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Single-envelope human immunodeficiency virus (HIV) vaccines have been studied for more than a decade,
with some successes in homologous challenge experiments in nonhuman primates but with no clear successes
in clinical trials. To gain insight into the breadth of the immunity elicited by such vaccines, we have dissected
the T-helper cell response of C57BL/6 mice to an individual, molecularly cloned envelope protein. Here, we
report that T-helper cells responsive to HIV type 1 1035 envelope are very highly restricted in C57BL/6 animals:
seven different hybridomas recovered from five separate mice recognized the same peptide, PKVSFEPIPIHYC
AP, located in the C2 region of gp120. Three of these hybridomas were tested on a natural variant of the peptide
but failed to respond. A more extensive analysis of whole splenic populations from other C57BL/6 mice
immunized with the 1035 envelope reproducibly confirmed that the gp120-specific T-helper response was
almost exclusively focused on a single epitope. We conclude that single-envelope vaccines may frequently fail
to provoke an immune response sufficiently diverse to recognize variant sequences among circulating HIV. The
results encourage the inclusion of more than one envelope in future vaccines to enhance the potential diversity
and respective surveillance capacities of responding T-helper cell populations.

Envelope molecules are the only virus-encoded proteins on
the surface of human immunodeficiency virus (HIV) and
therefore serve as critical targets for HIV vaccines. For many
years, attempts have been made to elicit protective immunity in
humans with vaccines composed of single-envelope proteins
(2, 12, 13, 18, 30). Though similar strategies have protected
nonhuman primates against homologous challenges with HIV
or simian immunodeficiency virus (4, 15), the single-envelope
vaccines have not demonstrated full protection from natural
HIV infection in clinical trials (3, 13).

To mimic these human trials, we have vaccinated C57BL/6
mice with molecularly cloned envelope proteins and analyzed
the resultant T-helper cell responses. We chose to study virus-
specific T-helper lymphocytes because these cells can directly
target HIV (11) and additionally support both B- and cytotox-
ic-T-lymphocyte activities (5, 34). Previous studies with two
different envelope proteins (one from clade B and one from
clade D) showed that epitopes recognized by T-helper cells
were limited to peptides in four distinct regions. Three of these
regions appeared together on one face of the folded gp120
protein, while the fourth consisted of a 20-mer peptide in the
gp41 stalk (33).

Here, we describe the T-helper cell response to an envelope
from another clade B virus, HIV type 1 (HIV-1) 1035, which
we found to be even more strikingly skewed. In this case, the
gp120-specific response was essentially focused on a single
peptide. Our illustration of such narrow reactivity may explain,
at least in part, the lack of full protection against HIV in

previous clinical trials (3, 13). Clearly, HIV isolates vary in
sequence, and an effective vaccine must elicit T cells responsive
to each of these variants (14, 22). If very few peptides are
recognized by vaccine-induced T-helper cells, the likelihood
that a matched peptide will be presented by every challenge
virus is low. As vaccine epitopes increase in number, the like-
lihood that challenge viruses will share at least one epitope
with the vaccine increases similarly. To enhance the total num-
ber of determinants to which activated T-helper cells respond,
we suggest that future HIV vaccines encompass a variety of
distinct envelope proteins.

MATERIALS AND METHODS

Animals. Adult female C57BL/6J mice were purchased from Jackson Labo-
ratories (Bar Harbor, Maine) and housed in the St. Jude Children’s Research
Hospital animal facilities under conditions specified by Association for Assess-
ment and Accreditation of Laboratory Animal Care guidelines.

Immunizations for hybridoma production. Each vaccine component expressed
gp140 (encompassing gp120 and the extracellular region of gp41) derived from
a clade B primary isolate (1035, from an HIV-infected individual in Memphis,
Tenn.). Two distinct immunization regimens were used for hybridoma produc-
tion. In the first case, mice were immunized with HIV gp140 envelope using a
previously described vaccine strategy (25). Briefly, injections were done with
recombinant DNA (100 �g by the intramuscular route 24 h after a bupivacaine
injection), followed 3 to 4 weeks later with recombinant vaccinia virus (VV; 107

PFU by the intraperitoneal route) (33). The recombinant VV was prepared by
substituting the 1035 envelope sequence for the BH10 envelope sequence in a
pSC11-based VV recombination vector. The plasmid was transfected into VV
(Western Reserve)-infected TK-143B cells, and recombinant VVs were selected
in bromodeoxyuridine and then plaqued and further selected by Western blot
analyses using anti-HIV antibodies as developing reagents (26). Three weeks
after the VV inoculation, the spleens were removed for fusion. We selected this
time point for fusion because the response to VV peaks relatively late after
immunization (24). In the second case, mice were immunized as described above
but were boosted 3 to 4 weeks after the VV inoculation with purified CHO-
derived envelope protein (1 to 10 �g of protein with complete Freund’s adjuvant
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injected in the base of the tail [6, 33]). Ten days later, draining lymph nodes were
removed for fusion.

