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Abstract
The generation of strong, virus-neutralizing antibody responses to the HIV-1 envelope spike (Env)
is a major goal in HIV-1 vaccine research. To try to enhance the Env-specific response, we
displayed oligomeric gp140 on a virus-like scaffold provided by the lambda phage capsid. To do
this, an in vitro complementation system was used to “decorate” phage particles with glycosylated,
mammalian cell-derived envelope oligomers. We compared the immune response to lambda phage
particles displaying HIV-1 Env to that elicited by soluble oligomeric gp140 in rabbits. Env-
binding antibody titers were higher in animals that received oligomeric gp140 as compared to Env
decorated phage particles, as were virus neutralizing antibody responses. The Env decorated phage
particles were, however, able to efficiently boost a protein-primed humoral response to levels
equivalent to those elicited by high-dose adjuvanted Env oligomers. These results show that
display of HIV-1 envelope spikes on the bacteriophage lambda capsid does not result in an
improved, Env-specific humoral immune response.
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1. Introduction
Structural studies of human and simian immunodeficiency viruses have revealed that the
envelope spikes on the virion surface are sparse and irregularly distributed. It has been
estimated that normal HIV-1 virus particles may contain as few as 14 ±7 spikes, clustered
together [1]. This may contribute to low spike immunogenicity, and further complicate the
generation of broadly neutralizing antibodies [2–4], which remains one of the most
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important goals in HIV-1 vaccine design and development. The display of proteins in an
ordered, repetitive array can result in greatly increased immune responses, compared to
immunization with soluble protein antigens. This is exemplified by the success of virus-like
particles (VLPs) as recombinant vaccine platforms, both for hepatitis B virus [5] and more
recently for human papillomavirus (HPV) [6–8]. Phage vectors are also being explored as
VLP-like scaffolds for vaccine applications, especially in situations in which antibody
responses are desirable [9–11]. A phage-based vaccine for smokers, which contains the
hapten nicotine coupled to a virus-like particle derived from the coat protein of
bacteriophage Qβ, is already in clinical trial [11]. Bacteriophage have been experimentally
administered to animals and safely used in humans for several decades, both for the
treatment of bacterial infections [12,13] and also for the assessment of humoral immune
responses in immunocompromised subjects [14,15]. More recently, the development of
phage display technology has made it possible to display short, exogenous peptides at high
copy number and surface density on the capsid of filamentous bacteriophage [16,17],
leading to the evaluation of phage display vectors as potential vaccine delivery platforms
[13,18–20]. In general, phage vectors have considerable advantages over other vaccine
platforms, such as mammalian virus vectors, due to genetic tractability, inexpensive
production, and suitability for scale-up [21], as well as their physical stability. Importantly,
vaccination with filamentous phage particles that display antigen on their surface results in
strong humoral immune responses in experimental animals [22–24].

Phage capsids are used to display not only short peptides but also intact proteins. Display
systems developed for lambda phage permit display of foreign proteins by fusing them to
the gpD major coat protein [25–31]. gpD is a trimeric, 109 amino acid protein that is
required for the packaging of full-length genomes [30]. It is unusual among phage display
scaffolds in being highly tolerant of large peptides or protein fusions, which can therefore be
displayed at high copy number and surface density on the phage capsid [18,29,30]. This
differentiates lambda from filamentous phage vectors, in which only short peptides can
generally be displayed at high copy number.

A second key difference between filamentous and lambda phage vectors is the fact that gpD-
deficient λ phage capsids can be “decorated” in vitro with exogenously supplied gpD
[18,29,30]. This permits considerable flexibility with respect to the surface display of
complex antigens such as the HIV-1 envelope spike. In the present work, we used a simple
in vitro complementation system to decorate lambda phage capsids with glycosylated,
mammalian cell-derived HIV-1 envelope trimers. We hypothesized that the immunogenicity
of HIV-1 envelope spikes is limited, in part, as a result of their sparse and irregular
distribution on the virion surface. Therefore, the high-density, repeating array of the HIV-1
envelope antigen on the surface of the phage capsid would result in enhanced humoral
immune responses. The Env-binding antibody titers, as well as the neutralizing antibody
responses, were not higher in those groups that received Env decorated phage particles as
compared to soluble oligomeric gp140. The Env decorated phage, however, were able to
efficiently boost a protein-primed humoral response that was comparable to that elicited by
high-dose adjuvanted Env oligomers. Overall, these results suggest that Env decorated
phage particles alone do not significantly improve the humoral immune response as
compared to soluble oligomeric protein.

2. Materials and Methods
2.1 Envelope glycoprotein and gpD expression plasmids

The strategy employed by Wyatt and Stamatatos [32–36] was used to generate mammalian
expression constructs that encode a cleavage deficient, trimeric HIV-Envgp140. To do this,
a human codon-optimized derivative of the R5 HIV-1 isolate YU2 gene was generated
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synthetically (GeneArt, Regensburg, Germany). The Env construct encodes the complete
gp120 and gp41 ectodomain with alterations in the gp120/gp41 cleavage site (arginines at
amino acid positions 508 and 511 changed to serine) [37] fused in frame to the human tissue
plasminogen activator (TPA) leader sequence. The trimeric motif derived from T4
bacteriophage fibritin (FT) was positioned after lysine 683 followed by a His6 tag and stop
codon. To produce gp140:gpD fusion protein, a short flexible linker peptide [Gly4Ser]2 was
added following the FT domain and gpD was fused to the C-terminus along with the His6
tag. Both gp140 and gp140:gpD fusion constructs were subsequently cloned into pcDNA3
vector (Invitrogen) for expression in 293 Freestyle cells. Amino acid residue numbers
correspond to those of the prototypic HXBc2 HIV envelope glycoprotein.

In order to derive a construct that expressed gpD alone, a human codon-optimized derivative
of the wild type λ gpD gene was generated synthetically (GeneArt, Regensburg, Germany)
with a short flexible linker peptide [Gly4Ser]1 followed by a His6 tag and stop codon. The
gene was cloned into pcDNA3 vector (Invitrogen) for expression in 293 FreeStyle cells.

