
Lac-regulated system for generating adenovirus 5 vaccine vectors
expressing cytolytic human immunodeficiency virus 1 genes

Chunxia Zhao1,2, Charles Jefferson Crews1,2, Cynthia A. Derdeyn1,2,5, and Jerry L.
Blackwell1,2,3,4

1 Emory Vaccine Center, Emory University, Atlanta, GA 30329

2 Yerkes National Research Primate Center, Emory University, Atlanta, GA 30329

3 Division of Infectious Diseases, Emory University, Atlanta, GA 30329

4 Department of Medicine, Emory University, Atlanta, GA 30329

5 Department of Pathology, Emory University, Atlanta, GA 30329

Abstract
Adenovirus (Ad) vectors have been developed as human immunodeficiency-1 (HIV-1) vaccine
vectors because they consistently induce immune responses in preclinical animal models and human
trials. Strong promoters and codon-optimization are often used to enhance vaccine-induced HIV-1
gene expression and immunogenicity. However, if the transgene is inherently cytotoxic in the cell
line used to produce the vector, and is expressed at high levels, it is difficult to rescue a stable Ad
HIV-1 vaccine vector. Therefore we hypothesized that generation of Ad vaccine vectors expressing
cytotoxic genes, such as HIV-1 env, would be more efficient if expression of the transgene was down
regulated during Ad rescue. To test this hypothesis, a Lac repressor-operator system was applied to
regulate expression of reporter luciferase and HIV-1 env transgenes during Ad rescue. The results
demonstrate that during Ad rescue, constitutive expression of the Lac repressor in 293 cells reduced
transgene expression levels to approximately 5% of that observed in the absence of regulation.
Furthermore, Lag-regulation translated into more efficient Ad rescue compared to traditional 293
cells. Importantly, Ad vectors rescued with this system showed high levels of transgene expression
when transduced into cells that lack the Lac repressor protein. The Lac-regulated system also
facilitated the rescue of modified Ad vectors that have non-native receptor tropism. These tropism-
modified Ad vectors infect a broader range of cell types than the unmodified Ad, which could increase
their effectiveness as a vaccine vector. Overall, the Lac-regulated system described here (i) is
backwards compatible with Ad vector methods that employ bacterial-mediated homologous
recombination (ii) is adaptable for the engineering of tropism-modified Ad vectors and (iii) does not
require co-expression of regulatory genes from the vector or the addition of exogenous chemicals to
induce or repress transgene expression. This system therefore could facilitate the development of
Ad-based vaccine candidates that otherwise would not be feasible to generate.
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1. Introduction
1.1 Current HIV-1 vaccines

HIV-1 vaccine clinical trials are reaching into a record number of developed and under-
developed countries worldwide (Kresge, 2007). This increase in testing is driven by the premise
that a protective vaccine, even if only partially effective, would have enormous benefits in the
lives of people affected by HIV infection and the economic costs associated with health care
and productivity. A number of vaccine candidates are currently being evaluated, including
plasmid DNA (pDNA), synthetic peptides, recombinant proteins, live viral vectors, and various
combinations of these different components. Poxvirus- and Ad-based vectors have emerged
as the most promising of the virally-vectored HIV-1 vaccines. Among these two vector types,
Ad serotype 5 (Ad5)-based vaccines have consistently demonstrated the ability to induce
immune responses in pre-clinical animal models and phase I/II human trials. Despite their
apparent ability to elicit strong T cell responses, Ad5-based vaccines are also paradoxically
the most susceptible to inhibition by naturally occurring pre-existing vector immunity, which
can significantly limit its efficacy. To address this issue, several groups including our own are
developing innovative Ad vectors that circumvent neutralization by pre-existing anti-Ad5
antibodies (Nab) in vaccinees (Barouch et al., 2004; Blackwell et al., 2000; de Souza et al.,
2006; Fitzgerald et al., 2003; McCoy et al., 2007; Nanda et al., 2005; Thorner et al., 2006;
Vanniasinkam and Ertl, 2005); nevertheless a recent study suggests that vector modification
alone may not completely negate the limitations associated with pre-existing Ad5 immunity
(Liu et al., 2007). Importantly however, results from the STEP/HVTN 502 HIV clinical trial
have brought into question the use of Ad5-vectored HIV-1 vaccines, and perhaps virally-
vectored vaccines in general, due to a lack of efficacy and the unanticipated association of pre-
existing Ad5 immunity with increased acquisition of HIV-1 infection, especially in
uncircumsized vaccinees (Sekaly, 2008; Steinbrook, 2007). Despite this significant setback
there is still interest in Ad-based vaccines, therefore continued vector development and
discovery research is highly warranted.

