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We have identified an acceptor site on HIV gp120,
here foreign protein sequences can be inserted while

etaining the native conformation of gp120. The re-
ulting hybrids showed dual antigenicity, normal gly-
osylation, and high affinity binding of the CD4 recep-
or. This site allows insertion of highly immunogenic
roteins such as core antigen of hepatitis B virus. By
ombining the immunogenicity of the carrier protein
ith the antigenicity of gp120, these hybrids may lead

o modified HIV-1 antigens with enhanced immuno-
enicity. © 2001 Academic Press

Key Words: HIV vaccine; immunogenicity; gp120;
article assembly.

HIV-1 infection elicits a strong immune response to
iral proteins, including envelope glycoprotein gp120.
his response often includes antibodies capable of neu-
ralizing a broad spectrum of HIV-1 isolates (1, 2)
hich bind a conserved neutralizing site located near

he CD4 binding site on gp120 (3, 4). This site depends
n the native conformation of gp120, and human mono-
lonal antibodies to this site can neutralize a broad
ange of viral isolates (5, 6), including fresh isolates (7),
nd protect against live viral challenge (8, 9). In con-
rast, first generation gp120 vaccines have been unable
o elicit antibodies of comparable quality and quantity
10, 11). To improve immunogenicity, we have gener-
ted protein hybrids by linking native gp120 to a po-
ent immunogen.

Hepatitis B core antigen is a potent immunogen in
an which can act as a carrier protein for a variety of

eptides and small proteins (12, 13). Core antigen res-

1 To whom correspondence should be addressed at Laboratory of
mmunoregulation, DVP, Office of Vaccine Research and Review, Cen-
er for Biologics, FDA, Bldg. 29, Room 523, NIH Campus, Bethesda, MD
0892. Fax: (301) 496-1810. E-mail: Berkower@CBER.FDA.GOV.
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articles containing 180 or 240 protein monomers (14,
5). Based on studies with truncated gp120 (16) and
he X-ray crystallographic structure (17, 18), we hy-
othesized that the amino end of gp120 would be a
ood site for linking other proteins to gp120, since it
as not involved in CD4 binding or in supporting the
ative structure. In this paper, we have made a series
f hybrids between core antigen and gp120, with a
unction at Val 42 of gp120. Each hybrid was studied
or antigenicity, CD4 binding, assembly, and, in one
ase, immunogenicity.

ATERIALS AND METHODS

Plasmid construction. DNA coding for Hepatitis B core antigen
amino acids 1–149) was PCR amplified from pECO63 (ATCC, Ma-
assas, VA) using primers GCGGAATTCATGGACATTGACCC
JP1) and CGCGGTACCACAGTAGTTTCCGG (JP2). The 450 bp
NA product was cut with EcoRI and KpnI and ligated into plasmid
SM-WT (HXB2) (19) at the internal KpnI site corresponding to
mino acid 42 of envelope gp120. The resulting plasmid was cut with
coRI and HindIII, ending at amino acid 639, and ligated into pGEM

Promega, Madison, WI). The resulting plasmid pGEM/CE codes for
esidues 1 to 149 of Hepatitis B core antigen in tandem with HIVIIIb

nvelope glycoprotein residues 42 to 639.
A modified precore leader sequence was amplified from pECO63
NA with primers CGGCGTCGACAGGAGGCTGTAGGC (AL9) and
CGAATTCGGAAGCTTGAACAGT (AL10). The 150 bp DNA prod-
ct was ligated into pGEM/CE, producing plasmid pGEM/pcl/CE
ith a shortened precore leader followed by core/env sequences. The
odified precore leader coded for amino acids 1–20 of the natural