2.2 Expression and purification of Envgp140:gpD, Envgp140 and gpD proteins
All proteins were expressed in serum-free medium by transient transfection of suspension-
adapted FreeStyle HEK 293-F cells (Invitrogen). Briefly, 293-F cells cultured in FreeStyle
293 Expression medium (Invitrogen) were seeded at a density of 7.5 × 105 cells per ml the
day before transfection. After overnight incubation, just prior to transfection, culture cell
density was adjusted to 1.0 × 106 cells/ml by addition of fresh medium. FreeStyle MAX
reagent (Invitrogen) was used to transfect pcDNA3 constructs per manufacturer’s
instructions. Five to 6 days post-transfection the cell culture supernatants were collected and
centrifuged at 3,500 × g to remove cell debris. All proteins were purified by metal affinity
chromatography using Ni-NTA resin (Qiagen). Columns were washed with increasing
concentrations of imidazole (20 mM and 40 mM) followed by elution in the presence of 250
mM imidazole. Fractions containing purified protein were pooled, dialyzed against phage
buffer (50 mM Tris-HCl, pH 8.0, 10 mM NaCl, 10 mM MgCl2) for YU2gp140:gpD fusion
and gpD protein or against PBS (pH 7.4) for YU2gp140 protein and concentrated with
Amicon Ultra centrifugal filter devices (Millipore). Elution fractions were analyzed for yield
and purity by performing SDS-PAGE with Coomassie blue staining (described below) and
Bradford assay. Protein aliquots were stored at −80°C until further use. Protein yields were
between 1–2 mg of purified protein per liter of culture.

2.3 SDS-PAGE, Size exclusion chromatography and Blue Native PAGE analyses
Affinity purified YU2gp140 and YU2gp140:gpD fusion proteins were subjected to SDS-
PAGE analysis. Reduced and nonreduced samples were prepared by boiling for 2 min in
sample buffer (50 mM Tris-HCl [pH 6.8], 2% SDS, 10% glycerol, 0.1% bromophenol blue)
in the presence or absence of 100 mM dithiothreitol (DTT). Purified proteins were further
analyzed by size exclusion chromatography on a Superdex 200 column (Amersham
Pharmacia) using phosphate buffered saline (PBS) as the running buffer. The flow rate was
set to 1 ml/min, which allowed separation of the oligomeric states and protein retention was
determined by monitoring the UV absorption at a wavelength of 280 nm. The column was
calibrated using thyroglobulin, ferritin, and YAD as molecular protein markers that exist in
oligomeric states of 669, 440, and 150 kDa, respectively.

Blue Native (BN)-PAGE was carried out using Invitrogen NativePAGE Novex Bis-Tris Gel
system according to the manufacturer’s instructions. Briefly, purified protein samples were
diluted to a final 1X concentration using 4X Native PAGE sample buffer containing BisTris
buffer, pH 7.2, NaCl, glycerol, and Ponceau S just prior to loading onto a 3 to 12% Bis-Tris
NuPAGE gel (Invitrogen). Typically, gel electrophoresis was performed for 2 h at 150V
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using NativePAGE anode buffer and NativePAGE dark blue cathode buffer (0.02% G-250)
in the upper buffer chamber. The gel was destained using 40% methanol, 10% acetic acid.
Typically, 5 μg of purified protein was loaded per lane. HMW Native Mark (GE Healthcare)
was used as a protein standard for BN PAGE. Recombinant HIV-1 IIIB Glycoprotein gp120
(ImmunoDiagnostics Inc) was run on SDS-PAGE and BN-PAGE as a monomeric control
Env glycoprotein.

2.4 Generation of mosaic Env decorated phage particles
Lysogens of TOP10 cells (Invitrogen) containing λ D1180 [25], a generous gift from Dr.
Mahito Nakanishi, which is deficient in gpD, were grown overnight at 32°C and the
resulting culture was then used to inoculate 4 × 1L of fresh NZCYM medium the next day
(at a dilution of 1:100). Cultures were grown at 32°C with vigorous shaking (300 rpm) until
an OD600 of between 0.5–0.6 was reached. Lysogen was induced by transferring the bacteria
to a water bath set between 51 and 53°C, followed by incubation with gentle shaking for 15
min. After thermal induction, the cultures were vigorously shaken for an additional 3 hr at
38°C. Bacteria were then pelleted and resuspended in phage suspension media (SM: 50 mM
Tris-HCl, pH 7.5, 100 mM NaCl, 10 mM MgSO4, 0.01% gelatin) and lysed with the
addition of 12% chloroform. After chloroform treatment, bacterial DNA was digested with
DNase I at a final concentration of 10 μg/ml. The lysate was then cleared of cellular debris
by low-speed centrifugation. SM was added to the phage pellet along with recombinant
proteins (WT gpD, gp140:gpD) and decoration was allowed to occur overnight at 4°C with
gentle shaking. For high density-display phage (HI Env Phage), gpD and Env:gpD fusion
proteins were mixed at a 1:1 molar ratio. For low density-display phage (LO Env Phage),
gpD and Env:gpD fusion proteins were mixed at a 20:1 molar ratio. Decorated phage were
subsequently purified by cesium chloride equilibrium density gradient centrifugation and
phage was dialyzed against dialysis buffer (50 mM Tris-HCl, pH 8.0, 10 mM NaCl, 10 mM
MgCl2) prior to storage at 4°C. Serial dilutions were then titered on LE392 E.coli bacteria.
Wildtype phage preparations were generated similarly except that lysogen λ D1180
transformed with a gpD expression plasmid was used [38] and only SM buffer was added to
pelleted phage after low-speed centrifugation. Typical titers for WT phage were 1×1012

PFU/ml, while Env decorated phage titers were 5×1011 PFU/ml. Endotoxin was removed
from phage preparations using EndoTrap Red endotoxin removal system (Profos AG) prior
to use in in vivo studies. The final endotoxin (ET) content was measured using the limulus
amebocyte lectin (LAL) assays performed by Associates of Cape Cod.

