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DNA vaccines expressing the envelope (Env) of human immunodeficiency virus type 1 (HIV-1) have been
relatively ineffective at generating high-titer, long-lasting immune responses. Oligomeric or trimeric (gp140)
forms of Env that more closely mimic the native proteins on the virion are often more effective immunogens
than monomeric (gp120) envelopes. In this study, several forms of Env constructed from the HIV-1 isolate YU-2
(HIV-1YU-2) were tested for their immunogenic potential: a trimeric form of uncleaved (�) Env stabilized with
a synthetic trimer motif isolated from the fibritin (FT) protein of the T4 bacteriophage, sgp140YU-2(�/FT), was
compared to sgp140YU-2(�) without a synthetic trimerization domain, as well as to monomeric gp120YU-2. DNA
plasmids were constructed to express Env alone or fused to various copies of murine C3d (mC3d). BALB/c mice
were vaccinated (day 1 and week 4) with DNA expressing a codon-optimized envelope gene insert, alone or
fused to mC3d. Mice were subsequently boosted (week 8) with the DNA or recombinant Env protein. All mice
had high anti-Env antibody titers regardless of the use of mC3d. Sera from mice vaccinated with DNA
expressing non-C3d-fused trimers elicited neutralizing antibodies against homologous HIV-1YU-2 virus infec-
tion in vitro. In contrast, sera from mice inoculated with DNA expressing Env-C3d protein trimers elicited
antibody that neutralized both homologous HIV-1YU-2 and heterologous HIV-1ADA, albeit at low titers. There-
fore, DNA vaccines expressing trimeric envelopes coupled to mC3d, expressed in vivo from codon-optimized
sequences, elicit low titers of neutralizing antibodies against primary isolates of HIV-1.

Human immunodeficiency virus type 1 (HIV-1) envelope
(Env) on the native virion most likely forms a heterologous
trimer (10, 22, 34, 55, 60, 62). Oligomeric or trimeric forms of
Env that more closely mimic the native protein structure on the
viral membrane elicit low to moderate levels of neutralizing
antibodies (3, 17, 21, 35, 44, 58). The reason for these disap-
pointing results may be due in part to the inability of these
immunogens to remain as a trimer upon inoculation. However,
recent attempts have been successful at producing soluble,
stabilized Env trimers which contain the gp120 exterior enve-
lope glycoprotein and the ectodomain of gp41 (22, 51, 52,
63–65, 67). Yang et al. have recently stabilized HIV-1YU-2 Env
trimers by the addition of synthetic trimeric domains (63, 65).
Most recently, Env glycoproteins with the trimeric motif from
the T4 bacteriophage fibritin (FT) [sgp140YU-2(�/FT)] have
been shown to be more stable in vitro than the previously
described glycoproteins with the eukaryotic GCN4 transcrip-
tion factor motif [sgp140YU-2(�/GCN4)] (65). However, both
synthetic trimers exhibited similar patterns of antibody recog-
nition to neutralizing and nonneutralizing antibodies in vitro
(65). To date, only sgp140YU-2(�/GCN4) has been tested for
immunogenicity and the induction of neutralizing antibodies in
mice (66). Mice inoculated with gp140YU-2(�/GCN4) trimer-

ized protein immunogens neutralized both X4- and R5-tropic
HIV-1 strains (66).

Since DNA vaccines are comparatively easy to develop and
manufacture and are likely to not require a cold chain for
worldwide distribution, DNA vaccines provide a promising
avenue for the development of new vaccination strategies.
These genetic vaccinations consist of eukaryotic expression
plasmids that are inoculated into target cells and translated
into proteins (16). DNA vaccinations induce protective immu-
nity against a variety of pathogens (37, 48). DNA vaccinations
effectively induce both humoral and cellular immune responses
to immunogens from diverse infectious agents. DNA vaccines
targeting the gp120 subunit of HIV-1 Env have elicited tran-
sient antibody titers and have been less successful at generating
neutralizing antibodies against HIV-1 (29, 41, 44, 47). This
inability to elicit high-titer, cross-clade antibodies may be due
to a variety of factors, including the long period of maturation
that is required for Env-specific antibodies (11).

The poorly immunogenic nature of Env has made the de-
velopment of an effective vaccine for HIV challenging. Two
novel approaches may provide the ability to overcome some of
the previous shortcomings of antibody-based vaccines for Env.
Recent studies in our laboratory, as well as others, have shown
that the fusion of C3d, a component of the innate immune
system, can act as a molecular adjuvant to enhance immuno-
genicity (30, 31, 38, 49, 50, 57). The addition of three copies of
murine C3d (mC3d) to a soluble form of the poorly immuno-
genic gp120 Env accelerated both the onset and the avidity
maturation of antibody in vaccinated mice and enhanced neu-
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tralizing antibody titers compared to responses in mice vacci-
nated with antigen alone (30, 50). The precise mechanism of
C3d enhancement is unclear; however, C3d may enhance sig-
naling through CD19 after cross-linking with CD21 on the
B-cell surface. Increased signaling through CD19 may increase
proliferation of B cells and provide a more rapid development
of germinal centers in the spleens and lymph nodes, resulting
in an earlier presence of mature plasma cells (14).

Another possible mechanism for overcoming the poor im-
munogenicity of Env is the use of codon-optimized gene se-
quences in order to increase protein expression (13, 32, 59, 68).
Vaccinations by DNA vaccines elicit lower levels of immune
responses than vaccinations with recombinant proteins and
viral vector vaccines (44, 45). DNA plasmids expressing codon-
optimized gene sequences significantly increase antibody titer
(�4-fold) and cellular responses compared to DNA expressing
wild-type sequences (1, 6, 12, 59, 68). The use of codon-opti-
mized DNA and codon-optimized gene inserts increases the
number of immunostimulatory sequences found in the modi-
fied bacterial DNA defined as CpG motifs. The increased
number of CpG motifs either in optimized plasmid DNA or in
synthetic oligodeoxynucleotides directly prime T-helper cells
and induce cytotoxic T-lymphocyte responses (1, 6, 12, 68).
Therefore, the use of DNA expressing codon-optimized Env
sequences enhances both humoral and cell-mediated re-
sponses.