recore leader, but lacked residues 21–29, which interfere with self-
ssembly of core antigen particles (20, 21). Alternatively, the leader
equence coding for amino acids 1–26 of influenza hemagglutinin
as used, because it is permissive of assembly (22). This sequence
as amplified from influenza virus cDNA (a gift of Dr. Roland Levan-
owski, CBER) with primers CCGTCGACAGCAAAAGCAGGGG
nd CCGAATTCGCTGTTG TTGTCATTTCC and ligated 59 to the
ene for core antigen.
Plasmid pSC65 was obtained from Dr. B. Moss, NIH (23) and
odified by adding a new SpeI site to the multiple cloning site.
lasmid pGEM/pcl/CE was digested with SalI and SpeI, and ligated
0006-291X/01 $35.00
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into modified pSC65, creating plasmid pJK2 (Fig. 1). Recombinant
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accinia virus containing JK2 was made by coinfection and transfec-
ion of CV-1 cells. Cell lysates and culture supernatants were
creened for core/env expression by capture ELISA in wells coated
ith monoclonal anti-gp120, followed by detection with polyclonal
uman antibodies to gp120. The other hybrids were made by substi-
uting different forms of gp120 for the env sequence of JK2. Vaccinia
ecombinant PE50 was a gift of Dr. Pat Earl, NIH.

Hybrid expression. CV-1 cells and tk2 cells were obtained from
r. Michael Merchlinsky (CBER, Bethesda, MD). CV-1 monolayers
ere infected with recombinant vaccinia virus at moi 3:1 and incu-
ated for 2 to 3 days at 37°C. Antigen expression was assayed by
apture ELISA.

Western blot. Following electrophoresis on a 4–12% polyacryl-
mide gel and transfer to nitrocellulose, bands were developed with
olyclonal goat anti-gp120 env 2–3 (1:5000) and peroxidase conju-
ated anti-goat immunoglobulin (24). In preliminary experiments,
estern blot demonstrated the size and CD4 binding of core/env
ybrid transiently expressed in COS cells and immunoprecipitated
ith CD4-Ig.

CD4 binding assay. As described previously (25), 0.1 to 10 nM
oncentrations of core/envelope hybrid were mixed with excess
D4-Ig (20 nM) for one hour at room temperature to allow complex

ormation. Bound complexes were captured in ELISA wells coated
ith monoclonal anti-gp120 (No. 13-105-100, Advanced Biotech.,
olumbia, MD) and detected with alkaline phosphatase conjugated
oat anti-human IgG (Cappel Labs, Durham, NC), which binds the
c tail of CD4-Ig.

Immunization. Mice received three doses of core/env hybrid (1
g/dose) intraperitoneally, at 0, 5, and 9 weeks, as described previ-
usly (26). Antibodies were measured by ELISA on soft plastic plates
Falcon MicroTest III, 3912, Becton Dickinson, Oxnard, CA) coated
ith gp120 (Protein Sciences Corp., Meriden, CT) or hepatitis B core
ntigen (Biogen, Inc., Cambridge, MA). Antibody titer was defined as
he dilution giving 1/4 of the plateau value of OD410.

ESULTS

Expression of core/env hybrids. A series of core
ntigen/gp120 hybrids were generated by linking core
ntigen residues 1–149 to large fragments of HIV en-

FIG. 1. Core/env hybrids linking hepatitis B core antigen se-
uence 1–149 with Val 42 of envelope gp120. The hybrids were
haracterized for assembly and CD4 binding.
640
elope (Fig. 1). Hybrid JK2 consisted of full length
p120 plus nearly the entire ectodomain of gp41. In
ybrid MR2, this was shortened to gp120 alone, while
R9 was further shortened by deleting the V1V2 vari-

ble region, as described by Pollard (16). An endoplas-
ic reticulum retention signal, KDEL was added to

ybrid MR14, to increase its intracellular concentra-
ion to the threshold for assembly (15, 27). When core
ntigen (MR3) or gp120 controls (PE50) were ex-
ressed in the same way, they formed native proteins
hich assembled normally or bound CD4 with high
ffinity.
Each hybrid was expressed by recombinant vaccinia

irus under control of a synthetic early and late pro-
oter capable of high-level protein expression (28).
ybrid proteins were detected in cell lysates and cul-

ure supernatants by antigen capture ELISA, or by
estern blot. JK2 ran as a single band of about 140KD

