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In this study, we have investigated the effect of specific mutations in human immunodeficiency virus type 1
(HIV-1) envelope (Env) on antibody production in an effort to improve humoral immune responses to this
glycoprotein by DNA vaccination. Mice were injected with plasmid expression vectors encoding HIV Env with
modifications in regions that might affect this response. Elimination of conserved glycosylation sites did not
substantially enhance humoral or cytotoxic-T-lymphocyte (CTL) immunity. In contrast, a modified gp140 with
different COOH-terminal mutations intended to mimic a fusion intermediate and stabilize trimer formation
enhanced humoral immunity without reducing the efficacy of the CTL response. This mutant, with deletions in
the cleavage site, fusogenic domain, and spacing of heptad repeats 1 and 2, retained native antigenic confor-
mational determinants as defined by binding to known monoclonal antibodies or CD4, oligomer formation, and
virus neutralization in vitro. Importantly, this modified Env, gp140�CFI, stimulated the antibody response to
native gp160 while it retained its ability to induce a CTL response, a desirable feature for an AIDS vaccine.

Plasmid DNA vaccination has been a useful technology for
the development and analysis of immunogens. This method of
vaccination allows relevant posttranslational modifications, ap-
propriate intracellular trafficking, and antigen presentation.
Direct injection of naked DNA either intramuscularly or in-
tradermally readily induces protective immune responses in
animal models. Though DNA vaccines readily elicit cell-medi-
ated immune responses, their ability to induce high-titer anti-
body responses has been limited, particularly to human immu-
nodeficiency virus type 1 (HIV-1) envelope (Env). However,
plasmid expression vectors can be readily modified to express
different forms of HIV envelope proteins, enabling rapid and
systematic testing of alternative vaccine immunogens.

To improve the immune response to native gp160 and to
expose the core protein for optimal antigen presentation and
recognition, we have analyzed the immune response to modi-
fied forms of the protein. The conserved N-linked glycosylation
sites previously suggested to limit the antibody response (39)
were comprehensively analyzed. In addition, the important
coiled-coil hairpin region involved with formation of fusion
intermediates has been studied. Expression vectors with dele-
tions in the cleavage site (C), the fusion peptide (F), and the
interspace (I) between the two heptad repeats, termed �CFI
deletions, were prepared. In this report, the immune response
to Env candidates expressed in plasmids with codons modified
to improve gene expression has been analyzed. Both antibody
and cytotoxic-T-lymphocyte (CTL) responses were evaluated
after injection of plasmid DNA into muscle. A modified gp140
DNA has been identified that better elicits antibody responses

at the same time that it retains its capacity to induce CTL
responses to HIV Env. This prototype may facilitate the iden-
tification of immunogens which can elicit broadly neutralizing
antibody responses to HIV by gene-based vaccination.

MATERIALS AND METHODS

Immunogens. Plasmids expressing the CXCR4-tropic HIV-1 HXB2 Env were
made synthetically with sequences designed to disrupt viral RNA structures that
limit protein expression by using codons typically found in human cells (1, 37, 38,
41, 42, 47). Briefly, the synthetic env gene of HXB2 (GenBank accession number
K03455) was generated in three fragments by assembling the overlapping syn-
thetic oligonucleotides using PCR amplification. Glycosylation mutants were
generated by site-directed mutagenesis to replace asparagine with glutamic acid
residues in a block of either 11 or 17 conserved glycosylation sites between amino
acids 88 and 448 (Fig. 1). To produce a CCR5-tropic version of the HIV-1
envelope, the most divergent region encoding amino acids 275 to 361 of HXB2
(CXCR4-tropic) gp160 from Bal was replaced with CCR5-tropic HIV-1 BaL
sequence (GenBank accession number M68893), which includes the V3 loop. To
express truncated mutant Env proteins, stop codons were introduced after po-
sitions 752, 704, 680, or 592 to produce gp150, gp145, gp140, or gp128, respec-
tively. The Env protein was further changed by deleting amino acids 503 to 537
and amino acids 593 to 619, which removes the cleavage site sequence, the fusion
domain, and a part of the spacer between the two heptad repeats. All of these
mutations were confirmed by sequencing of both strands of the cDNAs. The
structures of the synthetic HIV envelope genes are shown (Fig. 1). The cDNAs
were cloned in the expression vector pVR1012 (56) under the control of the
cytomegalovirus immediate-early enhancer, promoter, and first intron. Sequence
analysis indicated that the codon-optimized envelope contained the following
minor point substitutions: F53L, N94D, K192S, I215N, A224T, A346D, P470L,
T723I, and S745T.