In this study, mice were inoculated with three doses of DNA
expressing a codon-optimized Env sequence (monomers or
trimers) fused in frame to one, two, or three copies of mC3d.
The anti-Env antibody responses elicited with three doses of
DNA were similar to the antibody responses in animals primed
with DNA (two doses) and boosted with purified recombinant
Env (rEnv; one dose). Mice vaccinated with DNA expressing
codon-optimized Env genes elicited higher antibody titers than
those elicited with DNA expressing Env-mC3d3 from wild-type
Env gene sequences. Although DNA expressing codon-opti-

mized Env gene sequences primed the titers of anti-Env anti-
bodies in the absence of C3d, conjugating C3d to trimerized
Env did elicit antibodies that were able to neutralize heterol-
ogous virus compared to non-C3d-conjugated forms of Env.

MATERIALS AND METHODS

Plasmid DNA. pTR600, a eukaryotic expression vector, has been described
previously (49, 50). Briefly, the vector was constructed to contain the cytomeg-
alovirus (CMV) immediate-early promoter plus intron A for initiating transcrip-
tion of eukaryotic inserts and the bovine growth hormone polyadenylation
[poly(A)] signal for termination of transcription. The vector contains the Col E1
origin of replication for prokaryotic replication and the kanamycin resistance
gene (Kanr) for selection in antibiotic media.

The Env gene from the HIV-1 isolate YU-2 (HIV-1YU-2) was modified from
the full-length, gp160 precursor to a truncated gp140 (nucleotides [nt] 1 to 1995)
version with the following modifications: (i) the cleavage site between the gp120
surface protein and the gp41 transmembrane portion was altered to prevent
proteolytic cleavage of the molecule (�), and (ii) the wild-type gp41 trimeriza-
tion domain was replaced with a synthetic trimerization domain derived from the
T4 bacteriophage FT (after amino acid residue K683), previously described (Fig.
1C) (63, 65).

The synthetic stabilized, soluble gp140YU-2(�) [sgp140YU-2(�/FT)] construct
efficiently secretes trimers of sgp140(�) (65). A plasmid expressing a mono-
meric, soluble gp120YU-2 (sgp120YU-2) was constructed by PCR amplification of
an env fragment that encodes a soluble form of gp120YU-2 (Fig. 1A). In addition,
an uncleaved sgp140YU-2 without the synthetic trimer domain was constructed by
the addition of a BamHI site directly 5� to the synthetic FT domain. The plasmid
was digested with BamHI and ligated without the synthetic FT domain (Fig. 1B).
In each construct the first 32 amino acids have been deleted from the N terminus
of the EnvYU-2 gene and replaced with a leader sequence from the trypsin
plasminogen activator (tpA). In addition, a His6 tag was engineered at the C
terminus of each Env gene insert to facilitate purification of recombinant anti-
gens.

Fusion constructs were generated by the addition of one, two, and three copies
of mC3d to the C terminus of each env gene insert (Fig. 1). For the addition of
two and three copies of C3d, a linker domain was added between each pair of
tandem copies, as previously described (30, 31, 49, 50).

The plasmids were amplified in Escherichia coli strain DH5�, purified using
anion-exchange resin columns (Qiagen, Valencia, Calif.), and stored at �20°C in
distilled water. Plasmids were verified by appropriate restriction enzyme diges-
tion and gel electrophoresis. Purity of DNA preparations was determined by the

FIG. 1. Schematic representation of the gene inserts used to construct each of the vaccine plasmids. Plasmids expressing HIV-1YU-2 envelope
gene inserts sgp120YU-2 (A), sgp140YU-2 (B), and sgp140YU-2(�/FT) (C), were constructed, and a representative of how the individual Envs
assemble as either monomers or trimers is shown. A schematic representation of the addition of one, two, and three copies of mC3d fused to the
3� end of each HIV-1YU-2 envelope gene insert, sgp120YU-2 (A), sgp140YU-2 (B), or sgp140YU-2(�/FT) (C), is shown. Each of the gene inserts was
cloned into the previously described eukaryotic vaccine vector pTR600 (30, 50, 51). The vector contains the CMV immediate-early promoter (CMV
promoter) plus intron A for efficiently initiating transcription of eukaryotic inserts and the bovine growth hormone polyadenylation terminator for
efficient termination of transcription. This vector also contains the Col E1 origin of replication for prokaryotic replication as well as the kanamycin
resistance (Kanr) gene for selection in antibiotic media.
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OD reading at 260 and 280 nm. Each DNA vaccine inoculation contained �50
fg of endotoxin/�g per DNA inoculation.

Animals and immunizations. Six- to 8-week-old BALB/c mice (Harlan
Sprague Dawley, Indianapolis, Ind.) were used for inoculations. Mice, housed
with free access to food and water, were cared for under U.S. Department of
Agriculture guidelines for laboratory animals. Mice were anesthetized with 0.03
to 0.04 ml of a mixture of 5 ml of ketamine HCl (100 mg/ml) and 1 ml of xylazine
(20 mg/ml). Gene gun immunizations were performed on shaved abdominal skin
using the hand held Bio-Rad gene delivery system as described previously (33,
42, 43). Mice were immunized with two gene gun doses containing 1 �g of DNA
per 0.5 mg of approximately 1-�m gold beads (Bio-Rad, Hercules, Calif.) at a
helium pressure setting of 400 lb/in2. Protein inoculations were administrated at
week 8 as a boost, in which 10 �g of recombinant protein corresponding to either
sgp120YU-2, sgp140YU-2(�), or the trimerized sgp140YU-2(�/FT) was inoculated
by intraperitoneal injections of 100 �l at each of two sites in a solution containing
monophosphoryl-lipid A plus trehalose dicorynomycolate adjuvant (Sigma, St.
Louis, Mo.).