Fig. 2, lane 2). Dual antigenicity of JK2 was demon-
trated by capturing the hybrid on plates coated with a
onoclonal antibody to gp120, followed by detection
ith polyclonal antibodies to core antigen (not shown).
The hybrid proteins were tested for particle assem-

ly by size exclusion chromatography on Sepharose 6B
r by sedimentation in sucrose gradients. Native core
ntigen ran as a single peak slightly behind the exclu-
ion volume of the sepharose column, indicating as-
embly of virtually all monomers into 27 nm particles.
nder the same conditions, none of the hybrids gave

fficient particle assembly, although some proteins
ere distributed over a broad MW range.

CD4 binding. Core/env hybrids JK2, MR2, and
R9 were incubated with CD4-Ig in solution, and

ound complexes were captured in ELISA wells coated
ith monoclonal anti-gp120 (Fig. 3). JK2, MR2, and
R9 hybrids bound CD4-Ig with high affinity (kDa of 1

o 2 nM), indistinguishable from native gp120 ex-
ressed by vaccinia (PE50). Since CD4 binding de-
ends on the native conformation, the results suggest
hat the CD4 binding site folds correctly in both hy-
rids, despite insertion of core antigen. Val 42 func-
ions as an insert acceptor site on gp120, where foreign

FIG. 2. Western blot. Lane 1, gp120 expressed in CHO cells; lane
, core/env hybrid JK2.
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equences can be inserted without disrupting the na-
ive folding.

Affinity purification. Core/envelope hybrid was ad-
orbed on Lentil lectin-Sepharose beads, washed, and
luted with 0.5 M alpha-methyl mannoside (Fig. 4), as
escribed (28). Most proteins passed through the col-
mn, while the core/envelope hybrid stuck to the col-
mn and was eluted by alpha-methyl mannoside. The
rude lysate contained 1.4 mg/ml protein and 0.66
g/ml antigen. The peak eluate fraction contained 0.03
g/ml protein and 2.6 mg/ml antigen, for a purification

f more than 150-fold and a recovery of greater than
0%. Affinity purification on lentil lectin, plus its size
n Western blot, indicate that core/env hybrid was fully
lycosylated.

Immunogenicity in mice. Previous studies have
hown that the murine immune response to native
p120 varied by more than 100-fold, depending on
HC type (26). H-2a mice (B10.A) were high respond-

rs, while H-2s (B10.S) and H-2b (B6) were low re-
ponders. These MHC linked differences indicate the
ritical role of T cell help in generating an immune
esponse to gp120. We immunized the same strains of
ice with JK2 core/env hybrid, to determine whether T
elper effects from core antigen could enhance the
esponse to gp120. Mouse antibodies were titered on
LISA plates coated with recombinant gp120 (Fig. 5,
pper panel) or core antigen (lower panel), to deter-
ine the response to each component separately.

FIG. 3. CD4-Ig binding. CD4-Ig binding of JK2, MR2, MR9, and
ative gp120. Various concentrations of hybrid JK2, MR2, or MR9
rom cell lysates were incubated with excess CD4-Ig (20 nM), fol-
owed by capture of bound complexes in ELISA wells coated with

onoclonal anti-gp120. High affinity binding (about 1 nM), similar to
ative gp120, indicated that gp120 retained its native conformation

n the core/env hybrid.
641
ice made high-titered antibodies to both core antigen
nd gp120 (Fig. 5, upper panel), just as they had to
p120 alone (26). In contrast, B6 mice responded
eakly to gp120 in the hybrid, with antibody titers no
reater than those elicited by gp120 alone, and B10.S
ice responded as weakly to core/env hybrid as they

id to gp120 alone (26). Despite the strong response of
ontrol B10.S mice to assembled core antigen (Fig. 5,
ower panel), they responded weakly to core antigen in
he hybrid. In genetic high responders, the hybrid elic-
ted a vigorous response to both antigens. In low re-
ponder strains, however, the weak response to gp120
as accompanied by a weak response to core antigen.

n order to enhance the immune response to gp120,
arrier/gp120 hybrids may need to elicit a much stron-
er helper T cell response to the carrier protein itself.