Expression of envelope proteins in transfected cells. 293 cells (106) were
plated in 60-mm-diameter dishes. Cells were transfected on the following day
with 2 �g of plasmid using calcium phosphate (16, 56). Cells were harvested 48 h
after transfection using phosphate-buffered saline (PBS) containing 2 mM
EDTA (PBS-EDTA). Cells were lysed in buffer containing 50 mM HEPES (pH
7.0), 250 mM NaCl, and 0.5% NP-40. The protein concentration in the lysates
was determined using the Bradford assay (Bio-Rad, Hercules, Calif.), and the
protein (25 �g) was analyzed by separation on 7.5% sodium dodecyl sulfate
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FIG. 1. Schematic representation of functional domains and mutations in HIV-1 Env glycoproteins. Full-length envelope polyprotein, gp160,
with the indicated features based on the amino acid residues of HXB2 is shown (top). Functional domains include the gp120/gp41 cleavage site
(residues 510 and 511), the fusion domain (residues 512 to 527), the two heptad repeats (residues 546 to 579 and residues 628 to 655), the
transmembrane domain (residues 684 to 705), and the cytoplasmic domain (residues 706 to 856). The mutant forms of the envelope proteins are
shown below the structure of gp160. COOH deletions were introduced that terminate the envelope protein at positions 752, 704, or 680 to produce
gp150, gp145, or gp140, respectively. Two internal deletions that removed the cleavage site, the fusion domain, and the region between the two
heptad repeats were introduced into gp160, gp150, gp145, and gp140. A further deletion in the COOH-terminal region at position 592 removed
the second heptad repeat and the transmembrane domain to produce gp128�CFI. To disrupt potential glycosylation sites, asparagine (N) residues
at 11 positions (88, 156, 160, 197, 230, 234, 241, 262, 276, 289, and 295) were replaced with aspartic acid (D) residues in both gp160 and gp150.
Versions of both gp160 and gp150 were created with a total of 17 mutated glycosylation sites by including six additional N-to-D substitutions at
positions 332, 339, 356, 386, 392, and 448.
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(SDS)–7.5% polyacrylamide gel and transfer to Immobilon-P membrane (Milli-
pore, Bedford, Mass.). The antibody response to mutant Env was detected by
immunoprecipitation with sera from mice followed by Western blotting (Fig. 2A,
C, D, and E) with polyclonal antibody against gp160 (Intracel, Rockville, Md.).
�-Actin was used as an internal control with an antibody to this gene product
(Sigma, St. Louis, Mo.). As shown in Fig. 2B, 293 cells were transfected either
with 2 �g of control vector or various amounts (2.0, 0.5, and 0.05 �g) of vector
expressing either viral gp160 or codon-altered gp160 using the protocol above.
Cells were harvested 48 h after transfection and lysed in buffer containing 50 mM
HEPES (pH 7.0), 250 mM NaCl, and 0.5% NP-40. Processing of Env was
detected as described above by Western blotting using supernatant from a hy-
bridoma producing monoclonal antibody against gp41 (HIV-1 IIIB gp41 hybrid-
oma [chessie 8]; NIH AIDS Research and Reference Reagent Program [kindly
provided by George Lewis]).

Expression of soluble �CFI HIV-1 envelope variants. 293 cells were trans-
fected either with a control vector with no insert or the same vector expressing
gp160, gp145�CFI, or gp140�CFI as described above. Cell-free media were
collected 48 h after transfection and clarified by centrifugation at 16,000 � g at
4°C. Equal volumes of cell-free media were used for immunoprecipitation with
1 �g of HIV-1 immunoglobulin G (IgG). The precipitated proteins were sepa-
rated by SDS–7.5% polyacrylamide gel electrophoresis (PAGE), and Env was
detected by Western blotting using a polyclonal antiserum against gp160 (Intra-
cel).

Cell surface expression of envelope by fluorescence-activated cell sorting
(FACS) analysis. 293 cells were harvested 48 h after transfection using calcium
phosphate (�90% transfection efficiency), as in the previous section, and washed
twice with PBS containing 1% bovine serum albumin and incubated for 30 min
on ice with either control mouse or human IgG or monoclonal 2F5 or 2G12 or
polyclonal Ig from an HIV-1-infected patient. The secondary antibody against

the relevant human or mouse IgG conjugated with fluorescein isothiocyanate
(Jackson Immuno Research) was added, incubated for 30 min on ice, washed
three times with PBS, and analyzed by flow cytometry (FACScan). The median
fluorescent intensity values were derived using Cell Quant software.

CD4 binding assay. The binding assay with soluble CD4 (sCD4) was per-
formed essentially as described previously (20). ELISA plates were coated with
(per well) 200 ng of human sCD4 in 100 �l of PBS, pH 7.4, instead of carbonate/
bicarbonate buffer. Polyclonal Ig from an HIV-1-infected patient was used as a
primary antibody instead of polyclonal (rabbit) antisera. As a negative control,
total protein from extracts of 293 cells transfected with empty vector was used.
Competitive inhibition of binding with sCD4 was assessed by serial dilution of
sCD4 (1:3, 1:9, 1:27) from 500 ng/well compared to no sCD4 in a 96-well plate
that was previously coated with CD4, followed by incubation with either
gp140�CFI or r-gp160 (Intracel).

