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DNA vaccination is an effective means of eliciting strong antibody responses to a number of viral antigens.
However, DNA immunization alone has not generated persistent, high-titer antibody and neutralizing antibody
responses to human immunodeficiency virus type 1 (HIV-1) envelope glycoprotein (Env). We have previously
reported that DNA-primed anti-Env antibody responses can be augmented by boosting with Env-expressing
recombinant vaccinia viruses. We report here that recombinant Env protein provides a more effective boost of
DNA-initiated antibody responses. In rabbits primed with Env-expressing plasmids, protein boosting increased
titer, persistence, neutralizing activity, and avidity of anti-Env responses. While titers increased rapidly after
boosting, avidity and neutralizing activity matured more slowly over a 6-month period following protein
boosting. DNA priming and protein immunization with HIV-1 HXB-2 Env elicited neutralizing antibody for T
cell line-adapted, but not primary isolate, viruses. The most effective neutralizing antibody responses were
observed after priming with plasmids which expressed noninfectious virus-like particles. In contrast to
immunizations with HIV-1 Env, DNA immunizations with the influenza virus hemagglutinin glycoprotein did

not require a protein boost to achieve high-titer antibody with good avidity and persistence.

DNA immunization effectively elicits high-titer neutralizing
antibody against influenza, measles, rabies, and herpesviruses
but has been less successful in generating neutralizing antibody
against human immunodeficiency virus type 1 (HIV-1) (re-
viewed by Robinson [53]). While single or singly boosted DNA
immunizations often elicit strong and long-lasting neutralizing
antibody responses comparable with those seen in virally in-
fected and convalescent animals (52, 40, 66), multiple DNA
immunizations are typically required to elicit even modest ti-
ters of HIV-1-neutralizing antibody (1, 4, 15-17, 33-36, 47, 51,
58, 63, 64). Furthermore, antibody responses elicited by DNA
immunization (47, 51) or protein subunit immunization (21,
38) with Env are transient; titers rise and fall with successive
immunizations.

Work with the simian immunodeficiency virus (SIV) system
allows direct comparison of anti-Env antibody titers elicited by
DNA immunization or viral infection. DNA immunization of
macaques with SIV Env elicits neutralizing titers which are, at
best, only 5 to 10% of those in SIV-infected macaques (53). If
DNA immunization is to play a meaningful role in the devel-
opment of the antibody component of a HIV-1 vaccine, we
must identify ways of improving the titer and persistence of
these neutralizing antibody responses.

Recently, attention has focused on the avidity, as well as the
neutralizing titers, of antibody responses elicited by immuno-
deficiency virus infections and immunizations (8§, 9, 18). Anti-
body responses induced by the envelope glycoprotein (Env) of
the lentiviruses SIV (8, 9) and equine infectious anemia virus
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(24) mature slowly. Maturation, in this sense, is defined as
development of significant avidity, high neutralizing titers, and
some degree of cross-neutralizing activity. While antibody ti-
ters rise within several weeks of infection and neutralizing
antibody specific for the autologous SIV peaks within several
months, the avidity of polyclonal antisera increases more
slowly, reaching maximal levels between 6 and 8 months after
infection. Increased avidity is coincident with a broadening of
protective neutralizing antibody responses to heterologous vi-
ruses (8, 9). Slow maturation of antibody and development of
cross-neutralizing antibody, over 8 to 12 months, is also ob-
served in HIV-infected patients (44). In contrast, the avidity of
antibody responses to infection with nonlentiviruses, such as
hepatitis C virus (65), varicella-zoster virus (28), and rubella
virus (31), is fairly rapid; high-avidity responses are seen in a
period of weeks to a few months after infection.

While affinity is an absolute thermodynamic measure of the
strength of interaction determined at equilibrium, avidity can
be defined as a more relative measure of the strength of inter-
action which is a function of antigenic valence and structure,
antibody bivalence, the concentrations of antibody and anti-
gen, and affinity. Affinity of polyclonal antisera cannot be de-
termined. The relative avidity of polyclonal antisera can be
estimated by using so-called avidity enzyme-linked immu-
nosorbent assays (ELISAs) in which the ability of chaotropic
agents (such as urea or sodium thiocyanate) to disrupt antigen-
antibody interactions is determined (2, 7, 22, 37).

In this study, we examined the magnitude, persistence, avid-
ity, and neutralizing activity of antibody elicited by priming
rabbits with plasmids expressing various forms (and combina-
tion of forms) of HIV-1 Env and by boosting these responses
with recombinant gp160. We compared these anti-Env anti-
body responses with antibody responses produced by DNA
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immunization of rabbits with a plasmid expressing influenza
virus hemagglutinin type 1 (H1). While DNA immunization
with influenza virus H1 elicited persistent high-titer antibody
and neutralizing antibody, DNA immunization with HIV-1
Env did not. Furthermore, while the avidity of anti-H1 anti-
body was relatively strong, that of anti-Env antibody was weak.
Protein boosting with rgp160 increased the titers, the persis-
tence, and the avidity of anti-Env antibody. We conclude that
DNA priming with HIV-1 Env is an effective means of priming
anti-Env antibody responses but requires protein boosting to
elicit high-titer and high-avidity antibody.

