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The envelope glycoprotein (Env) of human immunodeficiency virus type 1 (HIV-1) is composed of two noncovalently associated
subunits: an extracellular subunit (gp120) and a transmembrane subunit (gp41). The functional unit of Env on the surface of
infectious virions is a trimer of gp120/gp41 heterodimers. Env is the target of anti-HIV neutralizing antibodies. A considerable
effort has been invested in the engineering of recombinant soluble forms of the virion-associated Env trimer as vaccine candi-
dates to elicit anti-HIV neutralizing antibody responses. These soluble constructs contain three gp120 subunits and the extracel-
lular segments of the corresponding gp41 subunits. The individual gp120/gp41 protomers on these soluble trimers are identical
in amino acid sequence (homotrimers). Here, we engineered novel soluble trimeric gp140 proteins that are formed by the associ-
ation of gp140 protomers that differ in amino acid sequence and glycosylation patterns (heterotrimers). Specifically, we engi-
neered soluble heterotrimeric proteins composed of clade A and clade B Env protomers. The clade A gp140 protomers were de-
rived from viruses isolated during acute infection (Q168a2, Q259d2.17, and Q461e2), whereas the clade B gp140 protomers were
derived from a virus isolated during chronic infection (SF162). The amino acid sequence divergence between the clade A and the
clade B Envs is approximately 24%. Neutralization epitopes in the CD4 binding sites and coreceptor binding sites, as well as the
membrane-proximal external region (MPER), were differentially expressed on the heterotrimeric and homotrimeric proteins.
The heterotrimeric gp140s elicited broader anti-tier 1 isolate neutralizing antibody responses than did the homotrimeric gp140s.

At the end of 2009, an estimated 33.3 million people were living
with human immunodeficiency virus type 1 (HIV-1) and an

estimated 2.6 million people became infected with that virus in the
same year (http://data.unaids.org/pub/Report/2009/JC1700_Epi
_Update_2009_en.pdf). These statistics illustrate the urgent need
for the development of effective prevention approaches, including
the development of an effective vaccine. It is widely accepted that
an effective vaccine against HIV-1 should elicit diverse antiviral
immune responses, including neutralizing antibodies (NAbs) ca-
pable of preventing infection from diverse isolates (broadly neu-
tralizing antibodies [bNAbs]) (40, 56).The expectation that
vaccine-elicited bNAbs will contribute to protection from HIV
infection is based on results from passive antibody-infusion stud-
ies conducted in nonhuman primates that demonstrated the pro-
tective potential of known anti-HIV-1 neutralizing monoclonal
antibodies (MAbs) (1, 9, 12, 37, 38, 55, 58, 60, 65, 74).

The target of anti-HIV-1 NAbs is the viral envelope surface
glycoprotein (Env) which has a molecular weight of approxi-
mately 160 (gp160). gp160 is encoded as a single polypeptide
which during intracellular processing is cleaved by furin-like cel-
lular proteases into two noncovalently associated subunits: the
transmembrane subunit (gp41) and the extracellular subunit
(gp120) (25, 27, 85). The functional unit of Env is a trimer of
gp120/gp41 heterodimers. Both subunits are targeted by NAbs
elicited during HIV infection, and as a result, recombinant soluble
versions of Env have been generated and evaluated preclinically
and clinically for their ability to elicit bNAbs against HIV (for a
review of this topic, see references 40, 41, and 56).

The earliest soluble forms of Env tested preclinically and clin-
ically as immunogens were based on the monomeric gp120 sub-
unit (6, 33, 36, 43, 59, 82). These constructs were shown to elicit
neutralizing antibody responses of very narrow breadth; i.e., they

elicited antibodies that primarily targeted the homologous virus
and a few “easy-to-neutralize” viruses (tier 1 viruses) but not pri-
mary viruses (tier 2 and 3 viruses) (30, 57, 59). Subsequently,
soluble derivatives of the trimeric Env gp160 were engineered by
introducing stop codons immediately upstream from the trans-
membrane region of gp41. These soluble proteins, commonly re-
ferred to as gp140s, elicit broader cross-reactive neutralizing anti-
body responses than do the corresponding monomeric gp120s,
but the responses are of much narrower breadth than those that
need to be elicited by vaccination to offer protection (3–5, 8, 20,
21, 26, 28, 34, 61, 67, 78–81, 86, 88).

Simian immunodeficiency virus (SIV)/HIV heterodimeric
forms of Env can be formed on the cell surface of cells cotrans-
fected with two plasmids, one expressing the HIV Env and the
other one expressing the SIV Env (22). Whether the SIV and HIV
Envs can associate into heterotrimeric fusion-competent spikes is
unknown. Heterotrimeric forms of clade B Envs were shown to
form in the context of a cell membrane-anchored Env (68, 83).
However, it is unknown whether stable soluble forms of hetero-
trimeric gp140 can be produced. Here we designed, expressed,
purified, and characterized antigenically and immunogenically
stable, soluble gp140 heterotrimeric Envs whose protomers differ
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in amino acid sequencing and glycosylation patterns. Specifically,
we generated heterotrimeric gp140 proteins between one of three
clade A Envs (Q168a2, Q259d2.17, and Q461e2) (7) and the clade
B Env SF162 (13, 75). The Q168 Env shares 80% amino acid se-
quence identity with that of SF162, whereas the Q259 and Q461
Envs are 76% identical in sequence to the SF162 Env (47).

We report that such novel constructs can be produced and are
stable enough to be purified and to be characterized antigenically.
The exposure of certain epitopes that are targets of known broadly
neutralizing MAbs is enhanced on such heterotrimeric constructs,
compared to their exposure on the corresponding clade A and B
homotrimeric gp140 proteins. Interestingly, the clade A/B hetero-
trimeric gp140s elicit more potent anti-tier 1 neutralizing anti-
body responses than do the corresponding homotrimeric gp140s.
Despite the lack of elicitation of broadly neutralizing antibody
responses (i.e., against tier 2 or 3 viruses), the fact that the hetero-
trimeric gp140 proteins elicited more potent anti-tier 1 neutraliz-
ing antibody responses than did the corresponding homotrimeric
gp140s is a promising finding.

MATERIALS AND METHODS
Plasmid constructions. Soluble trimeric gp140s (homotrimeric or hetero-
trimeric) were generated using envelope sequences from the clade A Envs
Q168, Q259, and Q461 (7) and the clade B Env SF162 (14). Stop codons were
introduced immediately upstream from the transmembrane regions of gp41,
and the gp120/gp41 cleavage site was eliminated by mutagenesis, as previ-
ously described (28, 29, 76, 77, 79). The gp140 sequences were inserted in the
mammalian expression vectors pEMC* and COpTT3 (73).

The SF162 gp140 was 6� His tagged (HHHHHH) at its carboxy termi-
nus, while the clade A gp140s were 3� FLAG tagged (DYKDHDGDYKD
HDIDYDDDDK) at their carboxy termini. Two versions of the SF162
gp140 were constructed. One version, SF162gp140L (L, linker), contained
a 14-amino-acid (aa) linker peptide (SILEVLFQGPLGSP) between the C
terminus of gp140 and the His tag. The other version, SF162gp140NL
(NL, no linker), did not have a linker peptide, and the His tag was added
directly to the C terminus of SF162 gp140. In the case of the clade A
gp140s, the FLAG tags were added to the C terminus of gp140 without a
linker.

Transfection of 293F cells. gp140 proteins were produced by transient
transfection of 293F suspension cells (Invitrogen, Carlsbad, CA) in
serum-free medium, using a high-density transfection protocol (2). In
total, five homotrimeric (SF162L, SF162NL, Q168, Q259, and Q461) and
four heterotrimeric (Q168/SF162L, Q461/SF162L, Q259/SF162NL, and
Q461/SF162NL) gp140s were produced.