2.5 Phage stability and immunoblot analysis of purified phage preparations
1×109 PFU (plaque-forming units) of gpD-deficient bacteriophage lambda was decorated
with varying molar ratios of WT gpD protein and YU2gp140:gpD fusion protein. The
decorations were performed by incubating the desired molar ratios of proteins with the gpD-
deficient phage at 30°C for 20 minutes. The stability of the decorated phage samples was
then tested using EDTA. Decorated phage samples were diluted into either 10 mM Tris, pH
7.5/10 mM MgCl2 (TM) or 10 mM Tris, pH 7.5/100mM EDTA (TE) and incubated for 30
min at 37°C. Serial dilutions were then titered on LE392 E.coli bacteria and phage titers
reported as PFU per ml. Decorated phage preparations (1:1, 20:1, and gpD only) were tested
for stability in serum by incubating 1×1010 PFU phage particles in phage suspension media
(SM) or normal rabbit serum for 25 min at 37°C. Serial dilutions were then titered as above.

To determine whether gpD or gp140:gpD fusion proteins were present on the phage capsid,
1×109 PFU of phage decorated with 1:1 or 20:1 ratio of WT gpD to gp140:gpD protein, or
WT gpD protein alone, was denatured and structural proteins separated by 12.5% SDS-
PAGE. Phage proteins were then detected by western blotting with a rabbit antiserum for
gpD as described [39].
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2.6 ELISA analysis of soluble gp140:gpD and phage displaying gp140:gpD fusion protein
Gp140 and gp140:gpD fusion proteins produced in 293F cells were tested by ELISA for
binding reactivity to a panel of Env-specific antibodies. Microtiter plates were coated
overnight at 4°C with 100 ng of each respective protein diluted in 1X phosphate-buffered
saline (PBS). After blocking with 3% BSA in 1X PBS, antibodies were added to wells in
serial three fold dilutions (0.0015–3.3 μg/ml) in high salt (HS) PBS containing a final
concentration of 300 mM sodium chloride and 1% BSA. After four washes with PBS/
0.025% Tween-20, a secondary anti-Human-IgG-HRP antibody (Sigma) was added in
washing buffer at a 1:5000 dilution for 1 hr at RT. Following four washes, the ELISAs were
developed with 100 μl TMB substrate. The reaction was stopped by adding 100 μl 1N
sulfuric acid to each well. The optical density at 450 nm was read on a microplate reader
(Beckman Coulter, DTX800).

For ELISA using phage displaying gp140:gpD protein, plates were coated overnight at 4°C
with various Env-specific antibodies at a concentration of 0.05 μg/ml diluted in 1X PBS.
After blocking with 3% BSA in 1X PBS, WT or HI Env phage were added to wells in serial
three fold dilutions (1.5 × 105 – 1.1 × 108 PFU) in 1X PBS/1% BSA. After four washes with
PBS/0.025% Tween-20, anti-gpV antiserum was added at a 1:1000 dilution in PBS/3% BSA
to detect phage particles [38]. Following four washes, a secondary anti-rabbit-IgG-HRP (GE
Healthcare) was added in washing buffer at a 1:3000 dilution for 1 hr at RT. Following four
washes, the ELISAs were developed with 100 μl TMB substrate. The reaction was stopped
by adding 100 μl 1N sulfuric acid to each well. The optical density at 450 nm was read on a
microplate reader. The following HIV-1 gp120 and gp41 monoclonal antibodies (mAbs)
were obtained through the NIH AIDS Research and Reference Reagents Program, Division
of AIDS, NIAID, NIH: b12, 2G12, 4E10, 126-7, 17b, Z13, 447-52D, and 257-D. Polyclonal
anti-gpV recognizes the major tail protein of bacteriophage lambda and has been previously
described [38].

2.7 Rabbit Immunization protocol
Groups of four New Zealand White rabbits (female, ~12 weeks of age) were inoculated
intradermally with each respective antigen. A total of 0.5 ml volume was delivered as
follows: (1) 5 × 1010 PFU high density Env phage (HI Env), (2) 5 × 1010 PFU low density
Env phage (LO Env), (3) 2 × 1011 PFU wild-type phage, (4) 20 μg (high dose) trimeric
YU2gp140 protein, (5) 20 μg (high dose) trimeric YU2gp140:gpD fusion protein, (6) 1.5 μg
(low dose) trimeric YU2gp140 protein, (7) 1.5 μg (low dose) trimeric YU2gp140:gpD
fusion protein, (8) prime with 5 × 1010 PFU high density Env phage, boost with 20 μg
trimeric YU2gp140 protein, and (9) prime with 20 μg trimeric YU2gp140 protein and boost
with 5 × 1010 PFU high density Env phage. For animals that received 5 × 1010 PFU, this
represents approximately 1.0 μg of Env for the HI Env phage, which displays 30 copies of
Env trimer per capsid, and approximately 100 ng of Env for the LO Env phage. We chose to
use two doses for our soluble Env and Env:gpD: (1) a high dose of 20 μg that is a standard
dose expected to elicit a strong humoral response [40] and (2) a low dose of 1.5 μg that is
comparable to the amount of Env displayed on HI Env phage. All protein antigens were
emulsified in Titer Max Gold adjuvant (Sigma); phage preparations were not adjuvanted.
Pre-bleeds were collected prior to immunization to be used as controls. Boosting
inoculations occurred 5, 10, and 15 weeks after the initial inoculation. Ear bleeding was
performed 4 weeks after the first and 7 days after the second, third, and fourth inoculations.
Animal housing and immunization procedures were performed by ProSci Inc. and adhered
to IACUC (Institutional Animal Care and Use Committee). To isolate serum, blood was
incubated at 37°C for 2 h and then overnight at 4°C to allow clot formation before
centrifuging to separate the liquid phase from the clotted components. The serum was
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collected and incubated at 55°C for 1 h to heat-inactivate complement and stored at −20°C
until subjected to analysis.