In vitro expression of DNA vaccines. The human embryonic kidney cell line
293T (5 � 105 cells/transfection mixture) was transfected with 2 �g of DNA using
12% Lipofectamine (Life Technologies, Grand Island, N.Y.) according to the
manufacturer’s guidelines. Supernatants were collected and stored at �20°C.
Cell lysates were collected in 300 �l of radioimmunoprecipitation lysis buffer
(0.05 M Tris-HCl [pH 8.0], 0.1% sodium dodecyl sulfate [SDS], 1.0% Triton
X-100, 2 mM phenylmethylsulfonyl fluoride, 0.15 M NaCl) and stored at �20°C.
Expression of vaccine constructs was quantified by coating enzyme-linked im-
munosorbent assay (ELISA) plates with 1.5% of the total supernatant from 293T
cells transiently transfected as described above. Plates were blocked with 5%
nonfat dry milk in phosphate-buffered saline (PBS) containing 0.05% Tween 20
(PBS-T) (1 h) at 25°C and extensively washed with PBS-T, and a 1:5,000 dilution
of polyclonal human HIV-infected patient antiserum (HIV immunoglobulin
[HIV-Ig]; National Institutes of Health [NIH] AIDS Research and Reference
Reagent Program) was added (1 h) at 25°C. Plates were extensively washed, a
1:8,000 dilution of horseradish peroxidase-conjugated goat anti-human anti-
serum (Bio-Rad) was added (1 h) at 25°C and extensively washed, and tetram-
ethylbenzidine (TMB) substrate (Sigma) was added (1 h) at 25°C for detection.
The approximate level of expression was determined by serially diluting com-
mercially purified gp120YU-2 (ImmunoDiagnostics, Inc., Woburn, Mass.) to each
plate and extrapolating the concentration based on optical density (OD).

Purification of rEnv. Recombinant protein corresponding to each of the en-
velopes was purified from supernatants of 293T cells (105) transiently transfected
with plasmid DNA. Supernatants were pooled, concentrated, and equilibrated in
the sodium phosphate buffer (10 mM Na2HPO4 · 2H2O, 10 mM NaH2PO4 ·
H2O, and 500 mM NaCl; pH 7.4) using a single-step buffer exchange spin column
(VivaSpin, Inc., Edgewood, N.Y.). The samples were then purified using a
HiTrap chelating nickel column (Amersham Biosciences, Piscataway, N.J.).
Briefly, the samples were loaded in a total volume of 5 ml and washed with
phosphate buffer containing 10 mM imidazole. The samples were eluted by using
a gradient from 50 to 300 mM imidazole in phosphate buffer. The fractions were
evaluated for purity after visualization by SDS-polyacrylamide gel electrophore-
sis (SDS-PAGE) and quantified using a bicinchoninic acid protein determination
kit (Pierce Biotechnology, Inc., Rockford, Ill.).

Virus production and infection. HIV-1YU-2 was produced in transiently trans-
fected 293T cells as described above. Briefly, 293T cells (105) were transiently
transfected with 2 �g of the HIV-1YU-2 proviral DNA plasmid for 48 h. The viral
supernatants were harvested, pooled, and aliquoted, and viral infectivity of the
HIV-1YU-2 supernatants was determined using increasing concentrations of su-
pernatant to determine the appropriate amount of virus needed (200 �l). The
infectivity of HIV-1ADA (NIH AIDS Research and Reference Reagent Program)
(26–28, 61) viral stocks was determined using increasing concentrations of virus
to determine the amount of virus needed (1,300 50% tissue culture infective
doses). Infection of both viruses was performed using GHOST (3) Hi-5 cells
(GHOST R5) (NIH AIDS Research and Reference Reagent Program), express-
ing human CD4 (hCD4) and human CCR5 (hCCR5) containing the HIV-2
LTR-GFP reporter (40). GHOST R5 cells were cultured in Dulbecco’s modified
Eagle’s medium (90%) and supplemented with 10% fetal calf serum, G418-
sulfate (500 �g/ml), hygromycin (100 �g/ml), puromycin (1 �g/ml), and penicil-
lin-streptomycin. Infectivity was based on the ability to infect the maximal num-
ber of cells in vitro without inducing cell death. GHOST R5 cells were thawed
and passaged (two times) and then plated (6.5 � 104 cells) in a 24-well plate.
Virus was incubated with cells in complete, nonselective medium (1 to 3 h) at
37°C in the presence of Polybrene (Sigma) (20 �g/ml) in order to enhance
infectivity. Cells were harvested 48 h later by aspirating the culture medium,
washing (once) with 1 ml of PBS, and gently shaking in EDTA (5 mM)–PBS (15

min) at 25°C. Dislodged cells were placed in paraformaldehyde (4%). Cells were
fixed (1 h), pelleted, resuspended in PBS supplemented with 2% fetal calf serum,
and analyzed by FACScan using Cell Quest software (Becton Dickinson, Moun-
tain View, Calif.).

Expression analysis. For determination of efficient expression of each DNA
vaccine plasmid, Western blot analysis was performed. Supernatant (1.5%) from
transfected 293T cells was diluted in SDS sample buffer (Bio-Rad) and loaded
onto an SDS-polyacrylamide gel (6%) under either (i) denaturing (0.1% SDS)-
reducing (5% �-mercaptoethanol [BME]) conditions, (ii) denaturing (0.1%
SDS)-nonreducing (0% BME) conditions, or (iii) nondenaturing (0% SDS)-
nonreducing (0% BME) conditions. The resolved proteins were transferred onto
a nitrocellulose membrane (Bio-Rad) and incubated with a 1:5,000 dilution of
HIV-Ig (NIH AIDS Research and Reference Reagent Program) in PBS-T con-
taining 5% nonfat dry milk. After extensive washing, bound human antibodies
were detected using a 1:8,000 dilution of horseradish peroxidase-conjugated goat
anti-human antiserum (Bio-Rad) and enhanced chemiluminescence (Pierce Bio-
technology, Inc.).

ELISA for detection of anti-Env antibodies. An endpoint ELISA was per-
formed to assess the titers of anti-Env IgG in immune-phase serum using re-
combinant HIV-1 gp120YU-2 to coat plates as described previously (45). Briefly,
plates were coated (25 ng) overnight at 4°C, blocked with 5% nonfat dry milk in
PBS-T (1 h) at 25°C, and extensively washed with PBS-T, serial dilutions of
mouse antisera from vaccinated mice were allowed to bind (1 h), and the plates
were thoroughly washed. Subsequently, the primary antisera were detected by
anti-mouse IgG conjugated to horseradish peroxidase (Bio-Rad). The reaction
was detected using TMB substrate (Sigma) (1 h) at 25°C. Endpoint titers that
were twofold higher than those of vector-only control sera were considered
positive.