The transfection conditions for the production of the homotrimeric
gp140 proteins were previously described (69, 73). For the generation of
heterotrimeric gp140s, the plasmids expressing the clade A gp140 and the
clade B gp140 were first mixed at a predetermined ratio that resulted in the
equal expression of the two gp140s and then the mixtures of plasmids
were added to the cells. For the Q168/SF162L heterotrimer, a 10:1 clade
A/clade B ratio was used; for Q259/SF162NL, a clade A/clade B ratio of 1:5
was used; and for the Q461/SF162L and Q416/SF162NL heterotrimers, a
1:10 clade A/clade B ratio was used. A 6.25-mg amount of total DNA was
added to 5 � 109 293 F cells in a volume of 250 ml (2 � 107 cells/ml) and
swirled gently. A 12.5-mg amount of polyethylenimine Max (PEI Max)
transfection reagent (Polysciences, Warrington, PA) was added, and the
transfection reagents and the cells were placed on an orbital shaker at 125
rpm in a 37°C incubator. Following an incubation period of 3 h, the cell
culture volume was expanded to 5 liters (1 � 106 cells/ml) and protein
expression was carried out for 6 days, at which point the cell supernatants
were collected and protease inhibitors [phenylmethylsulfonyl fluoride
(PMSF) (0.5 mM), 4-(2-aminoethyl)-benzenesulfonyl fluoride (AEBSF)
(0.5 mM), aprotinin (0.3 �M), E-64 (1 �M), pepstatin (1 �M), leupeptin
(10 �M), and bestatin (1 �M) (Sigma, St. Louis, MO)] were added.

Purification of soluble trimeric gp140s. The transfection superna-
tants were first clarified by centrifugation at 1,000 � g for 10 min at room
temperature (RT). The clarified supernatants of the homotrimeric gp140
transfections were then concentrated and purified by Galanthus nivalis
lectin affinity chromatography and gel filtration, as described previously
(69, 73). The only variation from this protocol was with the SF162NL
gp140 homotrimeric protein, which was not purified by lectin affinity
chromatography but instead using Ni2� Sepharose 6 Fast Flow (GE
Healthcare, Waukesha, WI) chromatography followed by gel filtration on
a Superdex 200PG 26/60 column (GE Healthcare).

Two different protocols were developed for the purification of the
heterotrimeric gp140s (protocols I and II). Protocol I was used to pu-
rify heterotrimers containing SF162L, while protocol II was used to purify
heterotrimers containing SF162NL. In protocol I, the clarified transfec-
tion supernatants were concentrated �20� using a 30-kDa-molecular-
mass cutoff (MMCO) on a tangential flow filtration device (Ultrasette
30K; Pall Life Sciences, Ann Arbor, MI) and buffer exchanged 5� into 20
mM Tris (pH 7.4), 100 mM NaCl (G. nivalis agglutinin [GNA] binding
buffer). The concentrated and buffer-exchanged samples (�250 ml) were
loaded at 3 ml/min onto an XK-26 column packed with 20 ml of GNA
resin equilibrated with GNA binding buffer (20 mM Tris, pH 7.4, 100 mM
NaCl) and washed until all unbound proteins were eliminated. The GNA-
bound Env glycoproteins were eluted with 4 column volumes of GNA
elution buffer (20 mM Tris, pH 7.4, 100 mM NaCl, 1 M methyl-�-D-
mannopyranoside). Env-containing fractions were pooled and concen-
trated to �10 ml using a Centricon Plus 70 centrifugal concentrator (30-
kDa MMCO; Millipore, Billerica, MA). They were then loaded onto the
Superdex 200PG size exclusion chromatography (SEC) column equili-
brated in 20 mM monobasic sodium phosphate, pH 7.5, 500 mM NaCl,
and 10 mM imidazole (His tag binding buffer). The Env oligomer-
containing fractions were pooled and loaded directly onto a 5-ml HisTrap
FF cartridge (GE Healthcare) column at 1 ml/min. The column was
washed until the absorbance at 280 nm returned to baseline. At this stage,
gp140 proteins that are exclusively FLAG tagged and which do not bind to
the HisTrap column are removed in the wash. Only the His-tagged pro-
teins (homotrimeric and heterotrimeric) remain on the column. The
bound Env proteins were eluted at 5 ml/min with elution buffer (20 mM
sodium phosphate, pH 7.5, 500 mM NaCl, and 250 mM imidazole). The
eluted Env protein-containing fractions were then buffer exchanged into
1� phosphate-buffered saline (PBS) using 10-kDa-MMCO SnakeSkin
dialysis tubing (Pierce, Rockford, IL). The dialyzed elution pool from the
Ni2� column was loaded at 1 ml/min onto a 2.5-ml anti-FLAG M2 resin
(Sigma, St. Louis, MO) packed in a Tricorn 10/50 column (GE Health-
care). The resin was washed until the absorbance at 280 nm returned to
baseline. During this step, gp140s that are exclusively His tagged do not
bind to the anti-FLAG M2 resin column and thus are removed in the
wash. At this step, only the hetero-oligomeric FLAG-tagged proteins re-
main on the column. The bound Env proteins were eluted with PBS plus
0.5 mg/ml FLAG peptide (3� DYKDDDDK) (Sigma). The eluate was
concentrated as described above (30-kDa MMCO, 4,000 � g) and loaded
onto an SEC column using the same column as described above but equil-
ibrated with PBS. This “polishing” SEC step isolates the heterotrimers
while simultaneously removing the FLAG peptide. Protocol II was similar
to protocol I, with the following modifications: GNA, HisTrap FF, and
anti-FLAG followed by SEC.

Blue native (BN) PAGE was used to determine the fractions containing
trimers (which at this point were all in a heterotrimeric configuration). These
fractions were then pooled. All purified samples were analyzed by SDS-PAGE,
blue native PAGE, and standard and native Western blotting. The bicin-
choninic acid (BCA) assay (Pierce) was used to determine the protein con-
centration using bovine serum albumin (BSA) as a standard.

SDS-PAGE. Two micrograms of purified homotrimeric gp140 Env
and 4 �g of heterotrimeric gp140 Env were loaded per lane of a 4 to 12%
NuPAGE gel (Invitrogen). Electrophoresis took place at 200 V for 60 min.
Proteins were visualized with Simply Blue stain (Invitrogen).
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Blue native PAGE. BN PAGE electrophoreses were performed as fol-
lows: 2.5 �g/well of purified homotrimeric gp140 proteins and 5 �g/well
of purified heterotrimeric gp140 proteins in PBS were mixed 3:1 (vol/vol)
with 4� native PAGE loading buffer and loaded on a 3 to 12% native gel
(Invitrogen). Electrophoresis assays were run at 150 V for 2 h. The gels
were fixed for 15 min (40% methanol [MeOH], 10% acetic acid) and then
destained (8% acetic acid) for 2 to 3 h.

Native Env Western blotting. Following native PAGE and destaining,
the proteins were transferred to polyvinylidene difluoride (PVDF) mem-
branes (VWR International) at 70 V for 50 min in 1� transfer buffer (39
mM glycine, 48 mM Tris base, 0.037% SDS, 20% methanol). After the
molecular weight markers were marked with pencil, the PVDF mem-
branes were blocked in 5% nonfat milk (NFM)-0.2% Tween 20 for 1 h at
room temperature (RT). Different primary antibodies were used to assess
the composition of the heterotrimeric Envs: anti-FLAG M2-horseradish
peroxidase (HRP) MAb (1:1,000) (Sigma), tetra-His MAb (1:2,500) (Qia-
gen, Valencia, CA), or purified IgG from several HIV-1-infected individ-
uals (1:2,000). The PVDF membranes were incubated with primary anti-
body overnight (O/N) at 4°C. The membranes were then washed 5� for 5
min each in wash buffer (1� PBS, 0.6% Tween 20). In the case of anti-
FLAG M2-HRP, development took place at this stage using ECL Western
blotting detection reagent (GE Healthcare) mixed 1:1. For the purified
anti-HIV� IgG and anti-His blot analyses, the secondary antibodies, rab-
bit anti-human-HRP (1:3,000) and goat anti-mouse-HRP (1:3,000), re-
spectively, were added and incubated for 60 min at RT with shaking. After
a final 5� wash, the blots were developed as described above.