1.2 Recombinant Ad5 vector development
As a recombinant viral vector, Ad5 has shown utility in the context of gene therapies,
immunotherapies, and vaccines (see reviews in Refs. (Barouch and Nabel, 2005; Ghosh et al.,
2006; McConnell and Imperiale, 2004)). Perhaps one of the most compelling arguments for
the continued use of Ad5-based therapies lies in the considerable amount of past and ongoing
vector development and the growing body of information on the immune responses elicited by
Ad vectors and on vector-host interactions. In this regard, Ad vector development encompasses
a range of promising approaches to manipulate cell tropism (Douglas et al., 1996; Krasnykh
et al., 1996; Rogers et al., 1997; Stevenson et al., 1997), afford cell- or tissue-specific transgene
expression (Glasgow et al., 2006) and modulate immune responses through the expression of
cytokines or costimulatory ligands (Braciak et al., 2000; Bukczynski et al., 2004; Wiethe et
al., 2003). Furthermore, a considerable amount of vector development has taken place
investigating Ad vectors of different serotypes. For example, human Ad serotypes 35, 41, 46
and 49 (Barouch et al., 2004; Lemiale et al., 2007; Xin et al., 2007) as well as simian, bovine
and porcine Ad vectors (McCoy et al., 2007; Moffatt et al., 2000) are currently being evaluated
as vaccine candidates. Similar approaches to alter vector tropism that have been employed in
other Ad-based therapies and could have utility in HIV-1 vaccine design include direct genetic
modification of viral capsid proteins (Kasono et al., 1999; Mercier et al., 2004) and the use of
molecular bridging molecules such as antibodies (Blackwell et al., 1999; Volpers et al.,
2003), single-chain antibodies (Watkins et al., 1997) and recombinant fusion proteins
(Pereboev et al., 2002; Pereboev et al., 2004). Importantly, some of these tropism-modification
approaches have the added value of facilitating escape from pre-existing Ad5 Nab (Blackwell
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et al., 2000). Overall, the ongoing vector development illustrates the flexibility that the Ad
platform lends to the increasingly complex needs of HIV-1 vaccine design.

1.3 Regulation of cytotoxic transgene expression
During the development of recombinant Ad vectors, several studies have reported difficulty
in rescuing the vectors themselves, which in some cases was linked to the toxicity of
recombinant transgene expression. This toxicity could be mitigated by countering the toxic
cellular effects and/or by regulating toxic gene expression. For example, by including a caspase
inhibitor in the cell culture medium, Ad vectors that express pro-apoptotic Fas ligand (FasL)
have been successfully propagated (Aoki et al., 2000). In other examples, regulated gene
expression was needed to successfully rescue or propagate Ad vectors that express human
tumor necrosis factor alpha (Hu et al., 1997), vesicular stomatitis virus G-protein (Yoshida et
al., 1997), FasL (Rubinchik et al., 2000), rabies virus glycoprotein (Matthews et al., 1999) and
the ASF/SF2 splicing factor (Edholm et al., 2001). To add to this list, we have observed that
some Ad vaccine vectors that express full-length HIV env sequences are consistently difficult
or impossible to rescue. The problem is exascerbated when the gene is codon-optimized and
transcribed from a strong promoter. Our experience is consistent with early studies showing
the cytotoxicity of Env (Sodroski et al., 1986) and a number of studies that have since described
different mechanisms of Env glycoprotein cytotoxicity (Andreau et al., 2004; Perfettini et al.,
2005). For example, soluble gp120 induces programmed cell death through interaction with
CD4 and/or CXCR4 and CCR5 chemokine receptors (Cicala et al., 2000; Roggero et al.,
2001; Trushin et al., 2007) and dysregulation of intracellular calcium homeostasis (Haughey
and Mattson, 2002); the latter of which may be linked with neuronal damage and AIDS
dementia. In addition, the interaction of membrane-bound gp120/41 with CD4 and co-receptor
can induce syncytia formation resulting in cellular and nuclear fusion that leads to apoptosis
via caspase activation and mitochondrial depolarization. It was also observed that Env
glycoprotein-induced syncytia formation from Ad5-infected cells (Li et al., 2001), produces a
massive amount of actin filament disruption that is likely involved in the resulting cytotoxicity
(unpublished observation). Of note, proposed mechanisms of HIV-1 pathogenesis have also
implicated Env glycoprotein-mediated T cell depletion of infected CD4 T cells as well as
bystander killing of uninfected cells (Grossman et al., 2002; Ho et al., 1995; Meissner et al.,
2006; Wei et al., 1995). The problems associated with Env toxicity also extend into HIV-1
vaccine design. For example, in a recent Phase I clinical trial using a mixture of rAd5 vectors
that express HIV-1 subtype B Gag-Pol fusion protein and envelope (Env) from subtypes A, B,
and C (Catanzaro et al., 2006), the investigators determined in the preclinical studies that the
cytotoxicity of full-length gp160 could be reduced or eliminated by deletion of the COOH-
terminal cytoplasmic domain (Chakrabarti et al., 2002). Such COOH-terminal truncations,
either by design or spontaneous mutations, have also been shown to increase incorporation,
surface expression and/or genetic stability of Env (Devitt et al., 2007; Wyatt et al., 2007; Yao
et al., 2000).

1.4. Regulated Ad expression system
As mentioned above, in the development of vaccine vectors for evaluating HIV-1 Env
immunogenicity, Ad vectors expressing full-length HIV-1 89.6 env genes have been difficult
to rescue in our laboratory. By comparison, Ad vectors that express 89.6 env genes truncated
at amino acid position 719 have been rescued with considerably more ease. However, in
considering the potential importance of conformational neutralizing antibody epitopes that
require an intact Env structure, our goal was to develop a system that facilitated the production
of Ad vectors that express full-length env genes. Therefore, in this study we employed a
modified Ad5 vector system to address the toxicity associated with full-length Env expression.
Our approach utilizes the Lac repressor-operator model to down-regulate transgene expression
during the rescue of the Ad vector. The Lac-regulated Ad vectors rescued with this system
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express equivalent levels of transgene in permissive cells and, in the case of the 89.6 env gene,
were more efficiently rescued compared to standard Ad vectors expressing the same genes.
Using this Lac-regulated system we have also rescued modified Ad vectors, such as the
chimeric Ad5/3 vector described in this report, which may have application for the development
of alternative Ad-based vaccine vectors. In the aggregate, the system described below may
facilitate the development and evaluation of Ad-based vaccine candidates that otherwise would
not have been feasible.