MATERIALS AND METHODS

Animals. Female New Zealand White rabbits, 8 to 10 weeks old and 4 to 5 Ib
each, were purchased from Millbrook Farms (Amherst, Mass.) and housed in
accordance with U.S. Department of Agriculture regulations. Rabbits were anes-
thetized with a 1:1 (vol/vol) mixture of ketamine-anased and bled by ear vein
puncture.

Plasmids and protein expression. Vaccine plasmids which express HXB-2
envelope glycoprotein gpl120 (pJW4303/HXB-2gp120; abbreviated pHXB
2gp120) and gp140 (pJW4303/HXB-2gp140; abbreviated pHXB2gp140) have
been described by Mustafa et al. (47). Plasmids expressing gp160 (p CMVdHXB-
2env; abbreviated pHXB2env) and defective virion constructs (pCMVHXB-
2dpol; abbreviated pHXB2dpol) were modifications of those described by Lu et
al. (34); in both cases, a downstream intron was removed from the rat prepro-
insulin polyadenylation sequence of the mammalian expression plasmid pBC/IL-
2/CMV (34). A plasmid expressing A/PR/8/34 influenza virus hemagglutinin
(pJW4303/H1 [pH1]) has been described by Robinson et al. (52). A plasmid
which expresses human growth hormone (hGH), pWR61602, was provided by
Joel Haynes, formerly of Geniva Inc. (Middleton, Wis.). Plasmids were grown in
Escherichia coli HB101 and were purified with Qiagen (Santa Clarita, Calif.)
anion-exchange resins. Lipofectamine (Life Technologies, Grand Island, N.Y.)-
mediated transient transfection of Cos cells and an HIV-1 antigen-specific
ELISA were used to quantitate expression of Env from plasmids (47). The
hGH-expressing plasmid was included in each transfection as an internal control,
and hGH expression was determined by using a commercial ELISA (Boehringer-
Mannheim, Indianapolis, Ind.).

Indirect immunofluorescence assays were used to determine the localization of
Env in transfected Cos cells. Cos monolayers were grown on coverslips prior to
transfection and fixed with 4% paraformaldehyde or 100% methanol after trans-
fection and prior to staining either with polyclonal rabbit anti-HXB-2 Env (elic-
ited by DNA vaccination with various forms of HXB-2 Env) and goat anti-rabbit
antibody conjugated with fluorescein isothiocyanate (Sigma, St. Louis, Mo.) or
with mouse antihemagglutinin monoclonal antibodies (a kind gift of Walter
Gerhard, Wistar Institute) and goat anti-mouse antibody conjugated with fluo-
rescein isothiocyanate (Sigma). Fluorescence was observed with an Axioscope
microscope (Carl Zeiss, Inc., Thornwood, N.Y.).

DNA priming. Rabbits were primed by gene gun immunization. Gold beads,
0.95 wm in diameter (Geniva Inc.), were loaded with DNA at either 0.25 pg of
DNA/mg of gold (Env-expressing plasmids) or 0.5 png of DNA/mg of gold
(H1-expressing plasmid). Each shot delivered 0.5 mg of gold and either 0.12 pg
of Env-expressing DNA or 0.25 ug of Hl-expressing DNA. Thirty-six shots,
carrying a total of 4.5 pg of HIV Env-expressing plasmid or 9 wg of H1-
expressing plasmid, were delivered to nonoverlapping areas of the shaved ab-
dominal skin of anesthetized rabbits by using a helium-discharge Acell II gene
gun (Geniva) at 375 to 450 Ib/in®. Rabbits were primed three times at 1-month
intervals.

rgpl60 boosting. Six months after the final DNA inoculation, primed and
naive rabbits were boosted with 100 pg of recombinant HIV-1 IIIb gp160
(rgp160) in incomplete Freund’s adjuvant (Sigma). rgp160 was produced by using
the recombinant vaccinia virus, vi1Kenv5 (30). rgp160 is in a presumed oligo-
meric form. Rabbits were anesthetized, and protein was injected both intrader-
mally (six times, 50 pl each) and intramuscularly (twice, 100 ul each). A second
rgp160 boost was given 6 months after the first. Sera were collected just prior to,
and roughly 2, 4, 8, and 38 weeks after, each immunization.

Determination of HIV-1 Env-specific IgG titers. An ELISA was used to de-
termine anti-Env immunoglobulin G (IgG) titers of rabbit sera. Sera collected
following DNA immunizations were assayed by using a mixture of the gp120 and
gp140 forms of the BH8 Env produced by the recombinant vaccinia virus vCB-14
(12) as the solid-phase antigen. Sera collected after rgp160 boosting were assayed
by using recombinant HIV-1 IIIb gp120 produced by using baculovirus (rgp120;
Intracel, Seattle, Wash.) as the solid-phase antigen, to ensure that anti-vaccinia
virus antibodies did not interfere with determination of anti-Env antibody titers
in boosted rabbits. Details of the ELISA were described previously by Mustafa
et al. (47) and Richmond et al. (51). Both solid-phase antigens gave identical
anti-Env concentrations for preboost sera. All samples were run in duplicate at
several serial dilutions. Titers of less than 0.1 pg of Env-specific IgG/ml of serum
were not considered significant.