2.8 Determination of IgG antibody binding titers by ELISA for anti-gp140 and anti-gpD
reactivity in rabbit sera

To determine the anti-gp140 reactivity in sera from immunized animals, 100 ng of purified
mammalian-expressed YU2 gp140 in PBS was absorbed into each well of a high protein-
binding microwell plate (Dynex Technologies, Chantilly, VA) overnight at 4°C. After
blocking the plates with 100 μl blocking buffer (PBS with 2% dry milk and 5% HIFBS),
serial serum dilutions in ELISA blocking buffer were incubated in each well for 1 hr at RT.
After five washes with PBS/0.2% Tween-20, a secondary anti-Rabbit-IgG-HRP antibody
(Sigma) was added in washing buffer at a 1:5000 dilution for 1 hr at RT. Following five
washes, the ELISAs were developed with 100 μl TMB substrate. The reaction was stopped
by adding 100 μl 1N sulfuric acid to each well. The optical density at 450 nm was read on a
microplate reader (Beckman Coulter, DTX800). Endpoint titers were defined as the last
reciprocal serum dilution at which the absorption at 450 nm was greater than two-fold over
the signal detected with pre-immune serum. ELISA analysis for phage capsid binding titers
was performed as described above except 100 ng of purified mammalian-expressed gpD in
PBS was absorbed into each well of a microwell plate overnight at 4°C. In addition, washes
were performed with PBS/0.5% Tween-20.

2.9 Env-pseudotyped virus neutralization and luciferase reporter cell assay
Virus-neutralizing activity was measured in TZM-bl cells against HIV-1 MN.3, SF162 and
YU2 strains of Env-pseudotyped viruses in a validated luciferase reporter gene assay as
previously described [41] by David Montefiori at Duke University. In the assays, the level
of HIV-1 infection was quantified by measuring the relative light units (RLU) of
luminescence, which are directly proportional to the amount of virus input. Neutralizing
antibody titers are expressed as the serum dilution required to reduce luminescence by 50%.

3. Results
3.1. Production of recombinant gp140 and gpD proteins for phage decoration

In order to display HIV-1 Env on lambda phage capsid, we constructed mammalian
expression vectors encoding translational fusions, in which the major coat protein, gpD, was
fused to the C-terminus of HIV-1 Env glycoprotein. GpD is known to accept large protein
inserts on both its N- and C- termini, and the presence of these exogenous sequences does
not interfere with the ability of gpD to bind the phage capsid [29]. It has also been shown
that one can fuse HIV-1 Env to heterologous proteins without compromising its functional/
structural integrity [42–44]. We generated Env:gpD fusion proteins in which the Env
component was analogous to Env oligomer constructs described by Wyatt and Stamatatos
[32–36,45]. YU2 Envgp140 with a human tissue plasminogen activator (tPA) leader
sequence and a synthetic trimerization domain derived from the T4 bacteriophage FT was
translationally fused to a short flexible linker peptide ([Gly4Ser]2) at its C-terminus, and
then to a human codon-optimized version of gpD followed by a terminal His6 tag for
purification. Additional constructs without the gpD domain were made, in order to produce
wild type YU2gp140 trimer that was used as a positive control immunogen.

The gp140, gp140:gpD, and gpD proteins were purified from 293F cell supernatants to
>90% homogeneity as determined by SDS-PAGE (Fig. 1A). Under nonreducing conditions,
both gp140 and gp140:gpD migrated above the 250 kDa molecular weight marker,
indicative of oligomers, with no low molecular weight monomers observed. The retention of
complete oligomeric structure under nonreducing conditions in a SDS-PAGE gel is not
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unexpected, due to the T4 fibritin trimerization domain fused to the gp140 proteins. Upon
reduction with DTT, gp140 migrated as a predominant 140-kDa band slightly above gp120.
Similarly, gp140:gpD migrated as a predominant 150kDa band slightly above gp140 due to
the additional gpD moiety. Recombinant HIV-1 IIIB gp120 protein (ImmunoDiagnostics)
was run in parallel as a monomeric control Env glycoprotein. Purified gpD protein was also
analyzed by SDS-PAGE and migrated as a predominant 12 kDa band (data not shown) as
expected.

Purified gp140 and gp140:gpD were also examined by size exclusion chromatography.
Purified gp140 eluted as a major peak with a retention time of 18.05 min and an apparent
molecular mass of ~440 kDa (Fig. 1B). The retention time (18.042 min) and apparent
molecular mass (~440 kDa) of gp140:gpD protein paralleled that of gp140 protein,
consistent with it being a trimer that is slightly larger than gp140 due to the gpD fusion. A
small peak at 669 kDa was detected in both gp140 and gp140:gpD preparations; this most
likely represents aggregates or a dimer of trimers, as previously been reported [46]. There
was also a minor peak detected at 150 kDa in gp140:gpD protein, presumably representing
monomer. Gel elution profiles containing both protein and molecular weight markers can be
found in Supplemental Fig. 1. Overall, 90–99% of gp140 and gp140:gpD proteins,
respectively, were found to be trimeric by size exclusion chromatography analysis.

We further analyzed both gp140 and gp140:gpD proteins in parallel with gp120 monomer
and known molecular weight calibration markers (Amersham) on Blue Native (BN) PAGE
(Fig. 1C). Based on the apparent molecular weight of the monomer and the gel mobility
positions relative to the molecular weight markers, both gp140 and gp140:gpD proteins
migrate at about 669 kDa, with gp140:gpD migrating slightly more slowly - as expected due
to the gpD fusion. There can be difficulties estimating the molecular mass of large
glycoproteins by electrophoresis and this may explain the difference in molecular size
estimates determined using the gel filtration and BN- PAGE analyses [47]. Taken as a
whole, the SDS-PAGE, gel filtration chromatography, and BN-PAGE analyses suggest that
our purified gp140 and gp140:gpD proteins are indeed trimeric in nature and the addition of
gpD to the C-terminus of Envgp140 does not effect the oligomeric conformation of the
protein.

