the right of each gel. (C) shows vector vields for partially-(gp140) or E3-deleted (gag) AdC vectors. (D) shows Western blots
for the AdC-Env vectors conducted with lysates of infected HEK-293 cells. Color images available online at www.liebertpub.com/hgtb
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by AdC6gp140 and AdC6gp160 had comparable af-
finity; antibodies to AdC7gp140 had superior affinity
compared with antibodies elicited by AdC7gp160.

Overall these results show that AdC vectors ex-
pressing sequences of HIV-1 Env are immunogenic.
Detectable humoral responses were higher upon
immunization with gp140 cassette-expressing vec-
tors, and induction of antibodies to the V2 loop of
Env requires a prime-boost regimen with the viral
vectors.

DISCUSSION

E1-deleted Ad vectors are exceptionally well
suited as vaccine carriers. After a single dose, they
induce immune responses to the transgene prod-
uct, which are exceptionally sustained as Ad vectors
persist at low levels in a transcriptionally active
form in T cells.37 This is a particularly interesting
trait for vaccines that aim to induce antibody re-
sponses, as protection depends on levels of anti-
bodies present in the circulation or at mucosal

Figure 2. AdC6-induced envelope protein (Env)–specific antibody responses. Groups of 5 mice were immunized with the vectors at the indicated doses and
antibodies to the transgene product were measured in individual serially diluted sera harvested at baseline or 2, 4, or 8 weeks after immunization. Mice that
received the 1010 virus particle (vp) dose were boosted with AdC7 vectors expressing the same transgene used for priming and sera were tested at 8 weeks
after the boost (8wks pb). The graphs show adsorbance values as means with standard error of the mean (SEM) for serially diluted sera. The lines next to the
legends show significant differences between the indicated groups by ANOVA. The statistical analyses were performed on area under the curve for each
serum. –p > 0.05; *0.05 ‡ p > 0.01; **0.015 ‡ p > 0.001; ***0.001 ‡ p > 0.0001; ****p £ 0.00001.

Figure 3. AdC7-induced Env-specific antibody responses. The graphs show results for sera from AdC7-immunized mice (as described for AdC6 in Fig. 2).
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surfaces. Clinical experiences with Ad vectors
have shown them to be well tolerated at doses
needed to induce transgene product–specific im-
mune responses.7,9,24 We developed AdC vectors
to circumvent preexisting neutralizing anti-
bodies, which are commonly found in humans to

human Ad serotypes.38,39 Ad-neutralizing anti-
bodies reduce uptake of the corresponding Ad
vectors and hence their ability to induce trans-
gene product–specific immune responses. Neu-
tralizing antibodies to AdC6 and AdC7 are rare in
humans residing in the US or Asia, and lower in

Figure 4. Isotypes of vaccine-induced antibodies to Env. Stacked columns show mean adsorbance + SEM of Env-specific antibodies in sera of mice
harvested at baseline, 8 weeks post priming (8 wks pp) or 8 weeks post boosting (8 wks pb). Lines with -/* indicate significant differences between the
indicated groups, as in Fig 2. From left to right -/* are organized following the top-to-bottom list of the isotypes listed in the right lower corner of the graph.

Figure 5. AdC-induced antibodies to the V2 loop. The graphs show adsorbance values as means with SEM for serially diluted sera from the same mice shown
in Figs. 2 and 3. Sera harvested at baseline, at 8 weeks after priming, or at 8 weeks after the boost were tested. Lines with -/* show significant differences
between the indicated groups again comparing area under the curve of individual sera.
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sub-Saharan Africans than antibodies against
other Ad vectors currently in testing.38,39

Although numerous transgene products have
been successfully expressed by Ad vectors, a few
are problematic by either resulting in poor growth
or genetic instability of the recombinant Ad vec-
tors; neither is acceptable for clinical development.
This can be circumvented by using inducible ex-
pression systems.40,41 Alternatively, as we show
here, it can be addressed at least for some trans-
genes by an incomplete E3 deletion, which pre-
serves some of the ORFs that encode polypeptides
that interfere with activation of apoptosis pathway
in packaging cell lines that express E1 in trans.42,43

We assume that this prolongs the lifespan of the
transduced packaging cells thus allowing for rep-

licating Ad virus particles to mature before the
cells die. Unfortunately, as we could not generate
E1- and fully E3-deleted AdC vectors expressing
gp140 or gp160, we were unable to pinpoint if in-
deed the reinserted E3 ORFs prevented premature
apoptosis of the packaging cell lines. Using AdC6
vectors with full or partial E3 deletion expressing a
nontoxic protein such as green fluorescent protein
failed to indicate that cells transduced with the
partially E3-deleted vector had a survival advan-
tage (data not shown), but as green fluorescent
protein is not particularly toxic, these results may
not apply to AdC vectors expressing HIV-1 Env.