ANTI-HIV-1 Env ANTIBODY RESPONSES 9093

Determination of H1-specific antibody titers. ELISA plates were coated with
Triton X-100-lysed influenza virus A/PR/8/34, and rabbit sera were assayed as
described by Boyle et al. (5) with the following modifications. Sera were assayed
at threefold serial dilutions ranging from 1:500 to 1:8,900,000 for 60 min at 23°C.
Bound antisera were detected with biotinylated goat anti-rabbit IgG and horse-
radish peroxidase-linked streptavidin (Vector Labs, Burlingame, Calif.) and
3,3',5,5'-tetramethylbenzidine (Sigma). A standard curve was constructed by
using threefold serial dilutions of blood from the fifth blood sample of rabbit
R119, which contained approximately 84.5 pg of influenza virus-specific IgG/ml.
This approximate concentration was determined as described by Mustafa et al.
(47) by using lysed A/PR/8/34 influenza virus, rather than HIV-1 Env, as the
solid-phase antigen. The optical density was measured at 450 nm, and titers were
expressed as micrograms of A/PR/8/34-specific IgG/ml of serum.

NaSCN displacement ELISA. Sodium thiocyanate (NaSCN) displacement
ELISAs were performed by a modification of the methods of Charoenvit et al.
(7) and Luxton and Thompson (37). ELISA plates were coated overnight with
one of the following specific antigens: concanavalin A and vCB-14 at 0.1 pg/well,
concanavalin A and rgp120 at 0.1 pg/well, rp24 at 0.1 pg/well, or Triton X-100-
lysed A/PR/8/34. The plates were washed with phosphate-buffered saline (PBS)-
0.1% Triton X-100 and blocked for 60 min at 23°C with whey buffer (PBS, 4%
whey powder [Davisco, Le Sueur, Minn.], 0.05% Tween 20) containing 5%
nonfat dry milk powder. Sera, serially diluted in whey buffer to equivalent initial
concentrations of Env-specific IgG, were incubated in ELISA plates for 60 min
at 23°C. The plates were washed three times with PBS-Triton X-100, once with
PBS containing 0, 1, 2, 3, 4, or 5 M NaSCN for 15 to 20 min, and then six more
times with PBS-Triton X-100. Bound antibody was detected as described for the
H1-specific ELISA. A standard curve was constructed by using sera from rabbits
immunized with pHXB2gp120 that were not subjected to NaSCN washing. All
samples were assayed in duplicate over a range of dilutions, and results were
expressed as the percentage of antibody bound in the absence of NaSCN.

HIV-1-neutralizing antibody assays. Antibody-mediated neutralization of
HIV-1 IIIb was measured by using the MT-2 cell killing assay described by
Montefiori et al. (41) and Richmond et al. (51). Neutralization of HIV-1 primary
isolates was assayed on peripheral blood mononuclear cells as previously de-
scribed (43, 51). V3-loop specificity of neutralizing antibody was determined by
preincubating serum samples with 20 pg of the V3-loop peptide (NNT
RKSIRIQRGPGRAFVTIGKIG; amino acids 307 to 330 of IIIb Env) prior to
performance of the MT-2 cell killing assay. Neutralizing titers are defined as that
dilution of serum which resulted in 50% protection from virally induced cell
killing in MT-2 cells or 90% reduction in p24 synthesis in peripheral blood
mononuclear cells.

Influenza virus-neutralizing antibody assay. Sterile 96-well tissue culture
plates were seeded with 10> MDCK cells in modified Eagle’s medium (MEM)
containing penicillin, streptomycin, L-glutamine, and 5% fetal calf serum and
grown to confluence overnight at 37°C in 5% CO,. Serial threefold dilutions of
rabbit serum, beginning at 1:50, were made in 100 pl of MEM. One hundred
50% tissue culture infective doses (TCIDsy), in 100 wl of MEM-4% bovine
serum albumin-1 pug of TPCK (N-tosyl-L-phenylalanine chloromethyl ketone
[Sigma]) per ml, were added to each serum sample. Virus-antiserum mixtures
were incubated at 37°C, in 5% CO,, for 60 min. Confluent monolayers were
washed twice with sterile PBS, overlaid with virus-antiserum mixtures (all con-
ditions were assayed in duplicate wells, including control wells containing no
antisera or neither antisera nor virus), and incubated for 72 h. Monolayers were
visually scored for cytopathic effects, and neutralizing titer was defined as the
highest antiserum dilution which prevented cytopathic effects.

RESULTS

Vaccine plasmids and expression in transiently transfected
Cos cells. Vaccine plasmids expressed four forms of HIV-1
HXB-2 Env (Fig. 1a). The gp120 form represents a monomeric
CD4-binding subunit of Env and terminates at amino acid 506
(numbered to include the signal sequence). In contrast, the
gp140 form terminates at amino acid 675, includes the entire
extracellular domain of Env, and forms an oligomer. Full-
length Env (gp160) includes the transmembrane and cytoplas-
mic domains (Fig. 1a). The dpol plasmid encodes full-length
Env and all HIV-1 HXB-2 proteins except Pol (HXB-2 is
defective for vpr, vpu, and nef) and produces defective virus-
like particles which bud from transfected cells (34). A fifth
plasmid expressed the complete membrane-bound form of in-
fluenza virus H1 (52).