In vitro neutralization. Virus neutralization by antisera was determined as
follows: virus was mixed with antisera from naïve or vaccinated mice (1 h) at
37°C, and the virus-cell mixture was added to GHOST R5 cells in a total volume
of 250 �l containing 20 �g of Polybrene/ml. The neutralizing capacity of antisera
was measured by comparing the reduction in the number of infected cells per
sample to (i) prebleed sera and (ii) sera from age-matched naïve mice. Inhibition
of virus was assessed by the additional reduction in infectivity beyond the back-
ground of naïve-mouse and prebleed antisera. Inhibition was measured by 50%
inhibition of virus infection (beyond nonspecific inhibition). Samples were run in
duplicate assays on the same day and averaged, and data are presented as the
average per group.

Statistics. For statistical analysis, Student’s t test was employed. The difference
between DNA vaccines expressing Env fused to multiple copies of mC3d was
compared to DNA expressing Env alone. Differences in titers were considered
statistically significant when the P value was less than 0.05.

RESULTS

Construction and in vitro expression. Vaccine plasmids ex-
pressing secreted forms of Env (monomeric or oligomeric)
from HIV-1YU-2 were constructed using the previously de-
scribed pTR600 vector (Fig. 1) (49, 50). DNA plasmids ex-
pressing a soluble gp120YU-2 env gene segment (nt 1 to 1452)
encode the entire surface domain but exclude the oligomer-
ization, transmembrane, and cytoplasmic regions of the Env
protein. DNA expressing the sgp140YU-2(�) gene segment (nt
1 to 1995) encoded the entire gp120 surface domain of Env
along with the ectodomain of gp41, excluding the transmem-
brane domain. In addition, the proteolytic cleavage site be-
tween the gp120 surface protein and the gp41 portion was
mutated (nt 1478 and 1487) to prevent proteolytic cleavage of
the molecule. Trimerized sgp140YU-2(�) proteins were con-
structed by the addition of the T4 bacteriophage FT gene
sequence at the 3� end of the env gene that encodes a trimer-
ization motif (nt 2012 to 2105). A second set of DNA vaccines
was constructed that encoded either sgp120YU-2, sgp140YU-2

(�), or sgp140YU-2(�/FT) fused to one, two, or three copies of
mC3d at the carboxyl terminus (Fig. 1).

Each DNA plasmid encoding either Env or Env-C3d effi-
ciently expressed proteins that were secreted from transfected
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cells (Fig. 2). Multiple species of Env were observed in the
supernatant of cells transfected with DNA vaccines expressing
sgp140YU-2(�) proteins without a synthetic trimerization do-
main. Soluble gp140YU-2(�) migrated predominately as
dimers and higher-molecular-weight aggregates (Fig. 2A, lane
6). The addition of multiple copies of C3d to the carboxyl
terminus of sgp140YU-2(�) resulted in the production of pre-
dominately monomers and dimers (Fig. 2A, lanes 7 to 9). In
contrast, the addition of the synthetic FT trimerization domain
to the sgp140YU-2(�) carboxyl terminus stabilized the protein
as trimers (Fig. 2A, lane 10). The appearance of monomers
and dimers was due to the boiling and denaturing conditions,
as confirmed by native polyacrylamide gels (data not shown).
In contrast to the non-FT-stabilized sgp140YU-2(�), the addi-
tion of multiple copies of mC3d to sgp140YU-2(�/FT) did not
destabilize the Env trimerization (Fig. 2A, lanes 11 to 13).
However, under reducing conditions, both stabilized and un-
stabilized sgp140YU-2(�) proteins migrated as monomers (Fig.
2B).

DNA plasmids expressing lower-molecular-weight proteins
expressed higher concentrations of Env (Fig. 2C). DNA plas-
mids expressing sgp120YU-2 had higher protein expression (16

�g/ml) than DNA expressing sgp140YU-2(�) (4 to 6 �g/ml).
DNA expressing EnvYU-2 from wild-type gene sequences had a
	100-fold decrease in protein expression (data not shown)
compared to Env expressed from codon-optimized sequences;
however, similar to Env-C3d expressed from wild-type genes,
conjugating C3d to any of the Envs (monomers or oligomers)
progressively reduced protein expression (Fig. 2C).

Purification of envelope proteins. Envelope proteins were
purified and samples were analyzed under denaturing condi-
tions. Recombinant proteins were subjected to boiling condi-
tions (100°C) and resolved by SDS–6% PAGE. Under these
conditions, sgp140YU-2(�) oligomers were destabilized, and
therefore both higher- and lower-molecular-weight forms were
detected; however, the addition of the synthetic stabilization
motif FT resulted in the secretion of soluble, higher-molecu-
lar-weight Env proteins, as previously described (data not
shown).

Each purified protein maintained a native structure. Purified
proteins were screened against a panel of anti-Env monoclonal
antibodies (data not shown). Monoclonal antibodies (IgG1b12,
IgG2G12, and F105), which recognize epitopes in the gp120
surface protein, efficiently detected each purified Env protein