2. Materials and Methods
2.1. Cell lines used in the study

The AD-293 cell line (called 293-AD here), derived from HEK293 cells with improved cell
adherence and plaque forming properties, was purchased from Stratagene (Cat. No. 240085;
La Jolla, CA, USA). 293-IQ, derived from HEK293 cells with constitutive expression of the
Lac repressor (Matthews et al., 1999), were purchased from Microbix Virology (Cat. No.
PD-02-04; Toronto, Ontario, Canada). HeLa (Cat. No. CCL-2), FaDu (Cat. No. HTB-43),
DU145 (Cat. No. HTB-81), MDA-MB-231 (Cat. No. HTB-26) and SKOV-3 (Cat. No.
HTB-77) were purchased from the American Tissue Culture Collection. All cells were
subcultured and grown in the recommended media at 37°C, 5% CO2 as described by the
vendors. Growth media and sub-culturing methods are available on request.

2.2. Construction of recombinant Ad plasmids
The plasmid pShuttleB316M (Figure 1), which was used for generating the Ad vectors in this
study, was constructed as follows. First, the PacI restriction enzyme site in the plasmid pDC316
(io) (Microbix), which contains the Lac operator element, was destroyed by cutting with PacI
and then blunted with Klenow (large fragment) DNA polymerase. This modification was
necessary since a critical downstream step requires linearization of the recombinant plamsid
at a different PacI site. The resulting blunt ends were then re-ligated to generate the plasmid
pDC316M. Next, pDC316M was digested with Xbal (position 455) and PvuII (position 1689)
and the resulting XbaI-PvuII fragment containing the Lac operator element was gel purified.
In parallel, the plasmid pShuttle (Stratagene) was modified to remove two EcoRI restriction
enzyme sites (at positions 379 and 2265). This step was necessary since it was planned to use
the EcoRI site within the multiple cloning site of pDC316M for subsequent cloning of genes.
The first EcoRI (nt 379) was removed by digesting with EcoRV (position 373) and SalI
(position 389), filling-in with Klenow and re-ligating to produce pShuttleA. Next, the second
EcoRI site (position 2265) was destroyed by cutting with EcoRI, filling-in with Klenow DNA
polymerase and re-ligating to produce pShuttleB. The plasmid pShuttleB was then digested
with BglII, filled-in with Klenow DNA polymerase to blunt the BgIII site and then digested
with XbaI. The XbaI-PvuII fragment from pDC316M was then cloned into the digested
pShuttleB, resulting in the final plasmid pShuttleB316M. Clones at each of the steps were
screened by restriction enzyme digestion for the presence of insert and sequenced. GFP and
codon-optimized HIV-1 89.6 env genes were cloned into the EcoRI and SalI sites on
pShuttleB316M after PCR amplification using primers (GFP forward primer: 5′-TCAG
GAATTC ATGGTG AGCAAG GGCGAG GA-3′; GFP reverse primer: 5′-GACT
GTCGAC TTATCT AGATCC GGTGG ATC-3′; 89.6 Env forward primer: 5′-TCAG
GAATTC ATGCGC GTGAAG GAGAAG TA -3′; 89.6 Env reverse primer: 5′-TCAG
GTCGAC CTACAG CAGGAT GCGCTC CA -3′) that contained restriction enzyme sites
(underlined). The GFP gene was amplified from pAdTrack-CMV (Stratagene) and codon-
optimized HIV-1 89.6 env gene was amplified from pCAGGS-89.6env, a kind gift from Dr.
Richard Compans (Emory University). Annotated sequences of the clones used in this study
are available upon request.
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2.3. Generation of Ad vectors
The viral vectors Ad5GFP, Ad5lacGFP, Ad5/3lacGFP, Ad5Env, Ad5lacEnv and Ad5/3lacEnv
were generated by homologous recombination between the appropriate shuttle plasmid (above)
and the Ad genomic plasmids, pAdEasy-1 (Stratagene) or pAd5/3Easy (Kanerva et al., 2002;
Krasnykh et al., 1996; Mittal et al., 1993), in E. coli BJ5183. The plasmid pAd5/3Easy encodes
a modified fiber gene that has a chimeric Ad5 shaft and Ad3 knob region corresponding to nts
647–1208 of Genbank accession numbers X01998 and M12411. Following homologous
recombination, candidate clones were screened by PacI restriction enzyme digestion and PCR
analyses and positive clones were then sequenced. PacI-digested recombinant Ad plasmids
were transfected with Lipofectimine 2000 (Invitrogen, Carlsbad, CA) into 293-AD or 293-IQ
cells seeded on 6-well plates. Ten to 14 days later, the virus from the transfected cells and
media was collected and expanded further on 15 × T175 flasks of 293-AD cells. All viruses
were purified by double centrifugation on cesium chloride gradients and subjected to dialysis
as described elsewhere (Graham and Prevec, 1991). The physical titers, or total virus particles
(VP), were determined spectrophotometrically by measuring the OD at 260 nm where 1
absorbance unit is equivalent to 1.1 × 1012 virus particles (Maizel et al., 1968). Viral titers
were determined by a standard 50% tissue culture infectious dose (TCID50) assay using 293-
AD cells. The TCID50 was converted to plaque forming units (PFU) per ml where the PFU/
ml has been empirically determined to be 0.7 log less that the TCID50/ml.