Both the release of Env from cells and the localization of
Env within cells were dependent on the form of Env. Nearly all
of the HXB-2 gp120 was in culture medium, while only half of
the gp140 and only 10% of the full-length Env were present in
the medium (Table 1). About one-third of the HIV-1 antigens
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FIG. 1. Study design. (a) Vaccine plasmids were constructed to express four
forms of HIV-1 Env: gp120, gp140, gp160, and noninfectious, virus-like particles.
gp120 is the nonreceptor-binding domain of Env. gp140 is the entire extracellular
domain of Env and contains oligomerization sequences. (b) The immunization
schedule used is shown.

expressed from pHXB2dpol were secreted or shed into the
medium (Table 1). In agreement with prior studies (11, 23),
indirect immunofluorescence analyses revealed different local-
izations of the different forms of Env (data not shown). The
cell-associated gp120 was located both in the cytosol and at the
plasma membrane. In contrast, most gp140 was found in the
perinuclear regions of the cell, while smaller amounts were
seen in the cytosol and at the cell surface. Full-length Env and
Env expressed by pHXB2dpol were observed only in the pe-
rinuclear regions of the cell. Like gp120, influenza virus H1
localized both in the cytosol and at the plasma membrane (data
not shown).

Temporal antibody responses following DNA priming with
Env antigens. To investigate the immunogenicity of Env-ex-
pressing plasmids, four groups of three rabbits were immu-
nized with Env-expressing plasmids. The first group was
primed with pHXB2env (the Env group), and the second was
primed with pHXB2dpol (the dpol group). The third group
was primed with a combination of pHXB2env, pHXB2gp120,
and pHXB2gp140 (the Env++ group), and the fourth group
was primed with pHXB2dpol, pHXB2gp120, and pHXB2

TABLE 1. Expression of vaccine plasmids in transfected Cos cells*

Plasmid Total amt of % Env in iﬁ lsTlllt Zil?a(t};:t
Env (ng) supernatant P

(ng)
pJW4303 0 NA* 316
pCMV 0 NA 502
pHXB2gp120 12 92 242
pHXB2gp140 15 49 302
pHXB2env 35 10 410
pHXB2dpol” 230 27 ND?

“ Tissue culture media and cellular lysates were collected at 24 h and subjected
to HIV-1 antigen capture ELISA. An hGH-expressing plasmid (pWR61602) was
included as an internal control. This experiment is representative of repeated
assays.

 Expression levels (in nanograms) of pHXB2dpol are high because the
ELISA used detects total HIV-1 antigens rather than Env alone.

“NA, not applicable.

4 ND, not done.

J. VIROL.

gp140 (the dpol++ group). A fifth group of two rabbits was
immunized with the plasmid expressing influenza virus H1 (the
H1 group). All rabbits were primed three times at 1-month
intervals (Fig. 1b).

Consistent with previous studies (1, 4, 15-17, 33-36, 47, 51,
58, 63, 64), the induction of anti-Env antibody required mul-
tiple DNA immunizations (Fig. 2). One of three rabbits from
the dpol group and two of three rabbits from the Env++ and
dpol++ groups seroconverted after the third DNA immuni-
zation. None of the rabbits in the Env group seroconverted
(Fig. 2). As noted in previous studies (47, 51), anti-Env titers
were low (1 to 4 pg of Env-specific IgG/ml) (Table 2) and were
not persistent (Fig. 2).

In contrast to immunization with HIV-1 Env, DNA immu-
nization with influenza virus H1 elicited high titers of specific
antibody that ranged from 100 to 300 g of specific IgG per ml
of serum (Fig. 3). Furthermore, these high titers were apparent
after the second DNA immunization, and unlike anti-Env re-
sponses, anti-H1 antibody titers were persistent. Anti-H1 titers
fell less than threefold over a 60-week period following the
final DNA immunization (Fig. 3).

Recombinant protein boosting. In an effort to increase
DNA-primed anti-Env antibody titers, all four Env-primed
groups, as well as a group of naive rabbits, were boosted with
rgp160 protein. rgp160 was chosen because it is likely to retain
some native, oligomeric structure. Intradermal and intramus-
cular boosts of 100 pg of rgp160 in incomplete Freund’s adju-
vant were given twice, at 6-month intervals (Fig. 1b).

The initial protein boost increased geometric mean titers
(GMTs) of Env-specific antibody in the DNA-primed rabbits
100- to 200-fold to a GMT of ~100 pg/ml (Fig. 2 and Table 2).
Antibody titers increased rapidly in the Env++, dpol, and
dpol++ groups, where titers were similar at 2 and 4 weeks
postboost in most rabbits. In contrast, maximal antibody re-
sponses in the Env group did not occur until 4 weeks after the
rgp160 boost. rgp160 immunization of naive rabbits elicited an
anti-Env GMT of 16.0 wg/ml (Table 2). Maximal titers were
not observed in naive rabbits until 4 weeks after immunization,
consistent with induction of a primary B-cell response by
rgp160 boosting. In both DNA-primed and naive rabbits, pro-
tein immunization produced a persistent antibody response
that decreased by a factor of two to four over the next 6 months
(Fig. 2).

A second protein boost was given 6 months after the first.
This second boost increased antibody titers 5- to 15-fold. An-
tibody titers of DNA-primed and protein-boosted rabbits re-
mained higher (GMT, 792 pg/ml) than those of animals which
had not been primed with DNA (GMT, 207 pg/ml) (Table 2).
The kinetics of the antibody response to the second boost were
similar in all groups, and titers peaked within 2 weeks. Again,
antibody responses were persistent, with titers decreasing only
three- to fivefold over the next 6 months (Fig. 2).