Apparent molecular mass determination. The apparent molecular
masses of the homotrimeric and heterotrimeric Env proteins were deter-
mined by analytical SEC using a Superdex 200 10/300 GL column (GE
Healthcare) with the following proteins as standards: thyroglobulin (669
kDa), apoferritin (440 kDa), catalase (232 kDa), lactate dehydrogenase
(140 kDa), and BSA (67 kDa). All standard proteins were from Sigma
except lactate dehydrogenase (Lee BioSolutions, Inc., St. Louis, MO). The
column was run at 0.75 ml/min in 1� PBS, and 100 �g of Env protein in
100 �l (1� PBS) was injected. A standard curve was generated by mea-
suring the elution volumes of the standard proteins and then plotting
their Kav values. Kav values were plotted against the logarithm of the cor-
responding molecular mass. Next, the molecular masses of the unknown
Env proteins were determined from the calibration curve after calculating
their respective Kav value from the measured elution volume by using the
following equation: Kav � Ve � V0/Vt � V0, where Ve is the elution
volume, V0 is the void volume of the column, and Vt is the column bed
volume.

Relative binding of known neutralizing antibodies to gp140s. The
following anti-Env reagents were used: 2F5 and 4E10 (anti-gp41
membrane-proximal external region [MPER]; Polymun Scientific, Vi-
enna, Austria), 2G12 (anti-terminal mannose residues on gp120; Poly-
mun Scientific), VRC01 (anti-CD4 binding site [BS]; kindly provided by
J. Mascola), b12 (anti-CD4-BS; Polymun Scientific), IgG-CD4 (anti-
CD4-BS; Progenics Pharmaceuticals Inc., Tarrytown, NY), and 17b
(anti-coreceptor binding site; kindly provided by J. Robinson). For these
experiments, the same molar concentrations of homotrimeric and hetero-
trimeric gp140 were adsorbed on enzyme-linked immunosorbent assay
(ELISA) plates. gp140 proteins were added in duplicate wells of 96-well
high-binding polystyrene plates (Immulon 2Hb; Thermo Scientific) (10
nM in the first well) and then serially diluted 3-fold in NaHCO3 (pH 9.5).
Following an O/N incubation at RT, the plates were washed 3� with wash
buffer (imidazole-buffered saline with Tween 20; KPL, Gaithersburg,
MD) using a Skan Washer 300 (Molecular Devices, Sunnyvale, CA) and
then blocked with ELISA blocking buffer (PBS, 10% nonfat milk, and
0.3% Tween 20) for 1 h at 37°C. The plates were again washed, and mono-
clonal antibody (MAb) was added in each well in ELISA dilution buffer
(PBS, 10% nonfat milk, and 0.03% Tween 20) and incubated for 90 min at
37°C. The plates were then washed, and the secondary antibody goat-anti-
human-HRP (1:3,000) was added for 90 min at 37°C. ELISA 1-Step Ultra-

TMB reagent (Thermo Scientific, Waltham, MA) was added to each well
for a 4-min development. The reaction was then quenched with 1 M
H2SO4. The graphed data compare the absorbances at 450 nm at the
highest Env concentration (10 nM).

Rabbit immunizations with gp140s. Immunizations took place at the
Pocono Rabbit Farm (Canadensis, PA). Animals were immunized with
one of the following four heterotrimeric gp140s: Q168/SF162L, Q461/
SF162L, Q259/SF162NL, and Q461/SF162NL. In each case, a second
group of animals was immunized with the corresponding mixture of ho-
motrimeric gp140s. Rabbits (n � 3) were immunized with 0.2 ml of a
mixture of 100 �g of protein and 1 mg of 25-kDa branched polyethyleni-
mine (Polysciences) in PBS. An 0.1-ml amount of this formulation was
administered intramuscularly in each hind leg. Immunizations took place
every 4 weeks (0, 4, 8, 12, and 16 weeks) with the exception of the Q461/
SF162L and Q461�SF162L constructs, which were administered eight
times (0, 6, 9, 21, 28, 32, 52, and 57 weeks). Blood was collected at �1, 0,
6, 10, 14, and 18 weeks for the three groups with 5 immunizations. Blood
was collected at �1, 0, 8, 11, 23, 30, 34, 54, and 59 weeks for the study with
8 immunizations.

Relative endpoint antibody titers. The relative endpoint antibody
titers against the corresponding Env gp140 were determined by ELISA.
Briefly, 50 ng/well of Env antigen was added O/N at RT in 100 mM
NaHCO3, pH 9.5, in 96-well plates. Following washing, 5-fold-serially
diluted rabbit sera were added for 90 min at 37°C. After washing, second-
ary antibody (1:3,000; goat anti-rabbit) was added for 60 min at RT. End-
point titers were reported as the dilution at which the titrated curve inter-
sected the 3� prebleed values.

Luminex multiplex assay. Peptides derived from the V1, V2, and V3
regions of each Env gp140 tested as immunogens were individually amine
coupled through a lysine at their carboxyl termini to Bioplex beads (Bio-
Rad, Hercules, CA), according to the manufacturer’s instructions (12 �g
of peptide per 100 �l of beads). Peptide sequences are found in Table 1.
Serially diluted sera (pre- and postimmunization) were incubated with

TABLE 1 V1, V2, and V3 loop peptides used for epitope mapping of
immune sera

Clade A peptide Sequence

Q168a2 V1 N terminus CTNVNNNTTNVNNNTGWDEE
Q168a2 V1V2 junction GWDEERKNCSFNITTELRDK
Q168a2 V2 crown ELRDKRQKVYSLFYKLDVVQ
Q168a2 V2 C terminus LDVVQIDNSSYRLINCNTSA
Q168a2 V3 N terminus CTRPDNNTRTSIRIGPGQAF
Q168a2 V3 C terminus PGQAFYATGIIGDIRQAYCT
Q259d2.17 V1 N terminus CYNVTKSDKITKDMQEEIKN
Q259d2.17 V1V2 junction EEIKNCSFNITTELRDKKQK
Q259d2.17 V2 crown DKKQKVHSLFYRLDVVPMGG
Q259d2.17 V2 C terminus VPMGGKNDSQYRLINCNTSA
Q259d2.17 V3 N terminus CTRPNNNTRKSVRIGPGQAF
Q259d2.17 V3 C terminus PGQAFYATDDIIGNIRQAYC
Q461e2 V1 N terminus CTDWTNNATSTNQTTPATSE
Q461e2 V1V2 junction PATSEETGVKNCSFNITTEL
Q461e2 V2 N-crown ITTELRDKKQKVYSLFYKLD
Q461e2 V2 C-crown FYKLDVVQISENNSSNSSNF
Q461e2 V2 C terminus NSSNFTQYRLINCNTSAITQ
Q461e2 V3 N terminus CIRPGNNTRKSVRIGPGQAF
Q461e2 V3 C terminus PGQAFYATGDITGDIRNAHC
Q769h5 V1 N terminus CSNINNIPNVNASSIPKDVK
Q769h5 V1V2 junction PKDVKEEIKNCSFNMTTELK
Q769h5 V2 N-crown TTELKDKKQNVYSLFYRLDV
Q769h5 V2 C-crown YRLDVVPLETNLKQNSSHSR
Q769h5 V2 C terminus NLKQNSSHSRYRLINCNTSA
Q769h5 V3 N terminus CIRPGNNTRKSIHLGPGKVF
Q769h5 V3 C terminus PGKVFYATNIIGDIRKAHCN
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the cocktail of beads for 1 h at RT. Following 4 washes, the beads were
incubated with anti-rabbit-phycoerythrin (PE)-conjugated secondary
MAb (1:500) for 1 h at room temperature. A final wash step was per-
formed prior to analysis on a Luminex 200 system (Invitrogen).