DNA injections in mice. Six-week-old, female BALB/c mice were injected
intramuscularly with 100 �g of purified plasmid DNA suspended in 200 �l of
normal saline. For each plasmid DNA, a group of four mice was injected three
times at intervals of 2 weeks. The mice were bled 2 weeks after the last injection,
and sera were collected and stored at 4°C.

Immunization of guinea pigs. Six-week-old, female Huntley guinea pigs were
injected intramuscularly with 500 �g of purified plasmid DNA encoding the
CXCR4-tropic HXB2 gp145�CFI suspended in 400 �l of normal saline. For
each plasmid DNA, a group of four guinea pigs was injected three times at
intervals of 2 weeks. The guinea pigs were bled 2 weeks after the last injection,
and sera were collected and stored at 4°C. The guinea pigs received a boost with
replication-defective recombinant adenovirus (ADV) expressing CXCR4-tropic
HXB2 gp140�CFI as described previously (50, 54, 56) and were bled 2 weeks
after ADV injection.

FIG. 2. Comparison of the expression of the HIV-1 gp160 with codon-optimized gp160. (A and B) Expression of plasmids encoding Rev-
dependent and Rev-independent codon-modified gp160 (lanes 1 and 2). (A) The upper panel shows expression of Rev-dependent viral gp160 (left)
and codon-modified gp160 (right) in transfected 293 cells. The lower panel shows comparable expression of �-actin in these transfected cells.
(B) Processing of gp160 was detected with a monoclonal antibody to gp41with viral or codon-altered gp160, as indicated (lanes 3 to 9). (C)
Expression of mutant CXCR4-tropic HIV Env glycoproteins with COOH-terminal truncations is shown. (D and E) CXCR4-tropic envelope
proteins containing mutant glycosylation sites and mutant functional domains are shown. The indicated proteins were detected by immunoblotting
as described above. Cell lysates produced by transfection with vector containing no insert were used as controls (vector, first lane in each panel).
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Quantitation of antibody response. Immunoprecipitation and Western blot-
ting were used to detect the antibodies that bind to native envelope proteins.
Sera from immunized mice were used to immunoprecipitate gp160 from cell
lysates of gp160-transfected 293 cells and were compared with well-characterized
monoclonal antibodies 1726 and 1727 (NIH AIDS Research and Reference
Reagent Program) against the V3 loop of HIV-1 IIIb. Indicated dilutions were
used to immunoprecipitate gp160 from the cell lysate (400 �g). Immunocom-
plexes were separated by SDS–7.5% PAGE and analyzed by immunoblotting
using polyclonal antibody against gp160.

Reactivity of gp140�CFI with monoclonal antibodies. The binding ability of
several monoclonal antibodies—2F5, 2G12, F105, and b12—to gp140�CFI
was determined as above. Antibody (5 �g) was used to immunoprecipitate
gp140�CFI from 100 �l of membrane-free supernatant from 293 cells trans-
fected with the expression vector expressing gp140�CFI. The same volume of
supernatant from cells transfected with empty vector was used as a control.
Antibodies were obtained from the AIDS Research and Reference Reagent
Program. The [35S]methionine-labeled supernatant was incubated with progres-
sively diluted (5, 1, and 0.1 �g) monoclonal antibodies 2F5 and 2G12 along with
HIV-1 IgG, and the intensity of the gp140�CFI band was determined by quan-
titative phosphorimaging.

Sucrose density gradient centrifugation. The oligomerization of gp140�CFI
was investigated by sucrose gradient centrifugation followed by Western blot
analysis. Supernatants from cells transfected with the gp140�CFI expression
vector were centrifuged at 16,000 � g at 4°C to remove debris. The supernatants
were further centrifuged at 100,000 � g to remove vesicles and membrane
fragments. The clarified supernatants were concentrated 30-fold with a
UFV2GC10 filter (Millipore). The concentrated supernatants (750 �l) were
loaded onto a 10%-to-40% continuous sucrose gradient and centrifuged in a
Sorvall rotor (model TH641) for 20 h at 40,000 rpm at 4°C. Fractions of 1 ml
were collected manually and analyzed by both nonreducing and reducing
SDS–5% PAGE. Equal volumes from each fraction were used to immunopre-
cipitate gp140�CFI by HIV-1 IgG, and the separated proteins were detected by
Western blotting with a rabbit polyclonal antibody to gp160. Cross-linked phos-
phorylase b (Sigma) was used as a high-molecular-weight marker.

Molecular exclusion chromatography. Gel filtration using Superdex 200 gel
filtration column (Amersham Pharmacia, Piscataway, N.J.) was calibrated with
markers with molecular masses of 669, 440, 232, and 158 kDa individually and
together. The proteins were chromatographed using membrane-free supernatant
containing gp140�CFI prepared as described for sucrose gradients. Proteins
from relevant fractions were separated by SDS–10% PAGE and transferred to
Immobilon-P membrane (Millipore). gp140�CFI was detected by immunopre-
cipitation followed by Western blotting as described above, and band intensity
was determined by densitometry using the ImageQuant program. The molecular
weight was determined from the curve of Kaverage (gel phase distribution coef-
ficient) versus log (molecular weight) of the standards.