Finally, in order to further investigate the conformational integrity of our gp140 and
gp140:gpD proteins, we tested their reactivity with a panel of anti-HIV-1 Env antibodies,
including conformationally sensitive antibodies (b12, 2G12, 4E10, 126-7, 17b, Z13, and
447-52D). As shown in Fig. 2, the gp140 and gp140:gpD reacted very similarly with all of
the antibodies tested.

3.2. Generation of lambda phage particles that display HIV-1 envelope spikes
GpD is required for the generation of stable lambda phage particles containing wild type
genomes. However, it is possible to package genomes of sub-genomic length in the absence
of gpD, provided that (i) the genome is between approximately 78% and 82% of wild-type
length, and (ii) exogenous Mg2+ ions are provided to negate the charge interactions that
otherwise lead to head instability [48]. To produce phage particles that display HIV-1
envelope spikes, purified gpD-deficient phage particles were mixed with purified His6-
tagged gpD and gp140:gpD fusion proteins at various molar ratios (Fig. 3). Under these
conditions, the exogenous gpD is rapidly incorporated into the phage head, resulting in the
generation of EDTA-resistant phage particles that can be purified by CsCl density gradient
centrifugation [30].

Using this in vitro decoration approach, we first tested the ability of recombinant
mammalian derived gp140:gpD fusion protein to successfully decorate gpD-deficient phage
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capsids, either when added alone or in the form of a mixture with wild-type gpD protein.
The effectiveness of the decoration reaction was assessed by measuring the titers of the
resulting phage preparations before and after exposure to a high concentration (100 mM) of
EDTA, which inactivates gpD-deficient capsids but has minimal effect on gpD-bearing
particles [29,30]. Phage titers remained stable in the presence of EDTA if particles were
decorated with wild type gpD alone or with various molar ratios of wild type gpD to
gp140:gpD (from 20:1 to 1:1) (Fig. 4A). Phage were not stable if they were decorated with
20 fold molar excess gp140:gpD fusion protein (1:20) or with gp140:gpD fusion protein
alone, as exemplified by the 2 log drop in phage titer in Fig. 3A. We hypothesize that
gp140:gpD fusion protein fails to efficiently decorate the gpD-deficient phage capsids when
it is the only available form of gpD, possibly due to steric hindrance, since the envelope
protein is considerably larger than wild-type gpD.

We next proceeded to large scale preparations of the various decorated phage to verify the
integrity of the gp140:gpD fusion proteins displayed on the phage surface. In order to
confirm that the gp140:gpD fusion proteins were incorporated onto the phage capsid, equal
amounts (PFU) of CsCl-gradient purified decorated phage particles were subjected to SDS-
PAGE and immunoblot analysis using gpD-specific antiserum. Western blot analysis
showed successful incorporation of both gpD and gp140:gpD fusion proteins when added at
molar ratios of 20:1 or 1:1 (gpD to gp140:gpD fusion) to gpD-deficient phage (Fig. 4B).
These two molar ratios were used to produce phage particles with both low and high density
Env display, referred to hereafter as “HI Env” and “LO Env” phage particles. As shown in
Fig. 4B, the relative ratios of wild type gpD to gp140:gpD fusion protein that were detected
in the purified high density and low density phage display preparations were approximately
1:1 and 20:1, as expected. The 1:1 decorated phage appear to contain slightly more
gp140:gpD fusion protein than wildtype gpD protein. To eliminate the possibility that the
gp140:gpD fusion protein simply co-purifies with phage during processing, we analyzed
cesium chloride density gradients loaded with gp140:gpD soluble protein alone (no phage
particles) versus gradients loaded with phage particles that were decorated with gp140:gpD
and WT gpD soluble proteins (1:1). Fractions were pulled from the same area in the CsCl
gradients and analyzed by western blot analysis with anti-gpD antiserum. As shown in Fig.
S2B, gp140:gpD protein was only detected in the gradient fraction that was loaded with
decorated Env phage particles suggesting that soluble gp140:gpD protein does not sediment
in the same area as purified phage particles. Thus, it seems unlikely that non-phage-bound
soluble protein could have co-purified with phage due to co-sedimentation. A more plausible
explanation for the greater than 1:1 ratio of gp140:gpD to gpD protein in our HI Env
decorated phage particles may relate to the fact that the soluble gp140:gpD protein is
trimeric due to the FT domain, while soluble gpD is monomeric. As a result, gp140:gpD
protein interacts with the phage capsids in an oligovalent fashion, and may bind more
efficiently that the monomeric soluble gpD protein.

In addition to assessing phage stability in EDTA, we also evaluated the stability of our
decorated phage in serum, since we wished to know if they would be stable under conditions
likely to be encountered in vivo. As shown in Fig. 4C, both the LO Env and HI Env
decorated phage were stable in serum, as were WT phage.

We performed an experiment to measure the amount of Env present on HI Env phage
particles. To do this, HI Env phage and various amounts of gp140:gpD fusion protein (50,
100, 150, and 200 ng) were separated by SDS/PAGE, and then subjected to immunoblot
analysis with a gpD-specific antibody to detect the gp140:gpD fusion protein (Fig. S2A).
This revealed that 3 × 109 HI Env phage particles contained approximately 50 ng of soluble
gp140:gpD protein - suggesting that 1 × 1010 phage particles contain approximately 0.2 μg
of soluble protein. Since our immunization experiments used 5 × 1010 PFU of phage per
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dose, we therefore estimate that animals immunized with HI Env phage particles received
approximately 1.0 μg of Env protein; this is closely comparable to the amount of Env
administered to animals that received the “low dose” soluble Env protein (1.5 μg).