2.4. Flow cytometric analyses of GFP and HIV-1 Env expression
To quantify the levels of HIV 89.6 Env or GFP expression, cells were infected at the indicated
MOI and 24 h later prepared for flow cytometry. For the analyses of HIV 89.6 Env expression,
the cells were harvested, washed and then permeabilized with Cytofix/Cytoperm (BD
Bioscience, Cat. No. 554722) at 4°C for 30 min. After washing 3 times with Perm Wash Buffer
(BD Bioscience, Cat. No. 554723), the cells were incubated with a 1:1000 dilution of T8 MAb
at 4°C for 30 min. MAb T8, which reacts with the C1 region of most subtype B gp120s (Earl
et al., 1994), was a kind gift from Dr. P. Earl. The cells were washed as above and then incubated
with 1:200 diluted phycoerythrin (PE)-conjugated anti-mouse IgG at 4°C for 30 min. The cells
were then washed, fixed with 1% formalin and analyzed on a FACSCalibur flow cytometer
(BD Biosciences). Data was acquired with CellQuest software and analyzed with FlowJo
version 8.3.3 software. For analysis of GFP expression, the cells were harvested with trypsin/
EDTA, washed with PBS 2 times, and directly analyzed as described above.

2.5. Fluorescence analysis of GFP reporter gene expression
GFP expression was measured in live 293-AD and 293-IQ cells after being mock-infected or
infected with Ad5GFP or Ad5lacGFP (MOI = 1) in 24-well plates. Forty-two h later, the cell
monolayers were washed 2 times with PBS and then GFP expression was directly measured
on a Synergy™ HT Multi-Detection Microplate Reader and quantified using KCJunior
software version 1.3 (BioTek, Winooski, VT, USA). For some experiments 10 mM isopropyl
β-D-1-thiogalactopyranoside (IPTG) was added to the culture media 4 h before measuring GFP
expression.

2.6. Microscopy
Bright field and epifluorescence microscopy was performed using a Nikon TE-200 inverted
epifluorescence microscope equipped with bright field and fluorescence optics. Image capture
and acquisition was performed with Spot version 4.5 software (Diagnostic Instruments, Inc.).
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3. Results
3.1. Generation of a Lac-regulated Ad shuttle plasmid

Our overriding goal is to produce HIV-1 vaccine vectors that express biologically relevant
antigens that will elicit protective humoral and cellular-mediated immune responses. In the
process of developing Ad vaccine vectors that express codon-optimized, full-length HIV-1
env sequences, many of these vectors were difficult or impossible to rescue. Similar to others
that have reported problems in rescuing Ad vectors that express toxic genes (Bruder et al.,
2000; Edholm et al., 2001; Matthews et al., 1999), we reasoned that high-level expression due
to strong, constitutive CMV promoter activity and codon-optimization of the full-length HIV
genes was extremely cytotoxic to the producer 293-AD cell line, which precluded virus rescue.
We hypothesized that regulated expression of the cytolytic transgene product in the producer
cell line would allow more efficient rescue of recombinant Ad vectors. To test this hypothesis,
we made a new shuttle plasmid for Ad generation that incorporates the lac operator sequence.
Figure 1 diagrams the steps involved in constructing the new shuttle plasmid. The final plasmid,
pShuttleB316M, contains all the necessary elements for pAdEasy-based bacterial homologous
recombination. Genes of interest inserted in the multiple cloning site (MCS) are under the
transcriptional control of the murine CMV (mCMV) immediate early (IE) promoter that has
activity in both human and murine cells (Addison et al., 1997). A lac operon regulator sequence
is located between the mCMV IE promoter and the start codon of the gene of interest, which
down regulates transcription in the presence of the Lac repressor. Subsequent to generating
this shuttle plasmid we cloned either the jellyfish Aequorea Victoria green fluorescent protein
(GFP) or HIV-1 89.6 env gene as described in Methods.

3.2. Reporter gene expression is repressed in recombinant Ad5 vectors containing the Lac
operator

Next, pShuttleB316M-GFP was used to rescue an Ad vector (called Ad5lacGFP) that expresses
GFP. To determine if GFP reporter gene expression in the Ad vector was down-regulated in
the presence of the Lac repressor, 293-AD and 293-IQ cells were infected with Ad5lacGFP.
The 293-IQ cell line, which was derived from HEK293 cells, constitutively expresses the Lac
repressor (Matthews et al., 1999). Visual observation by fluorescence microscopy showed a
clear difference of GPF expression in the two cell lines (Fig. 2A). Quantification of expression
demonstrated an ~95% reduction in GFP fluorescence in the 293-IQ cell line compared to the
293-AD cell line (Fig. 2B). Furthermore, the suppression of GFP expression was relieved when
10 mM IPTG was added to the cells 24 h before infection (Fig. 2C). IPTG is a common
molecular mimic of allolactose that triggers transcription of the lac operator by binding and
inhibiting the lac repressor. This latter finding indicates that the reduction in transgene
expression is Lac repressor-mediated, since pretreatment with IPTG did not induce GFP
expression in the 293-AD cells or in cells infected with a GFP-expressing Ad vector that did
not have a lac operator element (i.e. Ad5GFP). Overall, these results indicate that Ad transgene
expression can be regulated effectively in the Lac repressor-expressing 293-IQ cell line used
for the rescue and propagation of Ad vectors.