Analysis of CTL response. Spleens were removed aseptically, gently homog-
enized to a single-cell suspension, washed, and resuspended to a final concen-
tration of 5 � 107 cells/ml. Cells were incubated for 7 days in the presence of
interleukin 2 (10 U/ml) and either irradiated peptide-pulsed splenocytes from
naive mice or an irradiated stable cell line expressing the full-length gp160
BC-env/rev (18). Three types of target cells were used: peptide-pulsed P815 cells
(ATCC TIB64), BC10ME cells stably expressing gp160, and BC10ME cells (11)
pulsed with peptides derived from gp160 sequence. Target cells were labeled
with 51Cr for 90 min and washed three times with RPMI 1640 medium with 10%
fetal bovine serum, 2 mM glutamine, 5 � 10�5 M �-mercaptoethanol and
amphotericin (Fungizone) (250 U/ml), and resuspended in this medium. Cyto-
lytic activity was determined in triplicate samples using all different target cell
dilutions in a 5-h 51Cr release assay (34).

Neutralization assay. Antibody-mediated neutralization was assessed in MT-2
cells with HIV-1 IIIB. Neutralizing antibody titers in the MT-2 assay were
defined as the reciprocal serum dilution at which 50% of cells were protected
from virus-induced killing as measured by neutral red uptake (26). Assay stocks
of HIV-1 IIIB were produced in H9 cells.

RESULTS

Development of HIV Env vectors. To develop Env glycop-
rotein variants that might better induce humoral immunity
after DNA immunization, a series of plasmid expression vec-
tors was generated (Fig. 1). Full-length HIV Env (gp160) was
highly expressed in the absence of HIV accessory proteins at

levels �10-fold higher than Rev-dependent viral gp160 in
transfected 293 cells as seen by Western blot analysis (Fig. 2A
and B), and the relevant mutant proteins were detected at the
expected apparent molecular weights (Fig. 2C to E). As might
be anticipated, gp160 expressed from the synthetic gene was
not efficiently processed in transfected 293 cells, similar to
previously published studies (3, 57), presumably because the
high levels of gp160 saturate the cellular proteases responsible
for cleavage, as overexpression of furin can overcome this
problem (3); nonetheless, processed gp160 was detected with a
monoclonal antibody to gp41 (Fig. 2B, lanes 3 to 9). This result
is consistent with previous studies of viral gp160 in transfected
cells, in which 75% may remain unprocessed (29).

Synthetic HIV gp160 induced toxicity in transfected cells,
with cell rounding and detachment evident within 48 h (com-
pare Fig. 3A and B). This cytotoxicity was reduced by elimi-
nation of the COOH-terminal cytoplasmic domain. Env pro-
tein that terminated at amino acid 752 (gp150) was less
cytotoxic than gp160, while the shorter proteins (gp145 and
gp140) produced little or no effect (Fig. 3C, D, and E, respec-
tively).

To alter Env immunogenicity, two different approaches were
explored. First the effects of glycosylation were evaluated. Two
sets of mutations were introduced into both gp160 and gp150
(Fig. 1). The first set included 11 potential N-linked glycosyl-
ation sites (�gly11), and the second set included an additional
six sites downstream (�gly17) that were eliminated by site-
directed mutagenesis. Expression studies showed that the gly-
cosylation mutants were efficiently expressed, and the gly-
cosylation mutant protein was appropriately reduced in size
compared to wild-type gp160 or gp150, consistent with reduced
N-linked glycosylation (Fig. 2D). These proteins were also
readily detected on the cell surface by flow cytometry (data not
shown). As noted below, these glycosylation mutants had little
effect on the generation of antibodies to Env, so efforts were
therefore directed to a different set of mutants.