MPER-biotinylated ELISA. Streptavidin (SA; 50 ng/well) was applied
as a coating onto high-binding polystyrene ELISA plates O/N at RT in 100
mM NaHCO3, pH 9.5. Plates were then washed prior to blocking with 3%
BSA in PBS for 1 h at 37°C. Biotinylated peptides derived from the MPER
of gp41 (2F5, EQELLELDKWASLWN, and 4E10, NWFDITNWLWYIR
KKK) were added at 0.2 �g/well (100 �l of 2 �g/ml) for 1 h at 37°C in PBS
plus 0.2% BSA. After washing, 5-fold-serially diluted rabbit serum was
added for 1 h at 37°C in PBS plus 0.2% BSA. Goat anti-rabbit secondary
antibody was added at 1:5,000 in PBS plus 0.2% BSA and incubated for 1
h at 37°C before development as described above.

AviTag ELISA. AviTag peptides were synthesized by Genscript (Pis-
cataway, NJ) so that targeted, residue-specific biotinylation could be ac-
complished in addition to presenting the affinity tag optimally in solution
using an ELISA format. The peptides were designed with the AviTag at the
N terminus adjacent to a 6-aa soluble linker and an alpha-helix (EAAAK)4

to control tag orientation, followed by a 6-aa soluble linker with the affin-
ity tag comprising the C terminus. The AviTag peptides were enzymati-
cally biotinylated (Genecopia, Rockville, MD), and the biotinylated pep-
tides were purified using the appropriate affinity resin (FLAG-M2 for the
biotinylated FLAG AviTag peptide or Sepharose 6 Fast Flow for the bio-
tinylated His AviTag peptide). Purified peptides were then concentrated
and buffer exchanged into PBS using a 3,000-molecular-weight-cutoff
(MWCO) centrifugal concentrator. Peptide concentrations were deter-
mined by BCA assay (Pierce, Rockford, IL). ELISA plates were coated with
biotinylated peptide as described above. Threefold-serially diluted rabbit
sera were added and incubated at 37°C in PBS plus 0.2% BSA for 1 h.
Secondary antibody treatment and development of ELISA plates were
done as described above for the biotinylated ELISA.

Neutralization. Neutralization assays were performed at the Stamata-
tos, Montefiori, and Seaman laboratories using single-round entry-
competent viruses and TZM-bl cells as targets. The protocol used at the
Stamatatos laboratory was previously described (20, 47, 70). Briefly, a
predetermined amount of virus (2 � 105 relative luminescence units
[RLU]) was mixed (1:1) with a single serum dilution (1:20, final) at 37°C
for 1.5 h; total volumes in duplicate wells were 60 �l. Fifty microliters of
the virus/serum mixture was transferred to wells of flat-bottomed 96-well
tissue culture plates containing 3 � 103 Polybrene-treated TZM-bl cells.
Following a 3-day incubation at 37°C, the cell supernatants were removed
and 100 �l of SteadyGlo luciferase (Promega) was added to each well for
15 min at room temperature. The number of relative luminescence units
associated with 75 �l of cell lysate was determined on a Fluoroskan Ascent
FL (Thermo Labsystems). Percent neutralization at 1:20 serum dilution
was determined for each immune serum against the corresponding serum
collected prior to immunization, based on the following equation: (RLU pre-
immunization � RLU postimmunization/RLU preimmunization) � 100.

The Montefiori and Seaman laboratory neutralization protocols were
described previously (49, 71). Briefly, 200 tissue culture infective doses
(TCID) of virus was incubated with serial 3-fold dilutions of test sample in
duplicate in a total volume of 150 �l for 1 h at 37°C in 96-well flat-
bottomed culture plates. Freshly trypsinized cells (10,000 cells in 100 �l of
growth medium containing 75 �g/ml DEAE dextran) were added to each
well. One set of control wells received cells plus virus (virus control), and
another set received cells only (background control). After a 48-h incuba-
tion, 100 �l of cells was transferred to a 96-well black solid plate (Costar)
for measurements of luminescence using the Britelite luminescence re-
porter gene assay system (PerkinElmer Life Sciences). Neutralization ti-
ters are the dilution at which relative luminescence units (RLU) were
reduced by 50% compared to those of virus control wells after subtraction
of background RLU. Assay stocks of molecularly cloned Env-pseudotyped
viruses were prepared by transfection in 293T cells and were titrated in
TZM-bl cells as described previously (49, 71).

The following viruses (clade) were tested: tier 1, MN.3 (B), SF162.LS
(B), HxB2 (B), W61D (TCLA) 0.71 (B), Bal.26 (B), BZ167.12 (B), Bx08.16
(B), SS1196.1 (B), MW965.26 (A), Q461d1 (A), Q168b23 (A), DJ263.8
(A), Q259w6 (A), Q769.b9 (A), TV1.21 (C), and 92BR025.9 (C); tier 2,
3988.25 (B), REJO4541.67 (B), TRO.11 (B), ADA (B), JRFL (B), YU2
(B), 89.6 (B), 6535.3 (B), 7165 (B), THRO4156.18 (B), AC10.0.29 (B),
QH0692.42 (B), AC10.0.29 (B), RHPA4259.7 (B), WITO4160.33 (B),
Q23.17 (A), Q842.D12 (A), 3365.v2.c20 (A), 3415.v1.c1 (A), 0260.v5.c1
(A), 191955_A11 (A), 191084 B7-19 (A), 9004SS_A3A4 (A), Q168a2
(A), Q461e2 (A), Q769h5 (A), Du422.1 (C), ZM197M.PB7 (C),
ZM214M.PL15 (C), ZM233M.PB6 (C), ZM249M.PL1 (C), Q259d2.17
(A), CAP210.2.00.E8 (C), Du156.12 (C), Du172.17 (C), CAP45.2.00.G3
(C), and ZM53M.PB12 (C); and tier 3, PVO.4 (B).

Statistical analyses to differentiate the neutralizing antibody responses
elicited by the heterotrimers and the homotrimers were performed with
Welch’s t test.

RESULTS
Optimizing transfection conditions for the efficient coexpres-
sion of clade B and A gp140s. In preparation for large-scale ex-
pression of heterotrimeric gp140s, small-scale cotransfection ex-
periments with different ratios of two plasmids, one expressing
the clade A gp140 and the other expressing the clade B gp140, were
performed. These pilot experiments aimed at defining the ratios of
the two plasmids that resulted in similar levels of expression of the
clade A and clade B gp140 proteins. During these experiments, the
total amount of DNA added to the cells remained constant, while
the ratio of clade A to clade B gp140-expressing plasmids varied
from 1:10 to 10:1. The relative expression levels of the clade A and
B gp140s were determined using MAbs recognizing the clade A or
B gp140s. Two examples are shown in Fig. 1. For Q168/SF162L, a
ratio of 10:1 was determined as optimal and used for all subse-
quent large-scale production experiments; for Q461/SF162L, a ra-
tio of 10:1 was used; for Q259/SF162NL, a 1:5 ratio was used; and
for Q461/SF162NL, a ratio of 1:10 was used.

Purification of homotrimeric and clade B/A heterotrimeric
gp140 proteins. Our expression/purification protocols yielded
between 0.8 and 4.5 mg/liter of purified homotrimeric gp140 and
between 0.2 and 1.1 mg/liter of purified heterotrimeric gp140s.
The purity of these preparations was estimated to be �95% for the
homotrimers and �90% for the heterotrimers based on SDS-
PAGE (Fig. 2A). Our initial designs included a 14-amino-acid
linker sequence between the carboxy terminus of the SF162 gp140
and the 6His tags. We erroneously assumed that by placing the
positively charged His tag away from gp140, a more efficient bind-
ing of the His tag to the nickel column would ensue and that this
would facilitate the purification step of both the SF162 gp140 ho-
motrimers and the clade A/B heterotrimers. Experimentally, how-
ever, we determined that this design had the opposite effect (data
not shown), most likely because the presence of the linker se-
quence resulted in poor exposure of the 6His tag. Our subsequent
designs did not include the 14-amino-acid linker, and instead the
6His tag was positioned directly at the carboxy terminus of the
SF162 gp140 (SF162gp140NL). This resulted in improving by up
to 5-fold the purification efficiency of both the homotrimeric
SF162 gp140 and of the clade A/B heterotrimeric gp140s.