3.3. Ad5 replication is substantially reduced by the Lac-regulated system
To characterize further the Lac-regulated Ad vector system in the absence of a cytotoxic
transgene, de novo virus production was compared in 293-AD or 293-IQ cell lines infected
with standard Ad5 and Lac-regulated Ad5 vectors (Fig. 3). The titer of the standard Ad5 vector
(Ad5GFP) was 5-fold higher in the 293-AD cells compared to the 293-IQ cells. Moreover,
there was an even greater difference (~80-fold) in the replication of the Lac-regulated Ad vector
(Ad5lacGFP) in the two cells lines. The highest yielding combination was the Ad5GFP virus
grown in 293-AD cells, which was ~1000-fold greater than the yield of the Lac-regulated
Ad5lacGFP virus grown in 293-IQ cells. These results indicate that the 293-IQ cells, although
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originally derived from HEK 293 cells, may have lost some capacity for production of Ad5
viruses. Furthermore, in addition to repressing transgene expression, the lac operator element
severely attenuates virus replication in the 293-IQ cells. On the basis of this later finding and
similar results with the HIV-1 env-expressing Ad vector (below), it was decided to rescue the
Lac-regulated vectors on 293-IQ cells and then expand subsequently the vectors on 293-AD
cells.

3.4. Repression of HIV-1 env gene expression facilitates efficient recombinant Ad rescue
Next we determined if suppression of cytotoxic transgene expression allowed for more efficient
de novo rescue of Ad vectors that express the HIV-1 env gene. We have previously rescued
Ad vectors that express truncated, codon-optimized HIV-1 Env, but not full-length versions
of the same gene. This difference is likely due to the intrinsic toxicity of the cytoplasmic C-
terminal domain of the Env protein. Therefore, a full-length, codon-optimized 89.6 HIV-1
env gene was cloned into the pShuttleB316M vector followed by homologous recombination
with pAdEasy-1 in E. coli. The resulting recombinant Ad plasmid, pAd5lacEnv, or a control
Ad plasmid that expresses the gfp gene (above) was then transfected into 293-AD or 293-IQ
cells. Ten days later the amounts of Ad viruses produced from both cell lines was quantified
using a TCID50 assay (Fig. 4). Both 293-AD and 293-IQ cell lines rescued GFP-expressing
Ad vectors at comparable levels (left two panels). However, as expected based on multiple
previous attempts, the 293-AD cells rescued no detectable levels of Env-expressing Ad vectors
(top right panel). Conversely, Env-expressing Ad vectors were rescued from the 293-IQ cells
(bottom right panel), with an average yield of 7.1 × 103 plaque forming units per 1.0 μg plasmid
DNA transfected. These results demonstrated that the utility of the Lac-regulated system is
most pronounced when rescuing Ad vectors that express cytotoxic gene projects like HIV
env, since apparently non-toxic genes such as gfp are rescued from both cell lines.

3.5. Ad-mediated Env gene is efficiently expressed in the absence of Lac repression
As mentioned above we have previously attempted to generate Ad vectors that express full-
length, codon-optimized env genes, however the majority of the time we were unable to rescue
the virus. On other attempts Ad vectors were successfully rescued, however we later discovered
that HIV env gene expression was inactivated by deletion of all or part of the open reading
frame. We therefore tested our newly generated lac-regulated env-expressing Ad vectors for
Env expression. Both 293-AD and 293-IQ cells were infected (MOI = 0.5, 2.0 or 5.0) with the
Ad5lacEnv virus or a negative-control Ad5Luc virus that expresses luciferase. Twenty-four h
later the cells were labeled intracellularly with anti-Env antibody and analyzed by flow
cytometry (Figure 5). The 293-AD cells showed Env expression at all the MOIs tested. In
contrast, there was efficient down-regulation of Env expression in the 293-IQ cells at the two
lower MOIs (0.5 and 2.0); however this down-regulation of Env expression in the 293-IQ could
be titrated away using a higher MOI (i.e, 5.0). Calculation of the MFIs (i.e., experimental virus
MFI minus control virus MFI) showed repression of Env expression in the 293-IQ cells relative
to the 293-AD cells of approximately 10-, 13- and 7-fold at 0.5, 2.0 and 5.0 MOIs, respectively
(Table 1). In summary, these results demonstrated that the lac-regulated Ad vector that we
rescued does express HIV-1 Env in the absence of regulation. Moreover, Env expression was
repressed in the 293-IQ cells, however this repression could be overcome by using higher
MOIs. Most importantly, HIV-1 Env is efficiently expressed in the absence of the Lac
repressor.