The second approach involved a series of internal deletions
designed to stabilize and expose functional domains of the
protein that might be present in an extended helical structure
prior to the formation of the six-member coiled-coil structure
in the hairpin intermediate (10, 52). To generate this putative
prehairpin structure, the cleavage site was removed to prevent
the proteolytic processing of the envelope and stabilize the
protein by linking it covalently to the gp41 extracellular and/or
transmembrane domain. To reduce toxicity and enhance sta-
bility, the fusion peptide domain was deleted. The heptad
repeats in the envelope protein are important tertiary struc-
ture domains involved in trimer formation (23). The sequence
between the heptad repeats was removed to stabilize the for-
mation of trimers and eliminate formation of the hairpin in-
termediate. These �CFI deletions were introduced into full-
length gp160 and COOH-terminal truncation mutants. Cells
transfected with vectors encoding gp140�CFI, gp145�CFI,
and gp160 readily expressed these proteins (Fig. 2E). gp140�CFI,
which lacks the transmembrane domain, was easily detected in
the supernatant (Fig. 4), indicating that it can give rise to
soluble antigen. Some gp160 was also noted in media from
cells transfected with wild-type gp160, likely reflecting some
membrane contamination of the supernatant fraction or re-
lease of gp160 after cell lysis due to toxicity induced by gp160.
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The antigenic structure of gp140�CFI was analyzed using
different conformation-dependent monoclonal antibodies and
by biochemical analysis. At least four well-defined monoclonal
antibodies—2F5, 2G12, F105, and b12—bound specifically to
gp140�CFI (Fig. 5A). The specificity of binding by 2F5 and
2G12, in comparison to anti-HIV-1 IgG, was confirmed further
by performing a quantitative dose-response analysis (Fig. 5B).
Similarly, gp140�CFI retained its ability to interact specifically
with its natural receptor, CD4, and its binding was competi-
tively inhibited by sCD4 (Fig. 5C). As a negative control, total
protein from 293 cells transfected with empty vector was used,
in which the optical density was �0.1, confirming the specificity
of binding with this assay. Finally, the ability of gp140�CFI to
oligomerize was tested biochemically. By sucrose density gra-
dient analysis and Western blot analysis, gp140�CFI predom-
inantly formed trimeric and dimeric oligomers (Fig. 5D). The
patterns that have been observed are typical of other envelope
proteins, with monomers, dimers, trimers, and multimers. No-
tably, there was a significant component of trimer in the equi-
librium gradient, showing that the protein is capable of form-
ing the appropriate oligomer. It is also likely that some
aggregation occurs, and additional high-molecular-mass
(�500-kDa) multimers were observed in fraction 1 (data not
shown), typical of such analyses (55). The proteins in all frac-
tions migrated at the position of the monomer under dena-
tured reducing conditions (Fig. 5D, lower panel). Membrane-
free supernatants were analyzed by molecular exclusion
chromatography using Superdex 200. The major peak was
found at the calculated size of �315 kDa (Fig. 5E), consistent
with the predicted size of the trimeric complex. Flow cytomet-
ric analysis of cell surface envelope glycoproteins indicated
that both gp140�CFI and gp145�CFI were synthesized and
processed within cells. Both proteins were expressed on the

cell surface after transfection, as recognized by flow cytom-
etry with HIV Ig or two different monoclonal antibodies, 2F5
and 2G12 (Fig. 6). Though gp140�CFI was secreted from
cells, it was also readily detected on the cell surface, likely due
to its high level of synthesis in transfected cells, as has been
described for other secreted and highly expressed proteins
previously (24, 45).

Increased antibody response after DNA vaccination with
�CFI Env mutants. The ability of these Env proteins to elicit
a humoral immune response was determined in mice by injec-
tion with these plasmid DNA expression vectors. To enhance
the sensitivity of these sera for native conformational epitopes,
antibody responses were monitored by their ability to immu-

FIG. 3. Cytotoxicity of full-length gp160 is eliminated by deletion of the COOH-terminal cytoplasmic domain. Cell rounding and detachment
were not observed in control-transfected 293 cells (A), in contrast to full-length gp160 (B), and were observed to a lesser extent in cells transfected
with gp150 (C), in contrast to gp145 (D) or gp140 (E).

FIG. 4. Expression of soluble �CFI HIV-1 envelope variants. Re-
sults of immunoprecipitation and Western blot analysis of superna-
tants from the indicated transfected cells are shown.
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FIG. 5. Interaction of gp140�CFI with defined monoclonal antibodies or CD4 and biochemical analysis for oligomerization of gp140�CFI. (A) Anal-
ysis of the antigenic structure of soluble gp140�CFI with monoclonal antibodies. The envelope glycoproteins from the supernatants of the 293 cells
transfected with the vector expressing gp140�CFI were immunoprecipitated with either 5 �g of monoclonal antibodies 2F5, 2G12, F105, and b12 or with
5 �g of HIV-1 Ig. The proteins were analyzed by SDS-PAGE and detected by Western blotting using the polyclonal antibodies against gp160. The
arrow indicates the position of gp140�CFI. A nonspecific (ns) band that cross-reacted with the antibody is indicated. (B) Quantification of 2F5
and 2G12 binding to gp140�CFI using the indicated concentrations of each antibody as shown compared to a nonreactive Ig isotype (control). The
intensity of the gp140�CFI band was determined by quantitative phosphorimaging. The arrow indicates the position of gp140�CFI.
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noprecipitate wild-type gp160 from cell lysates followed by
SDS-PAGE and Western blotting (Fig. 7). In some cases,
antibody reactivity was also confirmed by indirect immuno-
fluorescence (data not shown). To quantitate the antibody
response, immunoprecipitation with different dilutions of
immunized mouse sera was performed. The intensity of the
gp160 band was determined by densitometry and standardized
relative to a positive control serum used to normalize data
between experiments. The approximately linear dose response
of gp160 intensity with serum dilution allowed quantification of
the anti-gp160 antibody response in mouse serum. Data from
immunized mice showed that none of the wild-type Env pro-
teins, neither the gp160, gp150, gp145, nor gp140 COOH-
terminal truncations, generated consistently high antibody re-
sponses (Fig. 7A). Of these proteins, wild-type gp140 was
somewhat more effective than gp160 in generating antibody
responses, but these responses remained low and inconsistent.
Immunization with vectors designed to express glycosylation-
deficient envelope proteins also did not improve the humoral
response (data not shown). In contrast, the �CFI mutants
substantially increased the anti-gp160 antibody response when
the transmembrane domain was truncated (Fig. 7A [gp145,
gp140, and gp128 versus gp160 and gp150]). gp140�CFI pro-
vided more-consistent and greater increases in antibody re-
sponse than gp128�CFI (Fig. 7B). In all cases, these vectors
that encoded gp140�CFI, but not those that encoded wild-type
gp140, induced antibodies that were reactive to native gp160
(Fig. 7C).