Studies of antibody avidity using NaSCN displacement
ELISAs. NaSCN displacement ELISAs demonstrated that the
nature of the Env-specific antibody changed with both protein
boosting and the passage of time (Fig. 4). Antibody elicited by
pHXB2dpol priming of rabbit R110 was released at low con-
centrations of NaSCN. The effective concentration of NaSCN
required to release 50% of antiserum from the ELISA plate
(referred to as the ED,) was 0.8 M. Four weeks after the first
rgp160 boost, the EDs, had increased to 1.0 M. However, 6
months later (just prior to the second protein boost), the EDy,
had risen to 2.3 M. Four weeks after the second rgp160 boost,
this value remained largely unchanged (2.0 M). In contrast, the
ED,, of serum collected from a rabbit immunized with protein
only (R126) was fairly high (2.2 M) by 4 weeks after the first
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FIG. 2. Temporal ELISA and IIIb-neutralizing antibody responses. Env in-
dicates DNA priming with pHXB2env, while Env++ indicates priming with a
combination of pHXB2env, pHXB2gp120, and pHXB2gp140. Similarly, dpol
indicates DNA priming with pHXB2dpol and dpol+ + indicates priming with a
combination of pHXB2dpol, pHXB2gp120, and pHXB2gp140. Times of DNA
immunizations are represented by thin vertical dotted lines, while times of
protein immunizations are represented by heavier vertical dashed lines. Open
symbols represent sera collected after DNA priming, while filled symbols repre-
sent sera collected after protein boosting. Individual rabbits are represented by
different symbols (circles, squares, or triangles). ELISA values are arithmetic
means *+ standard deviations. Values on graphs are GMTs.
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immunization and was basically unchanged 4 weeks after the
second protein boost (Fig. 4).

In contrast to the low-avidity antibody elicited by DNA im-
munization with Env, a higher-avidity antibody was induced by
DNA immunization with influenza virus H1 (Fig. 5). H1-spe-
cific antibody was released by higher levels of NaSCN (EDj,
ranging from 2.4 to 3.0 M) than antibody elicited by Env-
expressing plasmids (EDs,, 0.8 M). Anti-H1 antibody avidity
was high at the earliest time point tested and did not change
with either time or number of DNA inoculations (Fig. 5).

Temporal IIIb-neutralizing antibody responses. The first
rgp160 boost increased both the frequency and titer of IIIb-
neutralizing antibodies. The kinetics of neutralizing antibody
responses were similar to those of ELISA antibody responses
(Fig. 2). Four weeks after the final DNA priming, serum from
one of three rabbits in each of the Env++, dpol, and dpol+ +
groups exhibited low-titer IIIb-neutralizing antibody (1:48 to
1:108) (Table 2). Detectable neutralizing antibody (titer, 1:506
to 1:1,692) was present within 2 weeks after the first protein
boost in those three rabbits. Within 4 weeks after the first
protein boost, all rabbits, including the naive group, exhibited
neutralizing antibody (Fig. 2). The geometric mean neutraliz-
ing titer of DNA-primed rabbits (titer, 333.5) was significantly
greater than that of naive rabbits (titer, 93) (Table 2).

The second rgp160 boost further increased neutralizing ti-
ters in all rabbits within 2 weeks of this boost (Fig. 2). Again,
the rabbit with the highest neutralizing titer (R110) had dis-
played DNA-primed neutralizing activity. By 4 weeks after the
second protein boost, the IIIb-neutralizing titers of rabbits
which had not been primed with DNA (naive) were approach-
ing those of the DNA-primed rabbits (Table 2).

Protein boosts also increased the persistence of I1Ib-neutral-
izing antibody (Fig. 2). Over the 6-month period between the
first and second rgp160 boosts, geometric mean neutralizing
titers decreased less than fourfold. Six months after the second
rgpl160 boost, geometric mean IlIb-neutralizing titers of the
Env and Env++ groups had decreased twofold, while that of
the naive animals had not changed. The mean neutralizing
titers of animals in the dpol and dpol++ groups may have
increased slightly (Fig. 2).

Quality of ITIb-neutralizing antibody. Over the 6-month pe-
riod following each protein boost, ELISA titers decreased
more quickly than IIIb-neutralizing titers and neutralizing an-
tibody/ELISA antibody ratios therefore rose (Table 3). For
example, mean neutralizing antibody/ELISA antibody ratios of
rabbits in the dpol group rose from 2.5 at four weeks after the
first rgp160 boost to 5.8 at 6 months later. Similarly, neutral-
izing antibody/ELISA antibody ratios in this dpol group were
higher 6 months after the second boost (ratio of 20) than
immediately after the boost (ratio of 11). Throughout the ex-
periment, the dpol group had the overall most favorable neu-
tralizing antibody/ELISA antibody ratio, except for the period
of time immediately following the first protein boost (Table 3).
Interestingly, rabbits immunized with protein only also had
quite favorable neutralizing antibody/ELISA antibody ratios.
While determination of neutralizing antibody titers is neither
simple nor absolutely quantitative, these data suggest that pro-
tein boosting increased the quality, as well as the titer, of
neutralizing antibody.