Hybridoma production. Effector cells from lymph nodes or spleens were stim-
ulated in vitro with homologous recombinant CHO cell lysates (prepared from a
cell pellet which was freeze-thawed and resuspended to yield a final concentra-
tion of 105 original cells/ml) for 2 to 4 days in complete medium (17), fused with
BW5147 �� �� (35) or BWZ.36 (a lacZ-inducible fusion partner) (27), and
grown in selection medium. Hybridoma lines were harvested from plates in which
fewer than one-third of wells scored positive for growth. Hybridomas that re-
sponded specifically to the HIV envelope recombinant VV were expanded for
further screening against overlapping peptides representing the full 1035 gp140
protein. Cells were first tested against peptide pools and then against individual
peptides within the positive pools. In total, cells from five immunized mice were
prepared individually for hybridoma preparation and analyses.

Peptides. Peptides (8- to 15-mers) were made by Chiron (Emeryville, Calif.) or
the Hartwell Center for Bioinformatics and Biotechnology at St. Jude Children’s
Research Hospital. Initial hybridoma screening was performed with peptides at
concentrations of 1 to 10 �g/ml. Subsequent assays were done with serially
diluted peptides, starting at concentrations of 25 �g/ml.

Peptide specificity assays. Hybridomas were assayed for peptide-specific re-
sponses using either C57BL/6 spleen cells or I-Ab-transfected L cells (AF7-1C6
[20]) as antigen-presenting cells (APC). Hybridomas (105 cells/well) were plated
in 96-well plates with peptides and spleen cells (5 � 105/well) or L cells (1 �
105/well). The assays were developed after 18 to 24 h, using the interleukin 2
(IL-2) assay (for BW5147 �� �� fusions) or the blue-spot assay (for BWZ.36
fusions [see below]). Assays for IL-2 used an IL-2-dependent HT-2 cell line and
an oxidation-reduction indicator (Alamar Blue; Alamar Biosciences Inc., Sacra-
mento, Calif.) read at 570 nm with a reference wavelength of 595 nm (36).
Recombinant human IL-2 (R&D Systems, Minneapolis, Minn.) served as the
positive control. Blue-spot assays were performed as described previously (27,
32). Briefly, stimulated cells were washed with phosphate-buffered saline (PBS)
at room temperature and fixed at 4°C with 1% formaldehyde–0.2% gluteralde-
hyde for 5 min. The cells were washed again, and �-galactosidase activity was
detected by adding 50 �l of PBS containing 5 mM potassium ferrocyanide, 5 mM
potassium ferricyanide, 2 mM MgCl2, and 1 mg of the substrate X-Gal (5-bromo-
4-chloro-3-indolyl-�-D-galactopyranoside)/ml to each well. The plates were in-
cubated at 37°C for at least 8 h or overnight, and the blue cells were counted
using a tissue culture inverted microscope.

Flow cytometry for TCR typing. A panel of unconjugated, biotinylated, and
phycoerythrin-labeled monoclonal antibodies was used to characterize the spec-
trum of T-cell receptors (TCR) on hybridomas. Individual monoclonal antibod-
ies were specific for the constant region of the TCR �-chain and for V�s 2 to 14.
The secondary staining reagents included fluorochrome-labeled avidin, goat anti-
rat immunoglobulin M (IgM), goat anti-mouse IgG, and goat anti-rat IgG. These
reagents were prepared from hybridoma supernatants or were purchased from
Pharmingen (San Diego, Calif.), Caltag (Burlingame, Calif.), Jackson Immu-
noResearch (West Grove, Pa.), or Biosource International (Camarillo, Calif.).
Stained cells were analyzed with a FACSCan (Becton Dickinson, Mountain
View, Calif.).

Immunizations and ELISPOT assay. Mice were injected two to four times at
1-month intervals with 100 �g of recombinant DNA given intramuscularly. Ap-
proximately 2 weeks after the last immunization, the spleens were taken and