To determine whether these modifications of Env adversely
affected CTL responses, spleen cells from immunized mice
were tested for their ability to lyse relevant target cells. All
mice immunized with wild-type codon-altered Env vectors, in-
cluding COOH-terminal deletion mutations (Fig. 8A) or gly-
cosylation mutants (Fig. 8B) elicited strong CTL responses
against cell lines pulsed with HIV Env peptides. These findings
were confirmed using stably transfected cells that expressed
Env (data not shown). Importantly, gp140�CFI, which elicited
increased antibody responses relative to the comparable wild-
type Env, readily induced CTL responses to native Env, as did
other �CFI mutants (Fig. 8C). Addition of anti-CD8 antibody
inhibited cytolytic activity, as did depletion of CD8 cells using
magnetic beads coupled with anti-CD8 antibody, thus confirm-
ing a CTL response to these immunogens after genetic im-
munization (data not shown). This response was detectable
for at least 6 months after immunization. Finally, the ability
of gp140�CFI to generate neutralizing antibodies was tested to
determine whether this immunogen can elicit a neutralizing
antibody response to functional Env on virus. This experiment

was performed with guinea pigs due to the high background
and variability in mouse antisera in the neutralization assay.
Because these guinea pigs do not respond as efficiently to
plasmid DNA alone, a DNA prime-ADV boost protocol was
used, as previously described in an Ebola virus challenge
model (50, 54). Four animals were immunized with gp140�CFI
plasmid DNA as was done for mice and received boosters at
week 6 with 1011 particles of ADV-gp140�CFI. Titers were
increased from undetectable levels (	1:20) in preimmune an-
imals to �1:100 after immunization (Fig. 8D) (P 
 0.02),
documenting that the antisera react with functional Env on
virus.

DISCUSSION

To develop DNA vaccine candidates for HIV, we developed
a series of synthetic genes designed to express HIV Env mu-
tants in human cells. In the absence of HIV regulatory pro-
teins, these codon-altered envelope protein genes were readily
expressed in human cells. Like other DNA vaccines, immuni-
zation with these vectors elicited strong CTL responses in
mice, and antibody responses were not robust in mice immu-
nized with wild-type Env expression vectors. Mutations in
highly conserved N-linked glycosylation sites did not signifi-
cantly alter humoral or cellular immune response to native
Env. In contrast, a mutant Env with deletions in the cleavage
site, fusion domain, and a region between the heptad repeats
elicited a more-potent humoral immune response and retained
its ability to stimulate Env-specific CTL.

The immune response to HIV infection in long-term non-
progressors (9, 35) and HIV-exposed sex workers suggests that
specific viral immunity may limit infection and the symptoms of
disease, but no single characteristic correlates with protective
immunity. Depletion of CTLs in chronically infected macaques
enhances viremia (19, 46). In humans, higher CTL responses
correlate with lower viral load and stabilization of clinical
symptoms (30, 33). In animal models, passive transfer of neu-
tralizing antibodies can also contribute to protection against
virus challenge (8, 15, 28, 31, 32, 36, 43, 48). Neutralizing
antibody responses can also be developed in HIV-infected
individuals (8, 36, 43) and are associated with lower viral loads
in long-term nonprogressors (25). Though broadly neutralizing
antibody responses are uncommon, they are directed largely
against the Env protein of the virus (40, 49). In early human
vaccine trials, gp120 protein immunogens have yielded disap-
pointing results: vaccine-induced antibodies have not been
broadly neutralizing and have sometimes enhanced infection in
vitro (5, 7, 12, 17, 51). Monomeric gp120 loses oligomer-de-