FIG. 2. Expression of vaccine plasmids was visualized by Western blot analysis. Nonreducing (A) and reducing (B) SDS-PAGE analysis
demonstrated that all constructs are efficiently expressed in vitro and FT-stabilized versions of sgp140YU-2(�) form trimers even after boiling and
under denaturing conditions with and without the addition of one, two, or three copies of mC3d. Human embryonic kidney cells were transiently
transfected with 2 �g of plasmid DNA from each vaccine plasmid. Supernatants were collected, and 1.5% of the total volume was subjected to
electrophoresis. Each blot was probed with HIV-Ig followed by anti-human IgG conjugated to horseradish peroxidase and detected with enhanced
chemiluminescence. (C) Expression ELISA data to determine the relative level of expression of codon-optimized DNA vaccine plasmids were
quantified using 1.5% of the total supernatant from transiently transfected 293T cells and comparing relative amounts to recombinant gp120YU-2
(ImmunoDiagnostics) as a standard and are expressed as micrograms per milliliter of Env secreted into the supernatant. Lane 1, molecular mass
marker; lane 2, sgp120YU-2; lane 3, sgp120YU-2 mC3d1; lane 4, sgp120YU-2–mC3d2; lane 5, sgp120YU-2–mC3d3; lane 6, sgp140YU-2(�); lane 7,
sgp140YU-2(�)–mC3d1; lane 8, sgp140YU-2(�)–mC3d2; lane 9, sgp140YU-2(�)–mC3d3; lane 10, sgp140YU-2(�/FT); lane 11, sgp140YU-2(�/FT)–
mC3d1; lane 12, sgp140YU-2(�/FT)–mC3d2; lane 13, sgp140YU-2(�/FT)–mC3d3.
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[sgp120YU-2, sgp140YU-2(�), and sgp140YU-2(�/FT)]. The
monoclonal antibody 2F5, which maps to a linear sequence in
gp41, recognized sgp140YU-2(�) and sgp140YU-2(�/FT) but
did not detect purified sgp120YU-2 (which lacks the gp41
ectodomain). Therefore, each Env protein was expressed and
purified in a native conformation similar to the gp160 glyco-
protein on the virion surface.

Envelope monomers elicit similar high-titer anti-Env anti-
body as envelope oligomers. BALB/c mice were vaccinated on
day 1 and boosted at week 4 with gold particles coated with
DNA expressing codon-optimized env gene inserts (2 �g) and
administered via gene gun. Anti-Env antibodies were present
(
1:103) in sera from mice vaccinated with DNA plasmids
expressing any of the Env proteins (monomers or oligomers) at
week 4 (Fig. 3). Mice vaccinated with the pTR600 vector elic-
ited no anti-Env antibody. Mice primed with DNA expressing
codon-optimized gene inserts elicited significantly higher titer
antibodies to Env with fewer inoculations compared to wild-
type gene inserts (30, 50) (data not shown). After the second
inoculation, the titer of anti-Env antibodies was boosted (�1:
103) in all mice vaccinated with plasmids expressing any Env
protein.

At week 8, mice were divided into two groups: one group
was given a third inoculation of codon-optimized DNA plas-
mid (2 �g), and the second group was administered purified,

rEnv protein (10 �g). Mice vaccinated with DNA expressing
sgp120YU-2 were boosted with Envgp120, and mice vaccinated
with DNA expressing sgp140YU-2(�) were boosted with
Envgp140. Mice vaccinated with a third inoculation of DNA or
boosted with recombinant protein had similar anti-Env titers at
week 10 (titers � 1:25,000) (Fig. 3A to D). Mice vaccinated
with DNA expressing sgp120YU-2 and boosted with DNA or
Env protein at week 8 had anti-Env titers greater than 1:105

(Fig. 3A and B). Overall, monomers of Env appeared to elicit
anti-Env titers similar to those elicited by oligomers of Env
(compare Fig. 3A to D). In addition, mice vaccinated with
DNA expressing codon-optimized env gene inserts elicited the
same high-titer anti-Env antibodies as rEnv protein (three
vaccinations) (data not shown).

sgp140 stabilized by (�/FT) elicits lower levels of anti-Env
antibodies. Mice vaccinated with DNA expressing sgp140YU-2

(�/FT) had consistently lower titers of anti-Env antibodies
than mice vaccinated with nonstabilized sgp140YU-2(�) (Fig.
3E). After three inoculations of DNA, sera from mice vacci-
nated with nonstabilized sgp140YU-2(�) DNA had anti-Env
IgG titers that were 1 log higher (1:105 compared to �1:104)
than sera from mice inoculated with stabilized sgp140YU-2(�)
DNA. At week 8, half of the mice previously inoculated with
DNA plasmids (day 1 and week 4) were vaccinated with trim-
erized recombinant sgp140YU-2(�) protein. Sera from these

FIG. 3. Anti-Env IgG raised by sgp120YU-2, sgp140YU-2(�), and sgp140YU-2(-/FT) inoculations was determined by an endpoint dilution titer.
BALB/c mice (n � 10 per group) were primed at day 0 with each vaccine construct indicated, sgp120YU-2, sgp140YU-2(�), or sgp140YU-2(�/FT)
with or without the addition of one, two, or three copies of mC3d, using 2 �g of DNA inoculated via gene gun and boosting at week 4 with an
additional 2 �g of DNA via gene gun. At week 8, each group was split into two and either received a third inoculation of 2 �g of DNA or was
boosted with 10 �g of recombinant protein via intraperitoneal injection at two sites of 100 �l with RIBI (Sigma) as adjuvant. Solid symbols
represent mice receiving DNA as a third inoculation (A, C, and E); open symbols represent mice receiving recombinant protein as a third
inoculation (B, D, and F). Sera were collected prior to and 2 weeks after each inoculation as indicated, and each mouse was assayed for specific
IgG levels by ELISA. The 96-well plates were coated with 25 ng of gp120YU-2 recombinant protein. Data are represented as the average of five
mice. Preimmune-phase sera from mice had no detectable specific IgG. Endpoint dilution titers were determined by diluting the sera until OD
values reached background levels. As shown, all of the constructs elicited similar high-titer Env-specific antibodies regardless of the vaccination
regimen used.
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mice had higher titers of antibodies to Env than sera from mice
vaccinated with three inoculations of DNA (Fig. 3F).