Breadth of neutralization. To assess the breadth of neutral-
ization elicited by the DNA prime-protein boost protocol, neu-
tralizing assays were performed with two unrelated, T cell
line-adapted (TCLA) viruses, HIV-1 MN and SF2 (Table 4).
Sera collected four weeks after the second rgp160 boost exhib-
ited moderate to strong neutralization of both MN and SF2.
MN-neutralizing titers ranged from 1:149 to 1:3,598, while
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TABLE 2. Peak ELISA and IIIb-neutralizing titers”
Anti-Env ELISA titers (pg of IgG/ml of serum) IITb-neutralizing titers
Group Rabbit

DNA rgpl60 X 1 rgpl60 X 2 DNA rgpl60 X 1 rgpl60 X 2

Env R104 03=*=0.1 65 £ 12 1,150 = 202 <20 ND? 1,198

R105 0.4 +0.1 105 = 14 1,693 = 342 <20 287 2,425

R106 0.5 *0.1 70 £ 28 879 = 263 <20 199 1,963

0.4 78 1,196 243 1,786

Env++ R107 1+0.2 101 = 30 1,017 = 331 <20 411 546

R108 2+08 81 =14 678 = 219 <20 500 2,560

R109 402 102 = 34 762 = 206 48 95 830

0.9 94 807 269 1,050

dpol R110 2+0.6 187 =29 864 = 212 105 291 18,369

R111 0.6 £0.1 506 420 = 100 <20 47 2,829

R112 0.8 =0.1 133 £33 568 = 137 <20 1,487 5,318

0.8 108 590 272 6,516

dpol++ R113 0.4 =0.1 131 674 * 356 <20 953 1,488

R114 3+0.6 87 =12 393 =102 108 765 861

R115 2*0.1 107 = 19 714 = 296 <20 228 886

1 107 574 550 1,043

rgp160 only R126 8§12 176 = 59 61 869

R127 289 221 £ 58 102 1,174

R128 18+ 4 229 = 85 131 741

16 207 93 911

“ Peak DNA-elicited titers were determined 2 weeks after the third DNA priming (DNA), while boosted titers were determined 4 weeks after each protein boost
(rgp160 X 1 and rgp160 X 2, first and second protein boosts with rgp160, respectively). All ELISAs were performed three times, and titers are expressed as arithmetic
means *+ standard deviations. ITIb-neutralizing titers (50% neutralization) of the same serum samples were determined on MT-2 cells by using a cell viability assay.
Values in boldface type are GMTs. ELISA and neutralizing titers were determined either 2 or 4 weeks after the final DNA immunization or each protein immunization.

2 ND, this value was not determined.

SF-neutralizing titers ranged from 1:37 to 1:269. Sera from all
rabbits, including the rabbits immunized with protein only,
exhibited cross-neutralizing activity (Table 4).

V3 loop dependence of IIIb-neutralizing antibody. Nearly all
IIIb-neutralizing antibody in sera of naive rabbits immunized
with rgp160 only was V3-loop dependent (Table 4). However,
the V3-loop specificity of neutralizing activity in DNA-primed
and protein-boosted groups was much more variable. For ex-
ample, within the Env++ group, the neutralizing activity of
rabbit R107 was independent of V3-loop specificity, while that
of rabbits R108 and R109 was nearly completely dependent on
antibodies specific for the V3-loop. The V3-loop specificity in
DNA-primed rabbits did not correlate with the ability to cross-
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FIG. 3. Temporal anti-H1 antibody and A/PR/8/34-neutralizing antibody re-
sponses. Antibody titers are expressed as micrograms of A/PR/8/34-specific IgG
per milliliter of serum. A neutralizing antibody titer was defined as that dilution
of serum which protected MDCK monolayers from infection with 100 TCID5, of
influenza virus A/PR/8/34. Immunizations were at 0, 4, and 8 weeks.

neutralize other TCLA strains. Both sera with and without
V3-loop-dependent IIIb-neutralizing antibody were able to
cross-neutralize MN and SF-2 (Table 4).

Failure to neutralize primary isolates. Primary isolate neu-
tralization studies performed on PBMC did not detect primary
isolate-neutralizing antibody in any rabbit sera. Sera were

100071 AARANRARAN RAARE REAMRE

\ pdpol
" + rgp160

8 of

% initial Env-specific 1gG

NaSCN [M] NaSCN [M]

FIG. 4. NaSCN displacement ELISAs of anti-Env antisera. Selected serum
samples from a rabbit primed with pHXB2dpol and boosted with rgp160 (R110)
or from a naive rabbit immunized with rgp160 (R126) were assayed by using an
Env-specific NaSCN displacement ELISA. Sera were diluted to similar concen-
trations of Env-specific antibody prior to assay, and all sera were assayed at
several dilutions. R110 serum samples were taken 2 weeks after DNA priming
(open circles), 4 weeks after the first rgp160 boost (filled squares), 6 months after
the first rgp160 boost (filled triangles), and 4 weeks after the second rgp160 boost
(filled inverted triangles). R126 serum samples were taken 4 weeks (filled circles)
and 6 months (filled squares) after the first immunization and 4 weeks after the
second (filled triangles) rgp160 immunization.
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FIG. 5. NaSCN displacement ELISAs of anti-H1 antisera. Rabbit 119 was
immunized three times with pH1. Selected serum samples were assayed by using
an A/PR/8/34-specific NaSCN-displacement ELISA. Serum samples were col-
lected 2 weeks after the second DNA immunization (filled circles), at the time of
the third DNA immunization (filled squares), and 4 months (filled triangles) and
10 months (filled inverted triangles) after the third immunization. A serum
sample collected after three DNA immunizations with pHXB2dpol (rabbit
R110) (open circles) is included for comparison.

tested against two non-syncytium-inducing (P46471 and
W97464) and two syncytium-inducing (V67970 and W179273)
viruses (43). Some rabbit sera modestly inhibited production of
p24, but none demonstrated the 90% inhibition viewed as a
benchmark of neutralization (data not shown). However, p24
production by all four primary isolates was inhibited by greater
than 90% by serum from an HIV-1-infected patient with an
atypically high neutralizing titer, demonstrating that these pri-
mary isolates could be neutralized (data not shown).