Using the partial E3 deletion we were able to
generate AdC6 vectors expressing gp140 or gp160
of different isolates of HIV-1 clade C. We were also
able to rescue partially E3-deleted AdC7 vector
expressing the same transgenes. In contrast, fully
E3-deleted AdC7 vectors with these transgenes
failed to yield infectious virus. Partially E3-deleted
AdC6 and AdC7 vectors expressing HIV Env vec-
tors were genetically stable over 12 passages, and
yields as well as ratios of virus particles to infec-
tious units were comparable to those of other vec-
tors with a more complete E3 deletion. We have
since generated additional recombinant E1- and
partially E3-deleted AdC vectors that were diffi-
cult to rescue in a version with the more complete
E3 deletion, such as vectors expressing the rabies
virus glycoprotein confirming that this approach
has general value.

Vectors were immunogenic although antibody
responses to gp160-expressing vectors were consis-
tently lower than those to gp140. This may in part
relate to the experimental design where antibodies
were tested on plates coated with gp140. As is typ-
ical for antibodies to the Env of HIV-1, antibody re-
sponses developed rather slowly.44 The AdCgp140
vectors also induced antibodies to the V2 loop, which
have been shown to provide increased resistance
to HIV-1 acquisition in the RV144 trial.27 This phase
3 trial tested a vaccine regimen in which poxvirus
vectors expressing gag, pol, and env were combined
with gp120 protein boosts.45 A potent response to the
V2 loop by the AdCgp140 vectors required a prime-
boost regimen that disproportionally increased an-
tibodies of this specificity.

Our experimental design favored detection of
antibodies to Du172. AdC7 vectors expressed
gp140 or gp160 of Du172 while AdC6 vectors ex-
pressed gp140 or gp160 of Du422. We selected
Env sequences from two distinct clade C viruses
to broaden responses after a prime boost. Anti-
bodies were then tested on plates coated with a
baculovirus-derived gp140 of Du172 or peptides

Fig 6. Affinity of AdC-induced antibodies. The graphs show the results of a
NH4SCN replacement assay conducted with a 1:200 dilution of sera from
individual mice that had been immunized 8 weeks previously. Data are
shown as percent adsorption in the presence of various concentrations of
NH4SCN compared with adsorption without NH4SCN. The statistical anal-
ysis compared results at the same NH4SCN concentrations between the
two groups in each graph by multiple t-tests with Holms-Sidak correction.
Symbols are as in Fig. 2.
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representing the V1/V2 sequences of Du172, which
in this domain only shows 70% homology with
Du422. We thus expected to detect more potent
antibody responses in mice immunized with AdC7
vectors expressing the homologous protein. This
was not the case, indicating that antibodies were
either highly cross-reactive or that the AdC6 vectors
were intrinsically more potent. Testing on gp140 or
peptides of Du172 may explain the results of the
prime-boost experiments where mice primed with
AdC6 showed increases in antibody titers upon
boosting with AdC7, while in the reverse regimen the
second immunization failed to increase antibody re-
sponses to protein and was less effective to augment
titers to the V2 loop. Priming drives maturation of
naı̈ve B cells into short- and long-lived antibody-
secreting cells and memory B cells. A second immu-
nization with the same or a related antigen primarily
stimulates the memory B cells rather than a distinct

set of naı̈ve mature B cells, a phenomenon known as
antigenic sin. In the AdC6/AdC7 regimen, the boost
preferentially expanded and affinity-matured anti-
body response to Du172, while the AdC7/AdC6 regi-
men would have promoted antibodies to Du422,
which may have escaped detection.

In summary, results presented here show that a
partial E3 deletion promotes genetic stability of Ad
vectors carrying transgenes that would otherwise
not be tolerated.
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