3.6. Tropism-modified Ad vectors can be rescued with the Lac-regulated system
An underlying purpose for developing this particular Ad vector system was to use previously
developed modified pAdEasy-based reagents. One such example is a pAdEasy-based plasmid,
called pAd5/3Easy, which has the Ad5 knob region replaced with that of the adenovirus type
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3 (Ad3). Ad vectors made with the plasmid pAd5/3Easy have tropism for the Ad3 receptor,
resulting in enhanced infectivity on a variety of cell lines and primary cell types (Kanerva et
al., 2002; Kawakami et al., 2003; Komarova et al., 2006; Tekant et al., 2005). To test the utility
of our lac-regulated plasmid for generating tropism-modified Ad vectors, we performed
homologous recombination with pShuttleB316M-Env and pAd5/3Easy. The resultant virus
that was rescued, Ad5/3lacEnv, was then analyzed for HIV-1 Env expression by flow
cytometry. We observed comparable levels of Env expression between Ad5lacEnv and
Ad5/3lacEnv on 293-AD, HeLa and MDA-231 cells (Figure 6, top three panels; Table 2).
However, on DU 145, FaDu and SKOV-3 cells we observed low levels of Env expression by
the Ad5lacEnv vector; whereas high levels of Env expression was detected with Ad5/3lacEnv
in these cell lines (Figure 6, bottom three panels; Table 2). One likely explanation for the
differences of infection efficiency between the two Ad vectors is due to the relative levels of
expression of the native Ad5 and Ad3 receptors (Short et al., 2006; Sirena et al., 2004) on the
different cell lines. Importantly, these results demonstrate that our lac-regulated system is
applicable to the development of tropism-modified Ad vector, which have the potential of
infecting a broader range of cells types (compared to Ad5). In context of HIV-1 vaccine
development, tropism-modified Ad vectors may also be valuable as stand-alone vaccine
modalities or in combination with other vaccine vectors

4. Discussion
As one of the great paradigms of gene expression and whose finding later led to a Nobel Prize,
the lac operon was the first genetic regulatory mechanism to be characterized (Jacob and
Monod, 1961) and has since been adapted to numerous applications. In this study we employed
the lac repressor-operator for generating Ad vectors with regulated transgene expression. In
doing so we were able to rescue Ad vectors that express high levels of the full-length HIV-1
89.6 env gene, which could not be rescued previously using a conventional Ad vector system.
It is important to note that two other Ad vector systems have been reported that utilize the lac
repressor-operator model: Edholm et. al. (Edholm et al., 2001) employed the lac repressor-
operator model to reduce the basal activity of progesterone-antagonist induced promoters and
similarly Matthews et. al. (Edholm et al., 2001; Matthews et al., 1999) used it to modulate
murine CMV promoter activity. Compared to these two systems, one major difference is that
our system uses bacterial homologous recombination (He et al., 1998) rather than
recombination in mammalian cells (e.g., HEK293 or 911 cells) to generate recombinant Ad
vectors. The disadvantages of homologous recombination in mammalian cells include (i) low
efficiency, (ii) the need for repeated rounds of plaque purification, (ii) and the long time period
required for generation of virus stocks. As a result, the bacterial recombination method has
become increasingly used and preferred by many adenoviral investigators. Moreover, an
important byproduct of bacterial homologous recombination is the generation of a plasmid
intermediate of the recombinant Ad that serves as a convenient and replenishable source of the
recombinant viral vector. Even more importantly, this plasmid intermediate can be used for
further molecular remodeling of the Ad genome. One example of the use of these intermediate
recombinant Ad plasmids is in the development of the chimeric Ad5/3 used in this study.

Although the lac-regulated system was necessary for the rescue of the env-expressing Ad5
vectors (Figure 4), it is interesting that the subsequent expansion of Ad5lacEnv did not require
regulated expression. In fact the expansion of lac-regulated Ad vectors was severely attenuated
when propagated on the 293-IQ cells compared to the 293-AD cells (Figure 3 and data not
shown). This was an unanticipated finding since we expected the Env-expressing vector to
replicate poorly in the 293-AD cells -consistent with the inability to rescue in that cell line. An
explanation for the differences in rescue efficiency versus propagation efficiency is not
obvious. It is possible that the rescue of Ad5 vectors, which is preceded by recombinant plasmid
DNA transfection, involves steps or efficiencies that are different than those during a
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recombinant Ad5 infection. For example, in a comparison of Lipofectamine- and Ad5-
mediated transfection (Hama et al., 2006), it has been reported that largest difference between
the two delivery methods occurs at the level of nuclear transcription efficiency and not during
cellular uptake or intracellular distribution/trafficking. Further investigation is needed to fully
understand the underlying mechanism(s) that attribute to the observed differences. We also
observed that repression of env expression was overcome by increasing MOIs on the 293-IQ
cells (Figure 5). This is probably due to saturation of the available Lac repressor molecules by
increased Ad genome copies. Although saturation of the repressor protein did not preclude
virus rescue, it is possible that tighter control under a wider range of genome copy numbers
would be favorable. In this regard, we have begun to investigate the use of humanized Lac
repressor and/or synthetic lac operator elements in the rescue cell line.