TABLE 3. Quality of neutralizing antibody with protein boosting
and time*

Neutralizing antibody/ELISA antibody ratio

Group rgpl60 X 1 rgpl60 X 2
Peak DNA

<1 mo 6 mo <1 mo 6 mo
Env 3.1 3.1 1.5 2.8
Env++ 12° 2.9 5.5 1.3 42
dpol 52° 25 5.8 11.0 20.0
dpol++ 36° 5.1 4.8 1.8 8.9
rgp160 only NA® 5.8 12.1 4.4 18.1

“ The quality of neutralizing antibody is assessed by calculation of the ratio of
neutralizing antibody to ELISA (or binding) antibody. Increasing ratios are
indicative of increasing effectiveness (or quality) of neutralizing antibody. Re-
sults are expressed as the neutralizing antibody/ELISA antibody ratios of geo-
metric mean neutralizing and ELISA titers for each group (see Fig. 2). rgp160 X
1 and rgp160 X 2, first and second protein boosts with rgp160.

® Values derived for the one rabbit which seroconverted in each group at this
early time point.

“NA, this group was not primed with DNA.
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TABLE 4. Neutralization of TCLA HIV-1 strains

Neutralizing antibody titer”

Group Rabbit b % V3°
IIIb MN SF-2

Env R104 1,357 163 40 ND¢
R105 2,452 149 46 ND
R106 1,893 167 125 ND

Env++ R107 2,635 1,885 93 0
R108 3,327 274 225 87
R109 369 109 25 76

dpol R110 4,223 240 138 ND
R111 2,565 570 37 ND
R112 1,256 3,598 94 ND

dpol++ R113 7,128 2,049 207 24
R114 1,020 971 91 83
R115 696 357 101 77

rgp160 only R126 658 161 173 88
R127 629 1,353 269 100
R128 612 337 144 86

“ Neutralizing titers for TCLA viruses were determined 4 weeks after the
second rgp160 boost on MT-2 cells and were expressed as the dilution of serum
required to prevent 50% of virally induced cell death observed in the absence of
antiserum.

®1IIb % V3, extent (percentage) to which ITIb neutralization was dependent
on V3-loop-specific antibodies, as determined on MT-2 cells. Sera were prein-
cubated with 20 pg of V3-loop peptide (NNTRKSIRIQRGPGRAFVTIGKIG,
amino acids 307 to 330 of I1Ib Env) per ml prior to the IIIb neutralization assay.

¢ ND, not determined.

DISCUSSION

DNA elicits low-titer, low-avidity, and transient IgG re-
sponses to Env. This study demonstrates that immunization of
rabbits with plasmids expressing HIV-1 Env or influenza virus
H1 elicits very different humoral responses. Multiple DNA
immunizations with Env were required for seroconversion, and
antibody responses to Env were transient, low titer, and low
avidity. In contrast, DNA immunization with H1 elicited a
persistent, high-titer antibody response with relatively high
avidity. Since both glycoproteins are expressed in the context
of the same plasmid (pJW4303) and at generally similar levels
(several nanograms) following gene gun delivery to skin (34;
also unpublished observations), we do not believe that discor-
dant titers can be attributed to differences in levels of expres-
sion.

We believe that the markedly different antibody responses
elicited by DNA immunization with HIV-1 Env and influenza
virus H1 reflect fundamental differences in these antigens and
in their interaction with the immune system. While Env is not
a classical T cell-independent (TI) antigen, it may exhibit some
TI characteristics noted by Binley et al. (3). Env is a heavily
glycosylated protein (32, 48) and may somewhat resemble TI
bacterial polysaccharide antigens. This may affect the ability of
Env to elicit T-cell help and may preclude development of
germinal center reactions which are critical for antibody mat-
uration and persistence (38, 59). The persistence of Env but
not Gag antibody responses in HIV-1-positive patients with
low CD4* counts (i.e., low T-cell help) (3) supports the notion
that antibody responses to Env, but not Gag, may be TI.

The antibody responses observed in this study, to what are
essentially subunit immunizations, mirror antibody responses
observed following infection with influenza and immunodefi-
ciency viruses. Infection with influenza virus quickly elicits an
effective, high-titer neutralizing antibody response (5). In con-



9098 RICHMOND ET AL.

trast, antibody responses to infection with immunodeficiency
virus (8, 9, 24, 44) mature more slowly. Development of sig-
nificant avidity, neutralizing titer, and breadth of neutralizing
activity lag behind the appearance of Env-binding antibodies.
Thus, intrinsic antigenic differences between immunodefi-
ciency virus Env and influenza virus H1 are apparent both in
natural infection (8, 9, 49, 50) and in DNA immunization.