Multiple copies of mC3d elicit similar high-titer anti-Env
antibodies. A second set of DNA vaccine plasmids was con-
structed to express Env proteins fused to various copies of
mC3d (Fig. 3). Mice were vaccinated with DNA plasmids ex-
pressing either sgp120YU-2 or sgp140YU-2(�) fused to one,
two, or three copies of mC3d. After the third inoculation,
DNA vaccines expressing sgp140YU-2(�)–mC3d2 elicited the
lowest titers of anti-Env antibodies (	1:6,400) compared to
DNA vaccines expressing sgp140YU-2(�) (�1:104) (Fig. 3C).
However, mice primed (day 1 and week 4) with DNA express-
ing sgp140YU-2(�) or sgp140YU-2(�) conjugated to mC3d
(one, two, or three copies) and then boosted with recombinant
gp140YU-2(�) had similar levels of anti-Env antibodies (�1:
25,000) at week 10 regardless of the DNA used to prime the
mice (Fig. 3D). In contrast, sera from mice vaccinated with
DNA expressing sgp120YU-2 conjugated to mC3d and then
boosted with either the same DNA plasmid or recombinant
sgp120YU-2 had similar high-titer anti-Env antibody at week 10
(Fig. 3A and B). These results indicate that the relative ex-
pression of Env-C3d vaccines is directly related to the titer of
anti-Env antibody raised in these mice. Mice primed with DNA
expressing Env-C3d proteins were boosted to titers greater
than 1:50,000 by the administration of a single boost of rEnv
protein, regardless of the number of copies of mC3d fused to
monomeric forms of Env (Fig. 3B).

A third set of DNA vaccines was constructed to express
sgp140YU-2(�), stabilized by FT, and fused to one, two, or
three copies of mC3d. The expressed proteins resulted in a
trimerized sgp140YU-2(�) complex fused to three, six, or nine
copies of mC3d upon trimerization (Fig. 1C). Mice vaccinated
with DNA expressing sgp140 YU-2(�/FT)–mC3d elicited lower
titers of anti-Env antibody than sgp140YU-2(�)–mC3d DNA.
However, once again, boosting mice with trimerized
sgp140YU-2(�) recombinant protein enhanced the levels of
antibodies to similar anti-Env titers as in mice vaccinated with
sgp140YU-2(�) DNA.

Neutralizing antibodies elicited by Env oligomers conju-
gated to multiple copies of C3d. Sera from vaccinated mice
(week 10) were tested for the ability to neutralize homologous
HIV-1YU-2 in vitro. Mice primed with DNA expressing
sgp120YU-2–mC3d3 and boosted with sgp120YU-2 protein had
antibodies that neutralized viral infection of permissive cells
(1:20 dilution); however, sera from mice vaccinated with three
doses of DNA plasmid expressing these same proteins had
little neutralizing antibody (Table 1). In contrast, neutralizing
antibodies were elicited in mice vaccinated with DNA express-
ing nonstabilized sgp140YU-2(�)–mC3d3 (1:20) and then
boosted with either the same DNA plasmid or recombi-
nant sgp140YU-2(�) protein. However, mice vaccinated with
any of the other sgp140YU-2(�) constructs (sgp140YU-2(�),
sgp140 YU-2(�)–mC3d1, or sgp140 YU-2(�)–mC3d2) had no
detectable neutralizing antibodies, regardless of whether the
mice were boosted at week 8 with DNA plasmid or recombi-
nant protein (Table 1). Interestingly, mice vaccinated with
DNA expressing the trimerized sgp140YU-2(�/FT) proteins,
with or without the addition of mC3d, and then boosted with
either trimerized recombinant sgp140YU-2(�) or DNA ex-
pressing sgp140YU-2(�/FT) with or without mC3d had detect-

able neutralizing antibodies (1:20). In addition, sera from mice
primed with DNA expressing sgp140YU-2(�/FT)–mC3d2 or
sgp140YU-2(�/FT)–mC3d3 and boosted with trimerized re-
combinant sgp140YU-2(�) neutralized viral infection at a dilu-
tion of 1:40 (Table 1). Mice vaccinated with three inoculations
of DNA expressing sgp140YU-2(�/FT)–mC3d1 also inhibited
HIV-1YU-2 (1:40). Therefore, all DNA vaccine plasmids ex-
pressing stabilized trimers of sgp140YU-2(�/FT) with and with-
out the addition of one, two, and three copies of mC3d elicited
neutralizing antibodies (1:20).

Sera from vaccinated mice (week 10) were also tested for the
ability to neutralize heterologous HIV-1ADA in vitro. Only
mice primed with DNA expressing sgp140YU-2–mC3d2 and
sgp140YU-2–mC3d3 and boosted with trimerized recombinant
sgp140YU-2(�) protein had antibodies that neutralized viral
infection of permissive cells (1:20) (Table 1).

DISCUSSION

The development of an effective vaccine against HIV-1 has
been challenging due to the poorly immunogenic nature of
Env. Inoculations of the gp120 subunit of Env elicit transient
titers of neutralizing antibody (53). Oligomeric or trimeric
forms of Env, which more closely mimic the native protein on
the virion, elicit low to moderate levels of antibodies that
neutralize viral infection (2, 9, 15, 21, 44, 45, 58, 66). These
oligomeric forms often do not remain as distinct trimers fol-
lowing purification or administration in vivo; however, they are
more effective immunogens than monomeric forms of Env (4,
9, 21, 52, 58, 66). Several strategies have been employed to
stabilize Envgp140 in a trimer conformation (22, 51, 63–65, 67).
Env molecules, stabilized using synthetic trimerization do-
mains, induce antibodies that neutralize both R5 and X4
HIV-1 isolates (66).

Previous studies from our laboratory demonstrated that the

TABLE 1. Neutralizing antibody titers in vaccinated mice

Vaccine plasmid

Antibody titer toa:

HIV-1YU-2 HIV-1ADA

DNA
boost

Protein
boost

DNA
boost

Protein
boost

gp120YU-2 — — — —
gp120YU-2 C3d1 — — — —
gp120YU-2 C3d2 — — — —
gp120YU-2 C3d3 — 1:20 — —
gp140YU-2(�) — — — —
gp140YU-2(�)–mC3d1 — — — —
gp140YU-2(�)–mC3d2 — — — —
gp140YU-2(�)–mC3d3 1:20 1:20 — —
gp140(�/FT) 1:20 1:20 — —
gp140(�/FT)–mC3d1 1:40 1:20 — —
gp140(�/FT)–mC3d2 1:20 1:40 — 1:20
gp140(�/FT)–mC3d3 1:20 1:40 — 1:20