As mentioned above, we also used our lac-regulated Ad system to generate a chimeric, tropism-
modified vector (i.e, Ad5/3). As shown in this study (Figure 6) and elsewhere, such tropism-
modified Ad vectors can be designed to have higher infectivity and broader tissue tropism
compared to standard Ad5 vectors (Blackwell et al., 2000;Blackwell et al., 1999;Kawakami et
al., 2003;Pereboev et al., 2004). Although the mechanism for the higher efficiency of the
infection of the cells with the chimeric Ad5/3 vector shown in Figure 6 is not completely clear;
one possibility is that they express higher levels of the Ad3 receptor, CD46 (Sirena et al.,
2004), which is a membrane cofactor protein expressed on nucleated cells. A flow cytometric
analysis demonstrated that the cells used in this study do in fact express intermediate-to-high
levels of the CD46 receptor (data not shown). We have previously shown that the kinetics of
an Ad5/3 infection is faster than that of Ad5, which is partly defined by the receptor binding
step as well as later steps in the virus replication cycle (Kawakami et al., 2003). In addition to
its ability to infect a broader range of cells with higher efficiency, the chimeric Ad5/3 is also
highly resistant to Ad5 NAbs (data not shown). This combination of features could make the
chimeric Ad5/3 a good stand-alone vaccine vector and/or useful in heterologous prime-boost
vaccination regimens. Our lab is currently investigating how differences in Ad5 and Ad5/3
infections could be exploited in the context of a vaccine. Some of the potentially important
consequences of modified Ad vectors include the ability to use lower, safer doses to achieve
comparable vaccination efficiency and the ability to escape pre-existing Ad5 immunity in the
vaccinee populations. In addition, vector modifications can be engineered to restrict tropism
in situations where infection of specific cellular targets is desirable (Hidaka et al.). For example,
we have shown previously that murine dendritic cells, which are inefficiently infected by Ad5,
are highly infectable with an Ad5 vector that targets the CD40 receptor (Pereboev et al.,
2002;Pereboev et al., 2004). Using a skin explant model, de Gruifl el. al (de Gruijl et al.,
2002) went on to demonstrate that ~44% of the cells transduced by the CD40-targeted Ad
vector were CD1a-positive DCs and/or Langerhans cells, whereas >99% of the cells transduced
by the untargeted Ad5 vectors were CD1a negative.

HIV-1 Env is the primary target for Nabs. However, due to the high degree of sequence
variability in Env, conformational masking, and glycan shielding (Kwong et al., 2002; Wei et
al., 2003) Wei, Kwong/Wyatt only a handful of NAbs have been described that have relatively
broad neutralizing activity (Binley et al., 2004; Burton et al., 2004). In an effort to design
immunogens for eliciting Env Nabs, we observed that full-length Env-expressing Ad vaccine
vectors were problematic to consistently rescue. Although one option was to use COOH-
terminally truncated Env immunogens, a compelling argument can be made that an effective
vaccine will need to mimic the antigenic structure of the oligomeric Env complex found on
the HIV-1 particles, which could be influenced by sequences in gp41 (Blish et al., 2008;
Edwards et al., 2002). In this regard, a number of studies suggest that the conformation of the
HIV-1 antigens used to elicit vaccine responses will play a significant role in their ability to
elicit Nab with broad activity. For example, one recent study used a conformationally intact
clade B wild-type gp120 or denatured gp120 protein to absorb NAbs present in HIV-1 sera
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(Li et al., 2007). Adsorption with the wild-type gp120, but not denatured gp120, removed
neutralizing activity against clade A, B and C viruses, which mapped to a conformational
epitope of the CD4-binding site. These results highlight the importance of having robust
vaccine vectors systems that can facilitate efficient screening of multiple full-length Env
immunogens, which was the basis developing the Lac-regulated Ad vector system described
here. We are presently using this Ad vector system to immunize animals with panels of newly
transmitted subtype C Envs and those from the chronically infected index case to define the
determinants of immunogenicity in the context of the full-length, authentic Env structure. Thus,
the regulated Ad system, combined with novel Env immunogens, could lead to the discovery
of new avenues of inducing a broad NAb response through vaccination.
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Figure 1. Construction of a shuttle plasmid for generating Ad vectors containing a lac operator
regulatory domain
The plasmid pShuttleB316M was used for the generation of the Lac-regulated Ad vectors in
this study. It was constructed by PacI restriction enzyme digestion of the plasmid pDC316
(Microbix) and then blunting with Klenow DNA polymerase. The resulting blunt ends were
then re-ligated to generate the plasmid pDC316M. This modification destroyed the PacI site
was necessary since this PacI site interferes with subsequent steps used to generate recombinant
Ad vectors. Next, pDC316M was digested with Xbal (position 455) and PvuII (position 1686)
and the resulting XbaI-PvuII fragment was gel purified. The plasmid pShuttle (Stratagene) was
modified to remove the EcoRI restriction enzyme site (at position 379) by digesting with
EcoRV (position 373) and SalI (position 389), filling-in with Klenow and re-ligating to produce
pShuttleA. Next, a second EcoRI site (position 2665) was destroyed by cutting with EcoRI,
filling-in with Klenow DNA polymerase and re-ligating to produce pShuttleB. The plasmid
pShuttleB was then digested with BglII, filled-in with Klenow DNA polymerase and digested
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with XbaI. The XbaI-PvuII fragment from pDC316M was then cloned into the digested
pShuttleB, resulting in the final plasmid pShuttleB316M. Clones at each of the steps were
screened by restriction enzyme digestion and/or PCR for the presence of insert and sequenced.
The gfp and HIV-1 89.6 env genes were cloned into the multiple cloning site (MCS) of
pShuttleB316M, resulting in plasmids pShuttleB316M-GFP and pShuttleB316M-Env,
respectively, which were subsequently recombined with pAdEasy-1 or pAd5/3Easy to produce
the lac-regulated Ad vectors used in this study.
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Figure 2. Reporter gene expression is efficiency repressed in Lac-regulated Ad vectors
293-AD and 293-IQ cells were infected with Ad5lacGFP (MOI = 1) that contains the Lac
operator element. (A) Twenty-four h later the cells were visualized by light (left) and
fluorescence (right) microscopy. Representative photomicrographs are shown at 20X. (B) GFP
expression was measured in the infected cells in Panel A on a Synergy™ HT Multi-Detection
Microplate Reader and quantified using KCJunior software version XXX (BioTek, Winooski,
VT, USA). The graph shows the average amount of GFP expression from 105 cells. Error bars
show the standard deviation from triplicate samples. (C) IPTG induces expression of Lac-
regulated gene expression. IPTG (10 mM) was added to the culture media prior to the
infection of 293-AD and 293-IQ cells with Ad5GFP or Ad5lacGFP, and then ~24 h later GFP
expression was measured as in B. The percentage of IPTG-induced GFP expression for each
virus/cell line combination was normalized to the uninduced (no IPTG) virus/cell line
combination. The graph shows the average of quadruplicate samples and error bars represent
the standard deviation.
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Figure 3. Lac-regulated Ad vectors amplify more efficiently on 293-AD compared to 293-IQ cells
293-AD and 293-IQ cells were infected (MOI = 1) with standard Ad5 or lac-regulated Ad5
vectors that express GFP. The de novo virus in the cell and medium fractions were pooled and
the titers (pfu/ml) were determined using a TCID50 assay.
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Figure 4. An Ad vector that expresses a cytopathic HIV-1 env gene are efficiently rescued on 293-
IQ cells and propagated more efficiently on 293-AD cells
The plasmid pShuttleB316M containing either gfp or full-length, codon-optimized HIV-1 89.6
env genes was recombined with pAdEasy-1 in E. coli BJ5183. Positive recombinants were
transfected into 293-AD or 293-IQ cells and then 14 days later the medium/cell fractions were
collected and subject to 3 freeze-thaw cycles. The titers of rescued virus in the medium/cell
lysates were then determined using a standardized 96-well TCID50 assay on 293-AD cells.
Ten days later the titers were calculated and the wells were stained with crystal violet and
photographed. Clear and partially blue wells indicate cytopathic effect due to virus replication;
whereas solid blue wells indicate that no virus was rescued, resulting in no cytopathic effect
or virus replication.