The migration patterns of the clade A and B gp140 protomers
on SDS-PAGE gels differ because of differences in polypeptide
length and extent of protein glycosylation (7, 47). As a result, two
Env gp140s of different molecular masses are visualized in the
purified preparation of heterotrimers, but only a single Env gp140
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in the preparation of homotrimeric Envs is observed by Coomas-
sie blue staining of SDS-PAGE gels (Fig. 2A and B). The presence
of both clade A and B gp140s in the final purified preparation of
heterotrimers was also shown by Western blotting and the use of
specific MAbs (Fig. 2C). The anti-His specific MAb selectively
recognizes the His-tagged clade B gp140s (both in the context of
homotrimers and in the context of heterotrimers), and an anti-
FLAG specific MAb selectively recognizes the FLAG-tagged clade
A gp140 (both in the context of homotrimers and in the context of
heterotrimers).

We note that two heterotrimeric gp140 species coexist in the
final purified sample (arrows in Fig. 2A and 2B): one species con-
sists of 2 clade A gp140 protomers and 1 clade B gp140 protomer
and the other consists of 1 clade A gp140 protomer and 2 clade B
gp140 protomers. The chromatographic properties of these two
species are nearly identical, which precludes their separation with
available methodologies, at least at this stage. The relative propor-
tion of the two species was approximately 1:1 (based on results
from several independent trimer preparations).

To confirm that both the clade A and B gp140 protomers exist
on both the 2:1 and 1:2 heterotrimeric molecules, blue native gel
electrophoresis and Western blotting methodologies were em-
ployed (Fig. 2D). Env gp140s were visualized by either a pooled
HIV� IgG preparation (top left panel), an anti-FLAG MAb (top
right panel), or an anti-His MAb (bottom left panel). HIV� IgG
allows for the detection of both clade A and B gp140s simultane-
ously, while the anti-FLAG MAb is specific for the FLAG-tagged
clade A gp140s and the anti-His MAb is specific for the His-tagged
clade B gp140. A positive signal in both bands of the heterotri-
meric preparations by both the anti-His and anti-FLAG MAbs
indicates that both clade A and clade B protomers are present in
each species. One species contains 2 clade A gp140 molecules and
1 clade B gp140 molecule, and the other species contains 2 clade B
gp140 molecules and 1 clade A gp140 molecule.

The above results, combined with the fact that purified hetero-
trimeric preparations run as a single peak by analytical SEC (data
not shown), provide evidence for the stable purification of soluble
trimeric clade A/B gp140 proteins.

Analytical SEC was used to determine the apparent molecular
mass of the HIV Env trimers (Table 2). Of note, the determined
apparent molecular mass was greater than that predicted based on
the primary amino acid sequence and the number of potential
N-linked glycosylation sites (PNLGS) (assuming �2 kDa of sug-
ars per NLGS) and using a globular molecular mass standard.

Relative exposure of specific neutralization epitopes on het-
erotrimeric and corresponding homotrimeric gp140s. In order
to determine whether the association of heterologous gp140
protomers into a heterotrimeric configuration results in
changes in the exposure of neutralization epitopes, relative to
the exposure of the same epitopes on the corresponding ho-
motrimeric gp140 proteins, we compared the binding levels of
several bNAbs to the heterotrimeric gp140s (clade A/B) and to
the corresponding two homotrimeric gp140s (clade A and
clade B) (Fig. 3). Since the molecular masses of the heterotri-
meric and homotrimeric gp140s differ (Table 2), we performed
ELISAs during which the wells were coated with identical mo-
lar concentrations of each gp140 to ensure that the same num-
bers of gp140 protomers were available for antibody recogni-
tion. Assuming a 1:1 ratio between the two heterotrimeric
species (see above), the number of clade B gp140 protomer
molecules in the wells coated with the clade A/B heterotrimers
will be half the number of the clade B gp140 protomer mole-
cules in the cells coated with the clade B homotrimers. The
same will be the case for the clade A gp140 protomers. If a
bNAb binds to the clade B gp140 but not the clade A gp140, one
would expect that the maximum binding of this antibody to the
clade A/B heterotrimer would be approximately half of that
observed with the clade B homotrimer.

FIG 1 Optimizing the coexpression of clade A and B gp140s. 293 cells were cotransfected with the indicated ratios of two plasmids, one expressing the His-tagged
clade B gp140 and the other expressing the FLAG-tagged gp140. The relative expression of the clade A and clade B gp140s was determined with the use of an
anti-FLAG MAb, specific for the FLAG-tagged clade A gp140, or a clade B-specific anti-V3 MAb, P3E1, as discussed in detail in Materials and Methods. Anti-HIV
polyclonal sera (Env 2-3) were used to monitor the overall Env expression. Molecular weight standards are shown at the left of each panel.
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The anti-gp41 antibodies 2F5 and 4E10 bound similarly to the
homotrimeric clade A and B gp140s tested here. As expected,
therefore, 2F5 and 4E10 bound equally to the clade A and B Q168/
SF162L, Q259/SF162NL, and Q461/SF162L heterotrimers and to
the corresponding homotrimers. Overall, the epitopes of these
two MAbs appear to be similarly exposed on these gp140s irre-
spective of whether they are in a homotrimeric or heterotrimeric
form. In contrast, the binding of 2F5, but not of 4E10, to the
Q461/SF162NL heterotrimer was significantly lower (P � 0.0242)
than expected, based on its binding to the homotrimeric clade A

and clade B homotrimeric gp140s. It appears, therefore, that the
formation of the Q461/SF162NL heterotrimer decreases the expo-
sure of the 2F5 epitope. Whether this decrease is occurring on the
clade B gp140 component, on the clade A gp140 component, or on
both components of the Q461/SF162NL heterotrimer is currently
unknown.

No significant differences in the binding of MAb 2G12 to the
homotrimeric clade A and B gp140s tested here were observed. As
anticipated, no significant differences in the binding of 2G12 to
the heterotrimeric gp140s and the corresponding homotrimeric
gp140s were observed.

In contrast, MAb b12 recognized the clade A Q168 and Q461
gp140 homotrimers less efficiently than the clade B SF162 gp140
homotrimer. This is especially evident in the case of Q168 gp140.
These results indicate that the b12 epitope is not as well exposed
on these two clade A Envs (and in the case of the Q168 Env,
potentially not present) as it is on the clade B SF162 gp140. The
fact, however, that b12 binds to the Q168/SF162 and Q461/SF162
heterotrimers as efficiently as to the SF162 gp140 homotrimer
suggests that either the b12 epitopes on clade SF162 gp140
protomers become more exposed in the context of the A/B het-
erotrimers or/and that, while the b12 epitope is occluded on the

FIG 2 Purification of heterotrimeric gp140s. (A) SDS-PAGE of the purified homotrimeric and heterotrimeric gp140 preparations. (B) Blue native PAGE of the
same proteins as those in panel A. In both panels, the arrows indicate the presence of the 2 gp140s that migrate differently (heterotrimeric preparations) on the
gel due to differences in molecular masses of the clade A and B gp140s (SDS-PAGE) or charge/mass ratios (native PAGE) (�, size differences between these clade
A and clade B Envs determined by this method are negligible). Env visualization on both gels was done with Coomassie blue staining. (C) Detection of the His
tag (clade B gp140) and/or FLAG tag (clade A gp140) by anti-His MAb or anti-FLAG MAbs of the indicated protein preparations. In the case of the heterotrimeric
preparations, both the clade A and clade B gp140s are visualized by the use of both the anti-His MAb and anti-FLAG MAb. (D) Western blot assays of blue native
gels of the indicated Env preparations. Envs were detected with either a purified pooled HIV� IgG preparation (top left panel), an anti-FLAG MAb (top right
panel), or an anti-His MAb (bottom left panel).