ISCUSSION

We have identified an insertion site at amino acid 42
f gp120, where foreign protein sequences as large as
ore antigen can be linked to gp120 without disturbing
he native conformation. Dual antigenicity was dem-
nstrated by antigen capture ELISA and by immuniz-
ng mice with the hybrid and eliciting antibodies to
oth core antigen and gp120 in high responders. Nor-
al glycosylation was shown by size on western blot

nd affinity chromatography on lentil lectin columns.
ative folding was shown by high affinity binding of

FIG. 4. Affinity purification. Vaccinia infected cells expressing
K2 were lysed by freezing and thawing, sonication, and PBS 1 1%
riton X-100. The lysate was adsorbed to a 2 ml column of lentil

ectin sepharose (Sigma Chemical, St. Louis, MO), and the pass
hrough was collected as fraction 22. Following washes of PBS/
ris 1 0.5% Triton (fraction 21) and PBS/Tris 1 0.3 M NaCl (frac-
ion 0), the column was incubated with 0.5 M alpha-methyl manno-
ide (arrow), and eluate fractions 1 through 6 were collected (2.5 ml
ach). Env gp120 was determined by ELISA, and protein was deter-
ined by BCA (Pierce Chemical, Rockford, IL).
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D4. However, the core/env hybrids did not assemble
articles, even though native core antigen, expressed
n the same way, did assemble. Lacking assembly, the
ybrids did not enhance the immune response to
p120, and even core antigen in the hybrid was much
ess immunogenic than in native core antigen particles.

Our approach was based on the observation that
ultimeric vaccine antigens, such as hepatitis B sur-

ace antigen (HBsAg) (29) and L1 capsid protein of
uman papilloma virus (30), are up to 1000-fold more
otent as particles than the same weight of protein
onomers. Each hybrid was designed to address an

ssue in particle assembly. MR2 and MR9 employed
rogressively shorter envelope sequences, in order to
educe steric hindrance of core antigen assembly. We
dded an endoplasmic reticulum retention signal to
R14, so it could reach the threshold needed for as-

embly. The natural precore leader sequence prevents
ssembly, so it was truncated in JK2 and substituted
ith a permissive leader sequence from influenza hem-
gglutinin (22) for all subsequent constructs.
Particle assembly may depend on compatibilities

ther than just size. For example, carrier proteins that

FIG. 5. Immunogenicity. Immune response to core-env hybrid
K2. Groups of four to five mice of strains B10.A, B6, and B10.S were
rimed ip with 1 mg of core/env hybrid JK2 in complete Freund’s
djuvant and boosted 5 weeks later with the same antigen in incom-
lete Freund’s. Antibody titers (log scale) were measured at week 7
gainst gp120 (upper panel) or core antigen (lower panel). Control B6
ice received 1 mg of CHO-derived gp120, while control B10.S mice

eceived 2 mg core antigen.
642
p120 more easily than core antigen, which forms rigid
cosahedral particles. Hydrophobic proteins that local-
ze to a lipid/water interface may duplicate the natural

ilieu of gp120 on the viral surface. Proteins that
ollow the same post-translational processing path-
ays as gp120 may be more suitable than core antigen,
hich assembles, unglycosylated, in the cytoplasm.

n summary, these hybrids should provide a useful
tarting point for linking gp120 to a variety of car-
ier proteins capable of enhancing immunogenicity,
hile retaining the native structure needed to elicit
roadly crossreactive neutralizing antibodies against
IV virus.
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