(C) Interaction of soluble gp140�CFI protein with CD4. Binding of gp140�CFI and gp160, compared to that of controls transfected with vector
alone, in an ELISA with CD4 is shown (left panel). The values represent the mean and standard deviation (error bars) for each point. The ability
of sCD4 to compete with binding to these envelopes is shown (right panel). (D) Biochemical analysis of soluble gp140�CFI oligomerization.
Western blot analysis to detect the gp140�CFI in different fractions, fractions 1 to 10, after sucrose density gradient. Fraction 1 represents the
greatest density, and fraction 10 represents the least density. Equal volumes of the samples from each fraction were analyzed in an SDS-
polyacrylamide gel under nonreducing conditions, except the molecular weight marker. The proteins were detected by Western blotting using
polyclonal antibody against gp160. The positions of dimer, trimer, and aggregates are shown. The lower panel shows the presence of monomer in
these fractions run under reducing conditions. (E) Molecular-exclusion chromatography of soluble of gp140�CFI. Membrane-free supernatant
containing gp140�CFI was analyzed on a Superdex 200 column and compared with a mixture of molecular weight standards; the position of each
marker is indicated by arrows. Fractions were analyzed for gp140�CFI by immunoprecipitation followed by Western blotting and were quantitated
by densitometry.

VOL. 76, 2002 CHANGES TO HIV Env ENHANCE IMMUNOGENICITY 5363



pendent epitopes and does not include sequences in the
ectodomain of the gp41 that become exposed during virus
entry (6, 27, 32). It is assumed that broadly neutralizing anti-
bodies must bind well to native gp120/gp41 on the surface of
the virus (8).

Recent reports suggest that gp160 forms trimers in vivo and
the domain required for trimer formation resides in the
ectodomain of the gp41 (55). Such trimeric forms of HIV
envelope protein are likely to present different epitopes to the
immune system compared to monomeric gp120. In addition to
the linear epitopes in the envelope, this trimeric structure is
likely to display conformational epitopes important for B-cell
triggering of a relevant antibody response. In this regard,
gp140�CFI, which induced the greatest antibody response, is
released in a soluble trimeric form (Fig. 4 and 5). This finding
was confirmed both by sedimentation gradient and gel filtra-
tion analysis (Fig. 5D and E). Biochemical purification is likely
to yield dimeric and monomeric forms, and another potential
advantage of gene-based vaccines is the ability to make phys-
iologically relevant complexes in vivo. In contrast to
gp140�CFI, wild-type Env did not elicit high-titer antibody
responses. The toxicity of Env in mammalian cells has been
seen previously and could limit both the amount and duration
of envelope protein expression in vivo, thus affecting immuno-
genicity. The envelope is also heavily glycosylated, and removal
of partial or complete gp120 glycosylation sites has resulted in
higher titers of strain-specific neutralizing antibody responses
to mutant simian immunodeficiency viruses in monkeys, pre-
sumably through enhanced exposure of critical epitopes (4,

39). Though it seemed reasonable that deglycosylation would
reveal epitopes otherwise masked in the native protein, we did
not observe enhanced immune reactivity by DNA vaccination
using different glycosylation site mutants, both in gp160 and
gp150. This difference with the previous study is likely due to
the fact that DNA vaccination rather than viral infection was
utilized for immunization. Though glycosylation mutants are
unlikely to prove helpful with the former method of immuni-
zation, it remains possible that modification of glycosylation
sites may be effective with other vectors or adjuvants.

HIV-1 Env is proteolytically cleaved by a cellular proprotein
convertase into gp120 and gp41. The gp41 subunit is composed
of cytoplasmic, transmembrane, and ectodomain segments.
The role of the ectodomain of the envelope in membrane
fusion, particularly its hydrophobic glycine-rich fusion peptide,
is well established. Two regions with heptad coiled-coil repeats
in the ectodomain of gp41 are involved in viral fusion (13, 53).
Upon fusion, these two alpha-helices, connected via a disul-
fide-stabilized loop (14, 21, 44), presumably undergo a tran-
sient conformational change to a fusion active state. These
changes allow the formation of a six-member helical hairpin
intermediate structure that presumably exposes the fusion pep-
tide at the NH2 terminus of gp41, allowing fusion to the target
cell membrane (2, 22). The �CFI mutation was intended to
eliminate cleavage of gp140, remove the unstable hydrophobic
region, and stabilize oligomer formation. Though detailed
structural data are not yet available on this protein, the immu-
nologic and biochemical analyses indicated that these muta-
tions retain native antigenic determinants, defined by known