Zhao et al. Page 19

J Virol Methods. Author manuscript; available in PMC 2010 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Lac-regulated Ad vectors express the full-length, codon-optimized HIV-1 89.6 env gene
293-AD and 293-IQ cells were infected (MOI = 0.5, 2.0 or 5.0) with Ad5lacEnv or negative-
control Ad5Luc that expresses luciferase. Twenty-four h later, the cells were harvested and
labeled intracellularly with the anti-Env monoclonal antibody T8 and PE-conjugated anti-
mouse IgG. The labeled cells were then washed, fixed with 1% formalin and analyzed on a
FACSCalibur flow cytometer (BD Biosciences). Data was acquired with CellQuest software
and analyzed with FlowJo version 8.3.3 software. Representative histograms from 3 separate
experiments show 293-AD cells infected with Ad5Luc (solid black), 293-AD cells infected
with Ad5lacEnv (black lines) and 293-IQ cells infected with Ad5lacEnv (solid gray). The
markers show the gates used to quantify the MFI (see Table 1) for each sample.
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Figure 6. Lac-regulated chimeric Ad5 and Ad5/3 vectors express HIV-1 Env in a range of cell types
representing different tissues
A panel of cell lines representing 6 different human tissues were infected with Ad5/3lac Env,
Ad5lacEnv or Ad5Luc (MOI = 5). Twenty-four h later, the cells were labeled intracellularly
with the anti-Env monoclonal antibody T8 and PE-conjugated anti-mouse IgG. The labeled
cells were then washed, fixed with 1% formalin and analyzed by flow cytometry as described
in Figure 5. Representative histograms from 3 separate experiments show cells infected with
Ad5Luc (solid black), Ad5/3lacEnv (solid gray) and Ad5lacEnv (black lines). The markers
show the gates used to quantify the MFI (see Table 2) for each sample.
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Table 1
Expression levels of HIV-1 Env in 293-AD and 293-IQ cell lines at different MOIs

Sample MOI1 MFI2

293-AD + Ad5Luc 0.5 1.6

293-IQ + AdlacEnv 0.5 2.3

293-AD + AdlacEnv 0.5 12.0

293-AD + Ad5Luc 2 1.7

293-IQ + AdlacEnv 2 6.4

293-AD + AdlacEnv 2 77.6

293-AD + Ad5Luc 5 1.9

293-IQ + AdlacEnv 5 15.0

293-AD + AdlacEnv 5 97.6

1
MOI = multiplicity of infection

2
MFI = mean fluorescence intensity.

J Virol Methods. Author manuscript; available in PMC 2010 September 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Zhao et al. Page 23

Table 2
Expression levels of HIV-1 Env in cell lines from different tissue origins

Tissue origin (cell line) Virus MFI1 Fold increase2

Embryonic kidney (293-AD) Ad5 97.6 -

Ad5/3 200 2

Cervical (HeLa) Ad5 23 -

Ad5/3 47.5 2

Breast (MDA-MB-231) Ad5 13.5 -

Ad5/3 47.6 3.5

Prostate (DU 145) Ad5 4.7 -

Ad5/3 54 11.5

Pharynx (FaDu) Ad5 2.4 -

Ad5/3 147 61

Ovary (SKOV-3) Ad5 2.4 -

Ad5/3 113 47

1
Based on gated data in Figure 6

2
Ad5/3 MFI divided by Ad5 MFI
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