The amount of trimeric gp140:gpD per HI Env phage particle determined from Fig. S2A is
equivalent to about 30 copies of gp140:gpD trimers per phage capsid. Since these particles
contain more gp140:gpD fusion protein than WT gpD protein (Fig. 4B), we conclude that
majority of the 405 gpD binding sites on the phage capsid must be unoccupied. This is
unexpected, in light of the physical stability of the HI Env phage particles in EDTA (Fig.
4A) – and presumably reflects the fact that gp140:gpD can stabilize phage particles even
when it occupies only a fraction of the available gpD binding sites on the capsid.

In order to investigate the conformational integrity of our displayed gp140:gpD protein, we
tested the reactivity of our HI Env phage with a panel of anti-HIV-1 Env antibodies
including conformationally sensitive antibodies (b12, 126-7, Z13, 257-D and 447-52D). As
shown in Fig. 5, HI Env phage reacted strongly with all of the antibodies tested (Fig. 5, top
panel) while WT Phage did not (bottom panel). These data show that the presentation of
antibody epitopes within gp140 is unaffected by display on the phage particles.

3.3 Immunization of rabbits with Env phage particles
The immunogenicity of both low density and high density-display Env phage particles was
tested in rabbits. The immunization protocol consisted of a priming inoculation followed by
subsequent boosting inoculations at 5, 10, and 15 weeks after priming. Sera were collected 7
days post-injection except for the first bleed, which was 4 weeks post the priming
inoculation. Control groups were immunized with: (a) wild-type phage that displayed only
gpD on its surface, (b) trimeric YU2gp140 or trimeric YU2gp140:gpD fusion proteins at
doses of either 20 μg, a standard dose expected to elicit a strong humoral response [40], or
1.5 μg, a low dose that is a comparable to the amount of Env displayed on our HI Env
phage. Protein immunogens were emulsified in Titer Max (Sigma) adjuvant prior to
injection. We also included two prime/boost groups: (8) prime with high density Env phage
followed by a boost with trimeric YU2gp140 or (9) prime with trimeric YU2gp140 and
boost with high density Env phage (Table 1).

3.4 ELISA analysis of gp140 antibody response in sera of immunized rabbits
After each bleed, sera were collected and tested for binding activity to YU2gp140 protein by
ELISA. All of the animals that received both low and high dose adjuvanted Env protein
oligomers achieved peak titers of anti-gp140 IgG after three to four inoculations, with
endpoint titers ranging from 12,500 to 62,500 (Fig. 6A–C). This is consistent with
previously published results in rabbits using analogous trimeric YU2gp140 protein
preparations [35, 40]. Both the low and high density-display Env phage groups, however,
generated lower titers of anti-gp140 IgG as compared with the Env oligomer control groups.
The high and low density-display phage groups had endpoint titers ranging from 100 to
12500 after the fourth inoculation (Fig. 6C). The Wilcoxon rank sum test was used to
compare final Env-binding antibody titers between the HI Env phage group and a composite
group comprising all animals that received immunogens containing a high dose of gp140
protein (i.e. the Phage/Protein, Protein/Phage and the HI gp140 groups). This analysis
revealed a strong statistical difference between these two groups (p-value=0.0005),
indicating that Env-specific Ab titers were higher in animals that received soluble gp140
protein as compared to animals that received only Env-displaying phage particles (HI Env
phage).
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We did not observe a progressively increasing humoral immune response to the displayed
Env antigen after the second, third and fourth inoculations with HI Env phage (data not
shown). However, the Env decorated phage particles were able to efficiently boost a protein-
primed humoral response to levels equivalent to those elicited by high-dose, adjuvanted,
soluble Env oligomers (Fig. 6, Protein/Phage group). Thus, there was no statistically
significant difference in final Env-specific Ab titers between the HI gp140 protein group and
a composite group comprising all animals receiving immunization regimens that combined
soluble gp140 protein and Env-decorated phage (i.e. the Phage/Protein and Protein/Phage
groups) (p-value=0.54).

3.5 ELISA analysis of phage immune response
The humoral immune response to the lambda phage itself was also evaluated using ELISA
assays with immobilized recombinant gpD as the target antigen. ELISA results revealed a
low level of anti-lambda phage antibodies after the secondary inoculation that increased
gradually following each immunization for those groups that received phage (Fig. 7). As
shown in Fig. 5, the phage-specific humoral immune response was greatest in animals that
received the HI dose of gp140:gpD fusion protein or wild-type phage particles. A much
weaker phage-specific humoral response was detected in animals that received Env-
decorated phage particles. We attribute this to the fact that animals immunized with the WT
phage received 2 × 1011 PFU of phage per inoculation, whereas animals immunized with
Env-decorated phages particles all received only 5 × 1010 PFU of phage per inoculation. As
expected, only minimal phage-specific humoral immune reactivity was detected in animals
that received unmodified gp140 protein (HI and LO gp140 protein groups). Note that one
animal in each of these groups exhibited an unexplained phage-specific response that was
not present in preimmune sera.