FIG. 6. Confirmation of cell surface expression of gp140�CFI and gp145�CFI by flow cytometry. 293 cells were transfected with either a control
vector or vectors expressing gp140�CFI or gp145�CFI, as indicated. The transfection efficiency (�90%) was calculated based on staining after
transfection of the same number of cells under identical conditions with an equal amount of DNA expressing �-galactosidase. Cell surface
expression was detected by FACS analysis using Ig purified from the sera of HIV-1-infected individuals (HIV Ig) or different monoclonal
antibodies, 2F5 and 2G12. The transfected cells are labeled at the top, and the different antibodies are indicated at right. Light dotted lines indicate
FACS analysis with control human Ig, and dark dotted lines indicate FACS analysis with human monoclonal antibodies against HIV-1.
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FIG. 7. Antibody response against HIV-1 envelope proteins in DNA immunized mice. (A) Comparison of the antibody response in mice
immunized with gp140�CFI or other Env plasmid expression vectors. Sera were collected 2 weeks after the last immunization and used to
immunoprecipitate codon-altered gp160 from lysates of transfected 293 cells as described before. The quantitation of the immunoprecipitated
gp160 was done as described for panel B. The average of the normalized data has been presented as a bar diagram. Error bars are indicated.
(B) Antibody responses in mice immunized with gp140�CFI or gp128�CFI relative to a V3-specific monoclonal antibody standard (monoclonal
antibody 1727). Antisera from immunized mice were diluted in immunoprecipitation buffer, and 1 �l of each diluted serum was used to
immunoprecipitate codon-altered HIV-1 gp160 from lysates of transfected 293 cells as described in the legend to Fig. 3A. The gels were scanned,
and the intensity of the gp160 band was determined by densitometry using the program ImageQuant and presented relative to the intensity of gp160
immunoprecipitated with positive control sera (rabbit anti-gp160), which was used to normalize data between experiments. These data are
presented graphically to facilitate comparison among groups. Monoclonal antibody 1727 interacts with the V3 loop of HIV IIIb and was kindly
provided by the NIH AIDS Research and Reference Reagent Program, from Jon Laman. (C) Antibody responses in mice immunized with gp140
or gp140�CFI were determined by immunoprecipitation and Western blotting. Animals received two booster doses (100 �g) of the same plasmid,
2 weeks apart. Sera (1 �l) collected 2 weeks after the last immunization were used to immunoprecipitate codon-optimized HIV-1 gp160 from
lysates of transfected 293 cells containing 400 �g of total protein. Each lane corresponds to the serum from an animal immunized with either the
control vector (lanes 1 and 2), CXCR4-tropic gp140 (lanes 3 to 6), or plasmid that expresses gp140 with the indicated mutant functional domains
(lanes 7 to 10). A mouse monoclonal antibody to gp160 (HIV-1 V3 monoclonal [IIIB-V3-13]; NIH AIDS Research and Reference Reagent
Program) was used as a positive control (lane 11).
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monoclonal antibodies, and oligomeric properties, similar to
native viral envelope (Fig. 5). The gp140�CFI mutant also
elicits both humoral and cellular immune responses, probably
by virtue of protein stabilization and secretion. For example,
the neutralizing epitope (ELDKWAS) in the ectodomain of
gp41 (31) is present in the series of deletions and truncations
of the envelope, and gp140�CFI is reactive with the 2F5 neu-
tralizing monoclonal antibody that binds to this epitope (Fig.
6). It is also relevant that protein misfolding is unlikely to
account for enhanced antibody responses, as several vaccine

candidates that induced such responses showed expected cell
surface expression and/or secretion (Fig. 4, 6, and 7
[gp140�CFI and gp145�CFI]), and several immunogens that
were not appropriately exposed had no effect (data not shown).

Importantly, these immunogens also induced CTL responses
to Env. It is evident that DNA immunization often elicits
predominant humoral or cellular immune responses that are
determined by features of the immunogen that are not under-
stood. For example, we have found that responses to Env are
primarily cellular while those to Nef display enhanced humoral

FIG. 8. CTL response against HIV-1 envelope proteins in DNA-immunized mice and generation of a neutralizing antibody response in guinea
pigs. (A) The CTL response to CXCR4-tropic Env and indicated deletion mutants is shown. (B and C) The CTL responses to CXCR4-tropic
envelope with glycosylation site and �CFI mutations are shown, respectively. Spleen cells were isolated from immunized mice 2 weeks after the
final immunization and stimulated in vitro with irradiated cells expressing gp160 with addition of human interleukin 2 (5 U/ml) at day 4. The
cytolytic activity of the restimulated spleen cells was tested after 7 days against V3 peptide-pulsed BC10ME cells. Similar findings were observed
with target cells that stably express full-length Env (data not shown). (D) Preimmune sera were collected from four guinea pigs prior to
immunization or after DNA priming and ADV boosting with gp140�CFI as described in the text. Both preimmune sera and postimmune sera were
diluted, and neutralizing activity was measured by reduction of HIV-IIIB virus compared to the untreated control. Neutralizing antibody titers were
analyzed as previously described (26). The data represent the dilutions at which the sera can neutralize the virus in the MT2 assay. Standard
deviations are indicated.
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immunity. Though gp128�CFI induced slightly more potent
CTL activity, gp140�CFI was better able to elicit an antibody
response, retained the 2F5 epitope, and was readily able to
elicit such responses, both to peptide-pulsed cells and stably
transduced target cells. Thus, the enhanced humoral immune
response introduced by this vaccine candidate did not appear
to diminish the CTL response. Taken together, these results
suggest that gp140�CFI serves as an improved immunogen
that can more effectively elicit a neutralizing antibody response
against the envelope by DNA vaccination while preserving its
ability to induce a CTL response.
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