a Sera collected at week 10 were analyzed for the presence of neutralizing
antibodies against homologous HIV-1YU-2 virus and heterologous HIV-1ADA
virus at dilutions of 1:20 and 1:40 for the ability to inhibit 50% of virus infection.
Inhibition of virus was assessed by the additional reduction in infectivity beyond
the background of naı̈ve-mouse and prebleed sera. Samples were run in dupli-
cate, and data are presented per group, where the ability to inhibit 50% of
infection at the indicated dilution is shown. A � indicates the lack of inhibition
of infection at the lowest dilution of serum.
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levels of neutralizing antibodies to HIV-1 can be enhanced
using C3d fused to monomeric gp120 (sgp120-mC3d) (30, 50).
Rodents inoculated with DNA vaccines expressing HIV-1IIIB

gp120 fused to three copies of murine or human C3d had
enhanced anti-Env IgG titers and accelerated affinity matura-
tion of antibody, as well as higher levels of neutralizing anti-
bodies compared to that with Env DNA (27). The goal of this
study was to determine if C3d, acting as a molecular adjuvant,
could improve the neutralizing antibodies elicited by codon-
optimized gene sequences expressing oligomeric envelopes.

In this study, DNA plasmids expressing codon-optimized
gene sequences encoding sgp120YU-2, sgp140YU-2, and
sgp140YU-2(�/FT) alone or fused to mC3d were all efficiently
secreted from cells in vitro (Fig. 2). The conjugation of increas-
ing numbers of mC3d gene segments led to a progressive
decrease in the overall amount of protein secreted into the
supernatant of transfected cells compared to non-C3d-fused
Envs (Fig. 2C) (30, 31, 50). DNA plasmids expressing
sgp140YU-2(�) without the synthetic trimerization domain
were secreted predominately as dimers and higher-molecular-
weight aggregates (Fig. 2A), as previously described for un-
cleaved Envgp140 proteins (4, 17, 51, 52). The addition of mC3d
shifted the formation of Env to monomers and dimers (Fig.
2A). In contrast, plasmids expressing sgp140YU-2(�), stabilized
by the addition of FT, were efficiently secreted as trimers of
Env (Fig. 2A). Unlike DNA expressing sgp140YU-2(�), the
addition of mC3d to sgp140YU-2(�/FT) did not dissociate Env
trimers (Fig. 2A). This lack of dissociation is due to the addi-
tion of the FT carboxyl-terminal domain that stabilizes triple-
helical coiled-coil proteins (25, 56, 66). Residues within each of
the three carboxyl-terminal FT domains exert extensive hydro-
phobic and polar intersubunit interactions that result in trim-
erization (56).

Trimerized HIV-1 envelopes appear to confer a conforma-
tion that more closely mimics the envelope structure on the
native virion, which elicits conformationally induced antibodies
(7, 17). Previously, oligomers or trimers of Env were con-
structed to express envelopes with a mutated proteolytic cleav-
age between gp120/gp41 (7, 17–20, 54, 63–65, 67) or the addi-
tion of disulfide bonds (4, 51, 52). Stabilization of uncleaved
oligomers of gp140YU-2 by the addition of synthetic trimeriza-
tion domains to gp41 formed soluble, stable trimers of Env
under harsh conditions, such as high temperatures (boiling at
100°C), denaturing conditions, or during the purification pro-
cess (63–65).

DNA vaccine plasmids expressing codon-optimized env
genes alone or conjugated to C3d all elicited high-titer anti-
Env antibodies (Fig. 3). Several studies have demonstrated
that viral proteins, such as those encoded by HIV-1 env or gag,
display a distinct codon bias that results in moderate to low
protein expression compared to eukaryotic genes (1, 12, 32, 59,
68). Wild-type env sequences have a preference for adenosine
(A) and thymine (T) in the wobble position of each codon,
whereas highly expressed mammalian genes preferably encode
a guanine (G) or cytosine (C) at this position (1, 32, 59).
Construction of synthetic sequences encoding Env that substi-
tute a G or C for an A or T at the wobble position dramatically
increases protein expression, which for HIV genes is Rev in-
dependent (1, 32, 59). Compared to wild-type sequences ex-
pressing Env, codon-optimized sequences expressing Env have

the same level of expression using 100-fold less DNA (data not
shown).

Previously it has been reported that C3d, when conjugated
to an antigen, acts as a molecular adjuvant to enhance poorly
immunogenic molecules, such as gp120, when expressed from
plasmid DNA in vivo (30, 31, 50). Mice vaccinated with DNA
expressing wild-type env sequences (gp120) had little to no
anti-Env antibodies (30, 31, 50). However, the addition of
three copies of mC3d to Env increased anti-Env antibody titers
(1:103 to 1:104). In contrast, plasmids expressing codon-opti-
mized env sequences elicited high-titer anti-Env antibodies,
regardless of whether Env was conjugated to C3d (Fig. 3).
Codon-optimized sgp120 sequences expressed approximately
20-fold more protein than wild-type sequences (Fig. 2) (30, 50),
which directly correlated with an increase in antibody response
directed against the envelope (1). The enhancement effect of
C3d was observed in mice vaccinated with a reduced dose (0.1
�g) of DNA expressing codon-optimized env sequences. Mice
vaccinated with three doses (0.1 �g) of DNA expressing
codon-optimized sgp120 elicited antibody titers between 1:100
and 1:1,000; however, mice primed with three doses of DNA
expressing codon-optimized sgp120-mC3d3 (0.1 �g) elicited
high-titer antibody (�1:104) (unpublished observations).
Therefore, both codon optimization of env sequences and C3d
conjugation to Env appear to enhance anti-Env antibodies in
an independent, but not in a synergistic, manner.

The binding of C3d to CR2 (CD21) on the surface of circu-
lating B cells is one possible mechanism for the enhancement
of antibody responses by these C3d-conjugated vaccines (23).
Direct stimulation of B cells by C3d leads to a cross-linking of
the CR2 with the signaling receptor, CD19 (14, 23, 24). Anti-
gen-specific B cells then become activated and are directly
stimulated to produce antibody (14, 23, 24). DNA expressing
Env-C3d most likely broadened the height of antibody re-
sponses by (i) directly stimulating antibody-producing B cells
through CR2 (CD21) and expanding the pool of anti-Env-
specific B cells (23, 24); (ii) reducing B-cell apoptosis (36, 46);
or (iii) lowering with C3d-conjugated antigen both the concen-
tration threshold and the affinity threshold for B-cell activation
(8, 39).