TABLE 2 Molecular mass of homotrimeric and heterotrimeric gp140s

Envelope trimer Molecular mass (Da)

Q168FLAG 534,880
Q259FLAG 509,806
Q461FLAG 661,791
SF162NL 488,006
SF162L 505,684
Q259/SF162NL 541,951
Q461FLAG/SF162L 642,970
Q461FLAG/SF162NL 625,989
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clade A homotrimer, it becomes exposed on the clade A protom-
ers in the context of the heterotrimeric configurations.

To investigate whether the CD4-BS overall was more exposed
on the Q168/SF162 and Q461/SF162 heterotrimers, we compared
the binding of a second anti-CD4-BS MAb, VRC01, and that of
IgG-CD4 to the homotrimers and heterotrimers. In contrast to
what we observed for b12, we did not record any obvious changes
in the relative epitope exposures of VRC01 and IgG-CD4 between
the homotrimers and heterotrimers. Overall, the data indicate
that certain elements of the CD4-BS become preferentially ex-
posed in the context of some heterotrimeric gp140s but that the
CD4-BS as a whole may not be more exposed on the heterotrimers
than the homotrimers.

MAb 17b was utilized to investigate the relative exposure of the
CCR5 coreceptor binding site on the homotrimers and hetero-
trimers. We note that these studies were performed in the absence
of CD4 binding to gp140. Based on the relative binding of 17b to
the homotrimeric clade B and A gp140s, our data indicate that the
formation of heterotrimers affects the relative exposure of the 17b
epitope (Q461/SF162L is the exception). In the cases of Q259/
SF162NL and Q461/SF162NL, these changes in the relative expo-
sure of the 17b epitope on the heterotrimer compared to the ho-
motrimers were significant (P � 0.0472 for Q259/SF162 and P �
0.0242 for Q461/SF162). However, in the case of Q259/SF162
there was a decrease in the exposure of the 17b epitope (relative to
what was expected based on the binding results with the corre-
sponding homotrimers) while in the case of Q461/SF162 there was

an increase in the 17b epitope (again, what was expected based on
the binding results with the corresponding homotrimers). There-
fore, the relative exposure of the CCR5 coreceptor binding site
either cannot be affected by the formation of the heterotrimeric
gp140 structure or it can increase or decrease, depending on the
backbone of the clade A component of the heterotrimer. The rel-
ative binding of 17b to the Q461/SF162 heterotrimer was greater
than expected (based on the binding results with the correspond-
ing homotrimers) irrespective of whether the SF162 gp140 had a
linker peptide at its carboxy terminus (SF162L) or not (SF162NL).
The increase in 17b binding to the heterotrimer reached signifi-
cance only when the nonlinker version was used. It is, therefore,
possible that the presence of the linker peptide altered the position
of the His tag in a way that may have changed the exposure of
certain epitopes (Q461/SF162L versus Q461/SF162NL). One of
these epitopes is the epitope recognized by MAb 17b, and another
is the epitope recognized by MAb 2F5 (Fig. 3).

Immunogenicity of heterotrimeric and homotrimeric
gp140s. As discussed above, animals were immunized with a het-
erotrimer and control animals were immunized with the corre-
sponding mixture of the homotrimers. Similar anti-clade A Env
antibody titers were elicited by the heterotrimer and the mixture
of the homotrimeric gp140s (Fig. 4). This indicates that the overall
immunogenic properties of the three clade A Envs used here are
not affected by the presence of the clade B SF162 gp140 in the
context of either homotrimers or heterotrimers. In contrast, the
immunogenicity of the clade B SF162 gp140 was greater in the case

FIG 3 Relative epitope exposure on homotrimeric and heterotrimeric gp140s. The binding of the indicated MAbs to the indicated heterotrimeric and homotri-
meric gp140s was determined as described in Materials and Methods. The statistical analysis compares the measured value for MAb binding to the heterotrimers
to the theoretical value expected if there were no change in relative epitope exposure. Unpaired t test with Welch’s correction. OD450, optical density at 450 nm.
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of the Q168/SF162L and Q461/SF162NL heterotrimers than in the
case of the corresponding homotrimers (Fig. 5A and D). This was
not the case with Q461/SF162L or Q259/SF162NL (Fig. 5B and C).
In contrast, therefore, to what we observed for the clade A com-
ponent of the heterotrimers, the association of clade B and A
gp140s into stable heterotrimeric proteins can result in an en-
hancement of the clade B gp140 component.

The fact that similar overall binding titers to the clade A gp140s
were elicited by the homotrimeric and heterotrimeric proteins
does not necessarily mean that the relative immunogenicity of
specific Env regions was not different in the context of homotri-
meric and heterotrimeric proteins. To address this point, we com-
pared the antibody titers to specific clade A Env regions (Fig. 4).
Similar analyses were performed for the SF162 gp140 (Fig. 5).

We focused on the variable regions 1, 2, and 3 and the MPER in
gp41 because reagents derived from these Env regions are easily
available and this allows for the determination of Ab binding to
these regions. In contrast, appropriate reagents derived from
structurally more complex Env regions, such as the CD4-BS or the
coreceptor binding sites, are not available, and this does not allow
for a direct determination of anti-CD4-BS or anti-receptor bind-
ing site Ab titers.

(i) Immunogenicity of clade A Env variable regions on ho-
motrimeric and heterotrimeric gp140 proteins. The relative an-
tibody titers to the V1, V2, or V3 loop of gp120 on the heterotrim-

ers and the corresponding mixtures of the homotrimers were
determined using variable loop-derived peptides from the clade A
and the clade B Env protomers (Fig. 4 and 5). Animals immunized
with the Q168 and SF162L gp140s (Fig. 4A) or with Q259 and
SF162L gp140s (Fig. 4C) (both as homotrimers and as heterotrim-
ers) elicited high antibody titers to the corresponding clade A V3
N-terminal region. There was no significant difference in anti-
body binding titers between the heterotrimeric and homotrimeric
sera. In contrast, very weak to undetectable antibody titers against
the corresponding Q168 V3 carboxy-terminal region were ob-
served (Fig. 4A). Higher antibody responses against the Q259 V3
carboxy-terminal region were observed in animals immunized
with Q259 and SF162 (either as homotrimers or as heterotrimers)
(Fig. 4C). The anti-Q259 V3 carboxy-terminal region antibodies
were significantly higher in the case of the heterotrimeric sera than
in the case of the homotrimeric sera (P � 0.0122). Similarly, weak
or undetectable anti-V3 antibody titers were observed in the case
of the Q461 or SF162 (either with the linker or without the linker)
constructs (Fig. 4B and D).

The anti-V2 antibody titers were either undetectable or very
low, although animals immunized with the Q259 and SF162 ho-
motrimeric mixture developed very weak anti-V2 antibodies to
the central and carboxy-terminal regions of the V2 loop (Fig. 4C).

Immunization with Q461 and SF162 did not result in the elic-
itation of detectable anti-V1 antibodies (Fig. 4B and D). In con-

FIG 4 Immunogenicities of the V1, V2, and V3 regions from clade A Envs. Animals were immunized with Q168/SF162L (A), Q461/SF162L (B), Q259/SF162NL
(C), or Q461/SF162NL (D). Antibody reactivities to peptides derived from the V1, V2, and V3 regions of each clade A Env were determined by multiplex Luminex
assay. Antibody reactivity to monomeric gp140 (m-gp140) was also determined. �, sera from animals immunized with heterotrimeric gp140; �, sera from
animals immunized with mixtures of homotrimers. MFI, mean fluorescent intensity. V1, peptide spanning the V1 loop; V1V2 Junc, peptide spanning the
N-terminal side of the V2 loop; V2 Crn, peptide spanning the crown portion of the V2 loop; V2 Ct, peptide spanning the carboxy-terminal site of the V2 loop;
V3 Nt, peptide spanning the amino-terminal region of the V3 loop; V3 Ct, peptide spanning the carboxy-terminal region of the V3 loop (Table 1 shows peptide
sequences). Statistical analyses were performed with the unpaired t test with Welch’s correction analysis.
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trast, immunization with Q168 or Q259 (with or without SF162)
resulted in the elicitation of measurable anti-V1 antibodies (Fig.
4A and C). In both cases, the anti-V1 antibodies were higher in the
case of heterotrimeric sera than in the case of homotrimeric sera
(P � 0.0304 in the case of Q168 and P � 0.0340 in the case of
Q259).