Protein boosting of DNA-primed responses. Protein boost-
ing effectively increased the titer, avidity, and persistence of
anti-Env antibody responses (Fig. 2 and 4). In DNA-primed
animals, the avidity of the anti-Env antibody increased fairly
slowly after protein boosting and more slowly than that in
rabbits immunized with protein alone (Fig. 4). This suggests
that DNA priming may bias the antibody response towards
recognition of complex, discontinuous epitopes that undergo
slow affinity maturation (2). This would be consistent with
epitope specificities detected in V3-loop inhibition of neutral-
ization (Table 4). While neutralizing antibody elicited by pro-
tein alone was always specific for the linear V3-loop, the spec-
ificity of neutralizing antibody elicited by DNA priming and
protein boosting appeared to be more complex. A recent study
of chimpanzees by Girard et al. (18) has also found that the
avidity of anti-Env antibodies, primed with recombinant ca-
narypox vaccines, was increased by boosting with recombinant
protein. Protein immunizations may effectively boost antibody
responses by providing higher doses of antigen than either
DNA immunization or inoculation with recombinant vaccinia
viruses.

Forms of Env. Previous studies have suggested that oligo-
meric forms of Env are superior antigens for raising neutral-
izing antibody (14, 39, 51, 57, 62) and that distinct sets of
epitopes are exposed on oligomeric and monomeric forms of
Env (6, 12, 57). All immunizations given in our study included
one or more plasmids expressing an oligomeric form of Env
(see Fig. 1). The most effective neutralizing antibody elicited
by DNA priming and protein boosting was induced by priming
with a plasmid that expressed noninfectious particles (dpol)
(Table 3 and Fig. 2). It may be worthy of note that dpol
presents Env as spikes exposed to the immune system on the
surface of virus-like particles; the multivalent nature of these
particles may enhance presentation to, and stimulation of, the
humoral immune system. The addition of plasmids expressing
secreted monomeric (gp120) and oligomeric (gp140) forms of
Env increased antibody, but not neutralizing antibody, titers.
These data support the finding of Moore and Sodroski (46)
that many antibodies elicited by monomeric gp120 are specific
for nonneutralizing epitopes of Env which are masked or se-
questered in native, oligomeric Env complexes.

DNA priming with full-length Env alone elicited no antibody
response but did provide some priming which may have been
T-cell help. The majority of this membrane-bound form of Env
was found in the endoplasmic reticulum and Golgi bodies of
transfected Cos cells and may not have been available for
stimulation of significant antibody titers. Intracellular localiza-
tion may have resulted from endocytosis directed by a tyrosine-
containing internalization motif in the cytoplasmic tail of Env;
rapid internalization of Env occurs in the absence of Gag (11,
13, 55). In contrast, the more potent H1 and gp120 immuno-
gens are found at the surface of Cos cells as well as in the
cytoplasm. Recent manipulation of HIV-1 Env expressed by
recombinant vaccinia virus demonstrates that alterations of
transmembrane and cytoplasmic domains of Env increase its
expression on the surface of vaccinia virions and dramatically
increase humoral immunogenicity (29). Enhanced surface ex-
pression (or increased residence time at the plasma mem-
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brane) may make Env more accessible to antigen-presenting
cells and antibody.

Neutralizing antibody. Sera from all rabbits, either DNA
primed and protein boosted or immunized with protein alone,
exhibited high-titer neutralizing antibody with significant
breadth for TCLA strains of HIV-1 (Table 4). Cross-neutral-
izing titers were somewhat higher for HIV-1 MN than for
HIV-1 SF2 (data not shown). The good cross-neutralizing ac-
tivity for TCLA strains raised by protein-only immunization
may in part reflect the presumed oligomeric structure of the
rgp160 used for boosts. Unfortunately, cross-neutralizing ac-
tivity did not extend to the four primary isolates tested in this
study. Previous studies have shown that priming with recom-
binant vaccinia virus followed by protein boosting elicited sig-
nificant titers of TCLA neutralizing antibody (19, 20, 26, 27). A
recent study by Letvin et al. (33) demonstrated that DNA
immunization, followed by rgp160 boosting, elicited high titers
of simian-human immunodeficiency virus HXB-2-neutralizing
titers and protected macaques from challenge with this simian-
human immunodeficiency virus) with a TCLA Env. None of
these prime-boost schemes have elicited neutralizing antibody
for primary isolates of HIV-1.

These results are consistent with other studies in which an-
tibody elicited by TCLA Envs is able to neutralize other TCLA
strains of HIV-1 (10, 19, 39, 42, 45, 56, 62) but not primary
isolates (25, 39, 51), with the notable exception of an oligo-
meric gpl60 study with rabbits (62). We have previously ob-
served distinct patterns of neutralization in rabbit sera after
DNA priming rabbits with primary isolate Env constructs and
boosting them with recombinant vaccinia viruses which express
a variety of primary isolate Envs (51).

Development of a DNA prime-protein boost protocol with
primary isolate Envs which consistently elicits higher-titer,
cross-reactive neutralizing antibody for primary isolates is our
next goal. The observation that primary isolate-neutralizing
antibody present in the HIV-1-positive patients is specific for
complex, conformation-dependent epitopes (61) suggests that
protein boosting reagents which maintain the neutralizing
epitopes of primary isolate Envs will be critical.
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