Interestingly, even though similar levels of anti-Env antibod-
ies were elicited in mice vaccinated with plasmids expressing
codon-optimized sgp120YU-2 alone or conjugated to C3d, only
sera from mice primed with DNA expressing sgp120YU-2–
mC3d3 and boosted with rEnv had antibodies that neutralized
HIV-1YU-2 viral infection (1:20). These data are in agreement
with previous studies in which only mice vaccinated with plas-
mids expressing monomeric gp120 fused to mC3d had high
levels of neutralizing antibodies against homologous virus (30).
The present study extends our previous research by demon-
strating that multiple copies of mC3d fused to monomeric
gp120 from a primary isolate of HIV-1 (HIV-1YU-2) are able to
improve neutralizing antibody titers compared to gp120 alone.

Previous studies have suggested that oligomers or trimers of
Env may be more effective immunogens than monomeric rEnv
(9, 21, 44, 45, 66). This study is the first to examine the use of
oligomeric forms of Env fused to mC3d in order to elicit
neutralizing antibodies against HIV-1. Unlike DNA plasmids
expressing sgp120YU-2–mC3d3 (three doses), mice vaccinated
with DNA expressing sgp140YU-2(�)–mC3d3 (three doses)
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had antibodies that neutralized virus infection (1:20 dilution).
The ability of antibodies from mice vaccinated with sgp140YU-2

(�)–mC3d3 to neutralize homologous virus is unclear; how-
ever, it may be due to the oligomerization of the uncleaved
sgp140(�) portion of the sgp140YU-2(�)–mC3d3 molecule.
In contrast to DNA expressing monomeric non-C3d forms
of Env, plasmids expressing stabilized trimers of
sgp140YU-2(�/FT) elicited antibodies that neutralized homol-
ogous viral infection (Table 1). The addition of C3d to these
stabilized Env immunogens broadened the neutralizing capac-
ity of elicited antibodies to both homologous (HIV-1YU-2) and
heterologous (HIV-1ADA) isolates, but only after a single dose
of rEnv (Table 1).

DNA priming followed by boosting with recombinant pro-
tein is an effective strategy for eliciting high-titer neutralizing
antibody (44). Richmond et al. reported significant increases in
antibody titer, avidity, and neutralizing antibodies after protein
boosting of animals primed with DNA expressing wild-type
Env sequences (44). However, in their study, inoculation of
three doses of DNA expressing Env from wild-type gene se-
quences elicited poor antibody responses and, therefore, a
robust antibody response was observed following two subse-
quent recombinant protein boosts (44). In contrast, priming
with two doses of DNA expressing codon-optimized env genes
followed by recombinant protein boost provided a similar neu-
tralizing titer as that in mice vaccinated with three doses of
DNA expressing codon-optimized env genes (Table 1) and,
therefore, the effect of the protein boost was not readily ob-
served.

Interestingly, however, in this study increasing numbers of
C3d molecules conjugated to sgp140YU-2(�/FT) did not en-
hance the titers of neutralizing antibody in sera collected from
mice vaccinated with only DNA plasmid alone (Table 1). The
addition of one, two, or three copies of the gene encoding
mC3d resulted in three, six, or nine copies of the mC3d protein
conjugated to the stabilized sgp140YU-2(–/FT) molecule (Fig.
1). One possible explanation for the lack of correlation be-
tween neutralizing antibody and copies of C3d may be that the
terminal C3d molecule of each fusion protein is interacting
with CR2 on the surface of B cells. Therefore, even though
plasmids encoding sgp140YU-2(�/FT)–mC3d3 have three times
the number of mC3d proteins (nine molecules) in the ex-
pressed protein compared to sgp140 (�/FT)–mC3d1 (three
molecules), only the terminal C3d protein of each molecule
may be able to bind to the cell surface receptors. This hypoth-
esis may account for the similar titers of neutralizing antibody
elicited by Env monomers [sgp120YU-2 or sgp140YU-2(�)] con-
jugated to mC3d3 and sgp140YU-2(�/FT)–mC3d1, both fused
with three copies of mC3d (Table 1).

Overall, priming with DNA expressing trimerized HIV-1
Env from a codon-optimized gene insert fused to multiple
copies of C3d, followed by a recombinant trimerized protein
boost, can elicit similar high-titer neutralizing antibodies in
vaccinated mice as with purified recombinant trimers of these
same immunogens (66). Note, however, that while immuniza-
tion with recombinant trimers of Env yielded antibodies that
neutralized heterologous viruses (66), non-C3d-conjugated
Envs expressed from DNA were unable to elicit neutralizing
antibodies. The levels of neutralizing antibodies seen in the
present study were disappointingly low and lacked the signifi-

cant enhancement effect by C3d that was shown in previous
studies (30, 36a, 50). Future studies should use immunogens
that are more likely to elicit neutralizing antibodies and, there-
fore, the enhancement effect by C3d will be more pronounced.
A variety of Env immunogens have been shown to elicit neu-
tralizing antibodies against HIV, including (i) the use of mod-
ified envelopes, such as deletions in variable loop domains or
deglycosylation to expose cryptic sites (2); (ii) a selective mu-
tation(s) in gp41 that enhances neutralizing sensitivity; or (iii)
the use of envelopes that elicit cross-clade neutralizing anti-
bodies (15).

The results suggest that other immune responses may be
activated by C3d-conjugated antigens. C3d enhances antigen
presentation of processed antigens by B lymphocytes (5) and,
therefore, in Env-C3d vaccines Env may be more efficiently
presented by B cells to T-helper cells. In addition, C3d can
activate T cells expressing both major histocompatibility com-
plex class I and II molecules in an antigen-dependent manner
(38). Also, recently Liu et al. showed that higher levels of
anti-Env gamma interferon-secreting T cells could be elicited
by Env-C3d fusion proteins (36a). Therefore, examination of
the mechanism of both humoral and cellular immune enhance-
ment mediated by C3d would be quite useful for both under-
standing the function of complement as well as developing
more effective vaccines.
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