3.6 Assessment of virus neutralizing activity
To assess the quality of the Env-specific antibody response, we analyzed virus neutralizing
activity in serum specimens obtained after both the third and fourth inoculations. In
collaboration with Dr. David Montefiori, neutralization assays were performed in TZM-bl
cells against the homologous YU2 virus and two other heterologous Tier 1A viruses (MN.3
and SF162). The data show that the quality and magnitude of the virus-neutralizing antibody
response in animals that were immunized by bacteriophage particles displaying HIV-1 Env
(HI phage) was not greater than that elicited in animals immunized with soluble recombinant
Env oligomers (HI gp140) (Table 2). IC50 neutralization values were <20 for all animals
immunized with Env-decorated bacteriophage particles. In contrast, virus neutralizing
antibody titers were detected in 3 out of 4 animals that received soluble recombinant Env
oligomers. Three animals in this group had significant neutralizing activity against
heterologous MN.3 and SF162 viruses after the third and fourth inoculations, and two had
detectable neutralizing responses to homologous Tier 2 YU2 virus after the fourth
inoculation. The quality and magnitude of the virus-neutralizing antibody response in
animals that received a priming inoculation with soluble recombinant Env oligomers
followed by boost inoculation with Env-displaying phage particles was similar to that
elicited by soluble recombinant protein oligomers alone. In three of the four animals, virus-
neutralizing responses were detected against two heterologous Tier 1A viruses (including a
very strong response versus MN.3 in one animal). In addition, one animal mounted a robust
neutralizing response to the homologous Tier 2 virus, YU2. IC50 neutralization values of
1667 and 1524 were detected after the third and fourth inoculations against heterologous
MN.3 virus and one animal had a neutralizing titer of 216 against YU2 virus after the fourth
inoculation. When the Env binding endpoint titers elicited in those animals that had
neutralization titers >20 (Neut +) and those that were <20 (Neut −) were statistically
compared by a nonparametric Mann Whitney test, it was apparent that animals with positive
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neutralization titers also had higher Env binding endpoint titers (p-value = 0.0001) (Fig. S3).
This suggests that there is a correlation between high Env binding titers and the presence of
neutralizing antibodies.

These findings show that Env-displaying phage particles can efficiently boost the humoral
response primed by soluble Env oligomers. The quality and magnitude of the virus-
neutralizing antibody response in animals that received a priming inoculation with soluble
recombinant Env oligomers followed by boost inoculations with Env-displaying phage
particles was similar to that elicited by soluble Env oligomers alone.

4. Discussion
The generation of broadly neutralizing antibodies against HIV-1 envelope glycoprotein is
one of the key goals in HIV-1 vaccine development. HIV-1 Env presents a recalcitrant target
in part due to the extensive glycosylation that hides antibody epitopes, and also because
conserved domains which can serve as potential targets for such antibodies are physically
sequestered [49–52]. An additional factor that may contribute to low Env spike
immunogenicity is the scarcity of envelope spikes on the virion surface, and their irregular,
clustered distribution [1].

Here, we tested the ability of lambda phage particles to act as a structural scaffold to display
HIV-1 envelope spikes in a highly immunogenic context. To produce phage particles that
displayed HIV-1 Env, we used a simple in vitro complementation system to decorate gpD-
deficient phage particles with glycosylated envelope trimers that were translationally fused
to gpD. This was achieved by producing recombinant Envgp140:gpD fusion protein (as well
as gpD alone) in mammalian cells, and then comparing the biochemical properties of the
resulting fusion protein to wild-type (WT) Envgp140 oligomers. Both native gel
electrophoresis and gel filtration analysis demonstrated the purity and oligomeric integrity of
our Envgp140:gpD fusion protein, and showed that it was essentially indistinguishable from
WT gp140 protein.

With this material in hand, we then generated Env decorated phage particles by mixing gpD-
deficient phage particles with purified gpD and Envgp140:gpD fusion proteins at various
molar ratios, followed by CsCl-gradient purification. The effectiveness of the decoration
reaction was assessed by measuring the titers of the resulting phage preparations before and
after exposure to high concentrations of EDTA, which inactivates gpD-deficient capsids but
has minimal effect on gpD-bearing particles [29,30]. We were able to generate stable mosaic
Env decorated phage particles using various molar ratios of soluble wild type gpD and
gp140:gpD fusion protein (20:1, 5:1, and 1:1). Phage that were decorated with Env protein
alone were not stable in the presence of EDTA. In contrast, phage decorated with a 1:1 ratio
of gp140:gpD to wild type gpD, were stable in the presence of EDTA. Unexpectedly,
however, when we measured the amount of gp140:gpD actually incorporated onto these
mosaic phage capsids, we determined that only a fraction of the available binding sites for
gpD on the phage capsid were in fact occupied.

The high density Env decorated phage capsids incorporated about 30 copies of Env trimers
per particle, which occupied 90 (30 trimers × 3 molecules of gpD per trimer) of the 405
available gpD binding sites on the phage surface – or roughly 25% of the total. Since
gp140:gpD was more abundant than wild type gpD on these mosaic particles (Fig. 4B), we
conclude that the Env-displaying phage capsids were EDTA stable even though most of the
available binding sites for gpD were unoccupied.

Native HIV-1 virions display only 14 ± 7 spikes per virion (138) and have a diameter of
approximately 145 nm (15). In contrast, the lambda phage head has a diameter of 50 nm and
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displays ~30 spikes per capsid in the case of phage particles prepared using a 1:1 ratio of
wild-type gpD to gp140:gpD fusion protein. Thus, the expected density of Env spikes on the
much smaller surface of the phage head will be roughly 18 to 20-fold greater than that on
native HIV-1 particles.

We anticipated that the more dense, array of displayed envelope trimers on the surface of the
phage capsid would result in enhanced humoral immune responses against the Env antigen.
We therefore assessed the immunogenicity of our lambda phage particles displaying HIV-1
Env, using immunization experiments in rabbits that employed a very similar design and
dose regimen to that described by Wyatt and colleagues in their studies of recombinant,
oligomeric HIV-1 gp140 [35]. In this experiment, the Env decorated phage particles elicited
Env-binding antibody titers and virus neutralizing responses that were no higher than those
in those animals that received adjuvanted, conventional oligomeric gp140 protein.