(ii) Immunogenicity of clade B Env variable regions on ho-
motrimeric and heterotrimeric gp140 proteins. The V3 loop of
SF612 was immunogenic in the context of homotrimeric and het-
erotrimeric proteins. However, higher levels of anti-V3 loop anti-
bodies were present in the heterotrimeric Q168/SF162 (Fig. 5A)
and Q461/SF162NL (Fig. 5D) sera than in the corresponding ho-
motrimeric sera. The association, therefore, of the SF162 gp140
with certain clade A gp140s into stable trimers can lead to in-
creases in the immunogenicity of the SF162 V3 loop. As discussed
above, this was not the case for the clade A Envs. Similarly to what
we observed for the clade A Envs, the immunogenicity of the V2
loop of the SF162 gp140 was poor. In accordance with our previ-
ous reports (15, 20), the V1 loop of SF162 was immunogenic in the
context of SF162 gp140 homotrimers. The association of SF162
gp140 with the clade A gp140s into heterotrimeric conformations
did not alter the immunogenicity of the SF162 V1 loop. This ob-
servation contrasts with that made with the immunogenicity of

the clade A Q168 and Q259 V1 loops (Fig. 4A and C), which
increased in the context of the heterotrimeric gp140s.

Overall, these results indicate that the immunogenic properties
of the V1 and V3 loops from clade A and B Envs are differentially
affected by the association of these Envs into heterotrimeric con-
figurations.

(iii) Immunogenicity of the MPER on homotrimeric and het-
erotrimeric gp140 proteins. Antibodies against the 2F5 and 4E10
peptides were detected in immune sera from several animals (Fig.
6). All three animals immunized with the Q461/SF162L hetero-
trimer gp140 elicited higher titers of both anti-4E10 (Fig. 6A; P �
0.0056) and anti-2F5 (Fig. 6B; P � 0.0063) antibodies than those
in the matched groups immunized with the mixture of Q461 and
SF162L homotrimers. Two of three animals immunized with ei-
ther the Q461/SF162NL heterotrimers or the mixture of the cor-
responding homotrimers developed anti-4E10 antibodies (Fig.
6A). In contrast, the antibody responses to the 2F5 epitope were
either undetectable or very weak (Fig. 6B), although it should be
pointed out that two of three animals immunized with the mix-
ture of the Q461and SF162NL homotrimers did develop weak
titers of anti-2F5 antibodies (Fig. 6B). When an animal developed
both anti-4E10 and anti-2F5 antibodies, the anti-4E10 antibody
titers were higher than the anti-2F5 antibody titers.

FIG 5 Immunogenicities of the V1, V2, and V3 regions from the clade B SF162 Env. The experiment was similar to that in Fig. 4, but the peptides were derived
from the SF162 Env.
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All three animals immunized with the Q259/SF162NL hetero-
trimer gp140 developed anti-4E10 antibodies while only one of
the three animals immunized with the mixture of the correspond-
ing homotrimers developed such antibodies (Fig. 6A). Two of
three animals immunized with the Q259/SF162NL heterotrimer
developed anti-2F5 antibodies while all three animals immunized
with the mixture of the corresponding homotrimers developed
weak anti-2F5 antibodies (see Fig. 6B).

At this stage, we do not know the reasons for the greater im-
munogenicity of the 2F5 and 4E10 epitopes in the context of the
Q461/SF162L heterotrimer, but it does not appear to be linked to
an increased exposure of these two epitopes on this protein (Fig. 3).

Immunogenicity of the His and FLAG tags. As discussed in
detail above, the His and FLAG peptide tags were added to the
carboxy termini of the clade A and B gp140s, respectively, to facil-

itate purification of soluble clade A/B heterotrimeric gp140s.
Anti-His antibodies were undetectable in immune sera from sev-
eral animals (Fig. 7A to D) whereas all animals developed anti-
FLAG antibodies (Fig. 7E to H). While very similar anti-FLAG
antibody titers were recorded in all animals (with one exception,
the Q461/SF162NL group [Fig. 7H]), the anti-His antibody titers
varied not only among animals but also depending on the Env
immunogen formulation.

Neutralizing activities in immune sera. For the comparative
analysis of the neutralizing activities of immune sera from animals
immunized with heterotrimers or with the mixture of homotrim-
ers, neutralization values of 50% or higher were considered (Table
3 and Fig. 8). Although several tier 1 viruses were susceptible to
neutralization by both the heterotrimeric and homotrimeric sera,
only 2/37 tier 2 viruses (the clade A Q259d2 and the clade C

FIG 6 Immunogenicities of the 4E10 and 2F5 epitopes in the MPER of gp41. Sera were diluted at 1:100, and the antibody reactivities to the 4E10 (A) and 2F5 (B)
peptides were determined (optical density at 450 nm [OD450]). Each point indicates an individual animal (3 animals per immunization group). The immunogens
are indicated under the x axis. Heterotrimeric immunogens are indicated by a slash—for example, Q168/SF162L—while immunogens composed of the mixture
of homotrimers are indicated by a plus sign—for example, Q168�SF162L. Statistical analyses were performed with the unpaired t test with Welch’s correction
analysis.

FIG 7 Immunogenicities of the His and FLAG tags. All clade A gp140s were tagged with FLAG, and the clade B gp140 was tagged with His. The anti-tag antibody
responses in immune sera were determined at a 1:25 serum dilution, as described in Materials and Methods. Each bar indicates an individual animal. (A to D)
Anti-His antibody responses. (E to H) Anti-FLAG antibody responses. (A and E) Sera from animals immunized with Q461 and SF162L; (B and F) sera from
animals immunized with Q168 and SF162L; (C and G) sera from animals immunized with Q259/SF162NL; (D and H) sera from animals immunized with
Q461/SF162NL.

Clade A/B Heterotrimeric gp140s

January 2012 Volume 86 Number 1 jvi.asm.org 137

http://jvi.asm.org


CAP210.2.00.E8) were susceptible to neutralization by these sera
using TZM-bl cells as targets. We have not tested these sera using
A3R5 cell lines or human peripheral blood mononuclear cells
(PBMC) as targets. The Q259.d2 virus was neutralized only by sera
from animals immunized with Env gp140 containing the autolo-
gous gp140 (3/3 heterotrimeric and 2/3 homotrimeric sera). The
CAP210 virus was susceptible only to 1/3 heterotrimeric sera from
animals immunized with the heterologous Q259/SF162 hetero-
trimers.

Although no significant differences between the neutralizing
potentials of the heterotrimeric and homotrimeric sera against
tier 2 viruses were evident, the potency of neutralization of the
heterotrimeric sera (at 1:20 dilution) against tier 1 isolates was

greater than that of the homotrimeric sera (Fig. 8A; P � 0.008).
Also, immunization with gp140 heterotrimers resulted in the
more frequent elicitation of heterologous neutralizing antibody
responses than did immunization with the corresponding mixture
of gp140 homotrimers (Fig. 8B; P � 0.0193).