This unexpected result may be related to the fact that sequential immunizations with lambda
phage particles displaying an exogenous antigen have been shown to result in progressively
diminishing humoral immune response to the displayed antigen – with no immunologic
boosting of the response [53]. This has been attributed to a strong and immunodominant
response to the phage-capsid, which is efficiently boosted upon sequential immunization, at
the expense of the response to the exogenous antigen [53]. Our experiments showed a
similar boosting of the humoral response to the phage capsid (gpD coat protein) in those
animals that received Env-displaying phage particles, suggesting that this may have
contributed to the poor Env-specific response that was elicited by the Env-displaying
particles. These findings are consistent with the phenomenon of carrier induced epitopic
suppression (CIES) [54]. For uncertain reasons, this phenomenon of CIES was less
pronounced when Env-displaying phage particles were used to boost a heterologous gp140
protein prime. Neutralization titers elicited by the protein prime/phage boost group were
comparable to those elicited by homologous prime-boost immunization with a high dose of
adjuvanted, soluble gp140 - supporting the idea of phage being a poor prime but possibly
effective boost.

Collectively, these results show that display of HIV-1 envelope spikes on the VLP-like
scaffold provided by phage lambda capsids does not result in an improved humoral immune
response as compared to adjuvanted, soluble oligomeric protein.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Biophysical analysis of purified YU2gp140 and gp14:gpD fusion proteins
(A) SDS-PAGE analysis of 293F cell expressed proteins. 1 μg of gp120
(ImmunoDiagnostics), gp140, or gp140:gpD fusion proteins in sample buffer with (reduced)
or without (non-reduced) 100 mM DTT were resolved on a 7.5% polyacrylamide gel. (B)
Analytical size exclusion chromatography. Purified gp140 and gp140:gpD proteins were
resolved on a Superdex 200 column in phosphate-buffered saline, and their retention times
were compared with those of known molecular mass standard proteins of 150, 440, and 669
kDa (arrows). The main peak retention time of gp140 (18.05 min) and gp140:gpD (18.042
min) is consistent with both proteins migrating as a trimer (ferritin marker protein (440
kDa), 17.95min). (C) Blue native (BN)–PAGE analysis of gp120, and 293F cell-derived,
purified gp140 and gp140:gpD proteins (5 μg).
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Figure 2. Reactivity of gp140 and gp140:gpD proteins to a panel of Env-specific antibodies
Antigens were coated directly onto ELISA wells at 100 ng per well and serial dilutions of
the antibodies were tested at concentrations of 0.0015–3.3 μg/ml (antibodies tested were:
b12, 126-7, Z13, 447-52D and 257-D). After washing, bound antibodies were detected by
colorimetric ELISA. Results are expressed as optical density (OD, at 450 nm). Top panel:
Control gp140 protein coated onto ELISA plate wells; bottom panel: gp140:gpD protein.
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Figure 3. Schematic diagram of in vitro decoration of gpD deficient lambda phage particles with
recombinant WT gpD and gp140:gpD fusion proteins
gpD-deficient bacteriophage lambda procapsids were decorated with recombinant
mammalian derived WT gpD protein and gp140:gpD fusion protein. The stability of the
decorated phage samples was then tested by treatment with EDTA. Exposing gpD-deficient
phage to EDTA disrupts the phage capsid, resulting in loss of infectivity (EDTA sensitive).
In contrast, a successfully fully decorated phage particle will remain infectious in the
presence of EDTA (EDTA resistant).
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Figure 4. Stability of Env decorated bacteriophage particles
(A) 1×109 PFU (plaque-forming units) of gpD-deficient bacteriophage lambda procapsid
were decorated with varying ratios of WT gpD protein and gp140:gpD fusion protein. The
decorations were performed by incubating the desired molar ratios of proteins with the gpD-
deficient phage (1× 109 PFU) at 30°C for 20 minutes. The stability of the decorated phage
samples was then tested by the addition of 100mM EDTA (see Fig. 2) and titering on LE392
bacteria. Undecorated phage was analyzed as a control (EDTA sensitive). The decorations
were performed in triplicate within the same assay. (B) 1L preparations of phage decorated
with 1:1 or 20:1 WT gpD to gp140:gpD, or WT gpD only were prepared by CsCl-banding
and dialysis, titered on LE392 E.coli host cells and then loaded on a 12.5% SDS-PAGE gel,
(109 PFU/lane). Phage protein content was examined by immunoblot analysis, using
antiserum directed against gpD. Incorporation of both wild-type gpD and gp140:gpD fusion
protein in the phage preparations decorated with 1:1 or 20:1 WT gpD to gp140:gpD is
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indicated by the arrows. (C) 1:1, 20:1 and wild-type (WT) phage (1 × 1010 PFU/ml) were
incubated for 30 min at room temperature in SM buffer or normal rabbit serum and
subsequently titered on LE392 bacteria to determine stability. The data are represented as
means ± SEM.
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Figure 5. Reactivity of Env-displaying phage particles with a panel of Env-specific antibodies
b12, 126-7, Z13, 447-52D and 257-D antibodies were coated directly onto ELISA wells at
0.05 μg/ml and serial dilutions of the phage particles in plaque forming units (PFU), were
then added. After washing, bound phage were detected by colorimetric ELISA. Results are
expressed as optical density (OD, at 450 nm). Top panel: Env+ HI phage particles; bottom
panel: WT phage particles (no Env).
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Figure 6. Envelope glycoprotein reactivity immunized rabbit sera
(A–C) Endpoint titers for Env-binding IgG reactivity from bleeds 2–4 (panel A = bleed 2,
panel B = bleed 3, panel C = bleed 4). Sera were collected 7 days after the 2nd, 3rd and 4th

immunizations, serially diluted 5-fold, and analyzed by IgG ELISA against immobilized
gp140 oligomers. End-point ELISA titers were defined as the last reciprocal serum dilution
at which the optical density signal was greater than two-fold over the signal detected with
the preimmune serum. Dots denote end-point titers for individual animals, while horizontal
lines denote mean end-point titers for all 4 animals in each group.
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Figure 7. ELISA analysis of phage specific immune response
Equal amounts of purified gpD protein (lambda phage capsid protein) were coated onto
ELISA plates and reacted with fivefold serial dilution of sera collected after the 2nd, 3rd and
4th immunizations. Data represent mean values for OD450 reading for 1:100 dilution sera for
all four animals in each group; error bars denote the standard error of the mean.
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