DISCUSSION

In an effort to enhance the immunogenicity of conserved neutral-
ization epitopes on soluble Env-based immunogens, diverse
approaches have been tested over the past 2 decades, such as
prime-boost or cocktail immunizations with distinct envelope
immunogens (16, 72, 84); deletion of variable but immunogenic
Env regions (3, 20, 35, 42, 44, 53, 54, 87); addition or deletion of

TABLE 3 Neutralizing activities of immune seraa

a Fifty percent inhibitory concentration neutralizing antibody serum titers are shown. Sera from rabbits immunized with the indicated immunogens were tested against the
indicated viruses (tier 1 or tier 2). Heterotrimeric immunogens are indicated by a slash—for example, Q461/SF162L—while immunogens composed of the mixture of homotrimers
are indicated by a plus sign—for example, Q461�SF162L. The results are presented as a heat map: white boxes, �20 (50% neutralization was not recorded at the lowest serum
dilution tested [1:20]); yellow boxes, 50% inhibitory concentration titers below 1:100; orange boxes, 50% inhibitory concentration titers over 1:100 and below 1:1,000; red boxes,
50% inhibitory concentration titers above 1:1,000.
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glycosylation sites either to occlude immunodominant but vari-
able regions or to enhance the exposure of conserved neutraliza-
tion epitopes, respectively (10, 17, 32, 50, 64, 66); repositioning of
conserved epitopes within more variable, but also more immuno-
genic, regions of the HIV Env (48, 51); design of non-HIV Env
scaffold proteins that express epitopes of broadly neutralizing an-
tibodies (11, 18, 19, 39, 62, 63); molecular evolution-based ap-
proaches (24); generation of ancestral or consensus Env sequences
(23, 31, 45, 46, 52); and others. Thus far, all of these approaches
have had a very limited success in the elicitation of broad and
potent neutralizing antibody responses against tier 2 HIV-1 vi-
ruses.

Here we tested a novel approach. We engineered soluble trim-
eric proteins composed of two distinct gp140 protomers that dif-
fered up to 24% from each other in amino acid sequence. It was
previously reported that SIV and HIV gp160 can associate on the
surface of cells to form heterodimers and that gp160s from differ-
ent clade B Envs can form functional trimeric membrane-bound
trimers (22, 68, 83). However, it was unknown whether soluble
gp140 protomers belonging to two different HIV clades could
associate in stable trimeric conformations. We hypothesized that
the association of heterologous gp140s into a stable trimeric con-
figuration would not be as “perfect” as the association of three
identical gp140s and that, as a result, the relative exposure of
epitopes on the heterotrimers would differ from that on the cor-
responding homotrimers. Potentially, differences in epitope ex-
posure could be translated into differences in epitope immunoge-
nicity.

By tagging the two heterologous gp140 proteins with two dis-
tinct tags (His and FLAG), we were able to devise a purification
scheme that resulted in the isolation of three distinct clade A/B
soluble gp140 heterotrimeric proteins. Using 5L transient-
transfection protocols, we were able to purify several-milligram
quantities of each heterotrimeric protein that were stable for sev-
eral weeks (at 4°C at a concentration of 1 mg/ml in PBS).

The variable loops were not equally immunogenic on the three
clade A Envs. For example, the amino-terminal side of the V3

loops of Q168 and Q259 Envs was immunogenic while that same
region on the V3 loop of Q461 was weakly immunogenic. This was
the case in the context of both the heterotrimeric and the homotri-
meric forms. Therefore, the immunogenic properties of the
amino-terminal side of the V3 loops of Q168 and Q259 were not
altered by the presence of the neighboring SF162 gp140 molecules
in the context of the homotrimers. The carboxy-terminal side of
the V3 loop was weakly immunogenic in all cases. Interestingly, in
the case of the Q259 Env, the antibody titers against the carboxy-
terminal side of the V3 loop were higher in the homotrimeric
mixture than in the heterotrimeric sera. This suggests that the
association of the Q259 gp140 in heterotrimeric configurations
with SF162 gp140 results in decreases in the immunogenic prop-
erties of the carboxy-terminal region of the V3 loop. Potentially,
the formation of the Q259/SF162 heterotrimers results in the par-
tial occlusion of the carboxy-terminal region of the clade A V3
loop.

The V2 loops of the three clade A Envs were not immunogenic
(at least based on the assays used in our studies). We note, how-
ever, that weak antibody titers to the central and carboxy-terminal
domains of the V2 loop were recorded in the case of the Q259/
SF162 heterotrimers, while such responses were not evident in the
homotrimeric mix (although the differences in titers were not
significant). Therefore, the immunogenicity V2 loop of Q259 is
increased in the context of the heterotrimer. Potentially, the cen-
tral and carboxy-terminal regions of the clade A V2 loop are more
exposed on the heterotrimers than on the homotrimers.

The V1 loop was not immunogenic in the Q461 Env, in the
context of both the heterotrimeric and the homotrimeric config-
urations. In contrast, weak antibody responses to the V1 loop were
observed in the cases of the Q168 and Q259 Envs. In these two
cases, significantly higher antibody titers were present in the sera
from animals immunized with the mixture of homotrimers than
in sera from animals immunized with the heterotrimers. Thus, the
immunogenicity of the V1 loops of Q168 and Q259 is decreased by
the presence of neighboring heterologous SF162 gp140 molecules.

FIG 8 Comparison of serum neutralizing activities in heterotrimeric and homotrimeric sera. (A) Each point indicates the log percent neutralization of a given
serum against a given virus tested, irrespective of the immunogen. Only tier 1 viruses and one tier 2 virus (Q259) were included in this analysis. (B) The points
represent the percentage of animals within each immunization group (n � 3) that neutralized a given virus. Red circles, sera from animals immunized with
heterotrimeric gp140s; blue squares, sera from animals immunized with the mixture of homotrimeric gp140s. Statistical analyses were performed with Welch’s
t test.
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Potentially, the V1 regions of the clade A could be more exposed
on the homotrimers than on the heterotrimers.

In summary, the presence of heterologous clade A/B gp140s
within single heterotrimeric molecules differentially alters the im-
munogenic properties of the V1, V2, and V3 loops. The effect is
dependent on the backbone of the clade A Env. We note that the
immunogenicities of the V1, V2, and V3 regions were determined
by assessing the reactivities of serum antibodies to linear peptides
but that antibodies to conformational V1, V2, or V3 epitopes may
be present but are not detectable by the reagents used.

Our analysis of the antigenic structures of these heterotrimers
and the corresponding homotrimers indicates that the association
of gp140 protomers of distinct amino acid sequence and glycosy-
lation patterns results in alterations in the exposure of epitopes
located in the CD4-BS, the coreceptor binding site, and the gp41
subunit. Such global changes are of an extent that does not abro-
gate the association of the gp140 protomers into stable trimeric
conformations.

Despite differences in the relative exposures of specific con-
served neutralization epitopes on gp120, such as that recognized
by MAb b12 (on the Q168/SF162 and Q461/SF162 heterotrimers),
the sera from the animals that were immunized with the hetero-
trimers did not display greater breadth of neutralization than did
the sera from animals immunized with the homotrimers. Al-
though we did not specifically examine the presence of b12-like
antibodies in those sera, we assume that such antibodies were not
elicited or that they were of very low titers that did not affect the
overall neutralizing activities of the sera. Most likely, the heterol-
ogous neutralizing activities in the homotrimeric and heterotri-
meric sera were due to antibodies that recognize less conserved
epitopes, such as those present in the V1, V2, and V3 regions. The
greater potency of neutralization displayed by the heterotrimeric
sera could be due to these types of antibodies.

The effect of heterotrimerization on the immunogenic prop-
erties of Env gp140 was also evident in the case of the MPER.
Specifically, higher titers of anti-2F5 and anti-4E10 epitope anti-
bodies were elicited by immunization with Q461/SF162 hetero-
trimers than by immunization with the corresponding mixture of
homotrimers. Here, too, therefore, changes in the immunogenic-
ity of MPER resulting from the formation of homotrimers were
clade A Env dependent, since similar observations were not made
with the Q168 or Q259 clade A Env.

In summary, our study reveals that clade A- and B-derived
envelope gp140 protomers, which differ by up to 24% in amino
acid sequence, can form stable heterotrimeric proteins that can be
purified and characterized. The antigenic structures of these het-
erotrimeric proteins differ from those of the corresponding ho-
motrimeric gp140 proteins, and when used as immunogens, the
heterotrimeric gp140s elicit more potent anti-HIV neutralizing
antibodies than do the homotrimeric gp140 proteins. Whether
this finding is biologically relevant should be determined in virus-
challenge studies in a relevant animal model.
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