CD4� T-cells were enriched. Briefly, the cells were treated with rat anti-mouse
major histocompatibility complex (MHC) class II (TIB 120 cell supernatants)
and rat anti-mouse CD8 (53-6.72 cell supernatants) antibodies. The cells were
then mixed with sheep anti-mouse and sheep anti-rat IgG-coated dynabeads
(Dynal ASA, Oslo, Norway). Cell samples were exposed to a magnet to remove
MHC class II-positive, CD8-positive, and Ig-positive populations. APC were
prepared from naïve mouse spleens by depleting T cells with an anti-mouse
Thy1.2 antibody (AT83) and complement (one part rabbit and five parts guinea
pig complement [Cedarlane, Ontario, Canada] in Hanks balanced salt solution
plus 0.1% bovine serum albumin) and irradiating them with 2,500 rads. Enzyme-
linked immunospot (ELISPOT) plates (96-well filtration plates; Millipore, Bed-
ford, Mass.) were prepared by overnight incubation with 10 �g of anti-mouse
gamma interferon (IFN-�) (clone R4-6A2; BD Biosciences, San Diego, Cal-
if.)/ml in PBS (100 �l/well) at 4°C. The plates were washed three times with PBS
and blocked for at least 1 h at 37°C with complete medium; 1 � 106 CD4� T cells
and 5 � 105 APC per well were then added with peptides (2 �g/peptide/ml).
Concanavalin A (4 �g/ml; Sigma, St. Louis, Mo.) was used as a positive control.
After a 24- to 40-h incubation at 37°C and 10% CO2, the wells were washed five
times with PBS and five times with wash buffer (PBS with 0.05% Tween 20). The
plates were then incubated for 2 h with 100 �l of 5-�g/ml biotinylated rat
anti-mouse IFN-� (clone XMG1.2; BD Biosciences) in PBS with 0.05% Tween
20 and 1% fetal calf serum at room temperature. The wells were washed five
times with wash buffer and incubated with streptavidin-conjugated alkaline phos-
phatase (1:500 in wash buffer) for 1 h. After five rinses with wash buffer, the spots
were developed with 5-bromo-4-chloro-3-indolylphosphate–nitroblue tetrazo-
lium alkaline phosphatase substrate (Sigma). The plates were rinsed with water
and air dried, and the spots were counted with an ELISPOT reader (Axioplan 2
imaging; Zeiss, München-Halbergmoos, Germany). These experiments were
performed in triplicate with up to eight mice per experiment.

Nucleotide sequence accession number. The HIV-1 1035 envelope sequence
was submitted to GenBank (National Center for Biotechnology Information,
Bethesda, Md.; accession no. AF532615).

RESULTS AND DISCUSSION

C57BL/6 mice were primed with a clade B gp140 envelope
(HIV-1 1035) using a DNA-poxvirus prime-boost regimen
(25), followed in some cases by a boost with purified 1035
envelope protein (6). Responding T-helper cell populations
were restimulated in vitro with the HIV 1035 envelope and
fused for the production of hybridomas. Five independent
mouse immunizations and T-cell fusions were performed, from
which seven hybridomas were derived. The hybridomas were
cloned, expanded, characterized for TCR V� usage, and tested
for reactivity against overlapping peptides spanning the entire
gp140 sequence. Although each of the seven hybridomas was
distinct (defined by mouse origin or unique TCR), each

TABLE 1. T-helper cell hybridomas respond to a single peptide in 1035 gp120

Hybridoma name Immunization regimena Mouse no. Fusion parent
lineb Positive peptidec TCR V� usaged

H1035L-46 D-V 1 BW5147 �� �� PKVSFEPIPIHYCAP V� 11
H1035L-53 D-V 1 BW5147 �� �� PKVSFEPIPIHYCAP V� 13
H1035L-133 D-V 2 BW5147 �� �� PKVSFEPIPIHYCAP V� 12
H1035L-213 D-V 2 BW5147 �� �� PKVSFEPIPIHYCAP Undefined
H1035P1-70 D-V-P 3 BWZ.36 PKVSFEPIPIHYCAP ND
H1035P2-52 D-V-P 4 BWZ.36 PKVSFEPIPIHYCAP V� 12
H1035P3-34 D-V-P 5 BWZ.36 PKVSFEPIPIHYCAP V� 12

a Mice received two different immunization regimens. In one case, the animals were immunized with recombinant DNA and boosted with recombinant VV (D-V),
after which the spleens were removed for restimulation in vitro and fusion. In the second case, the animals received D-V injections, followed by a boost with purified
protein (D-V-P). In the latter instance, draining lymph nodes were taken for restimulation and fusion.

b Parent lines were BW5147 �� �� and BWZ.36.
c Peptide specificity was measured with IL-2 assays for BW5147 �� �� fusions and blue-spot assays for BWZ.36 fusions. TCR were stained with fluorochrome-labeled

antibodies and analyzed by flow cytometry.
d Undefined, not positive with any of the tested antibodies; ND, not determined.
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showed responsiveness to PKVSFEPIPIHYCAP, a peptide in
the C2 region of HIV envelope (Table 1).

We next tested one of the hybridomas (H1035P1-70) on a
variety of 15-mer and truncated peptides to define the minimal
T-cell epitope. As shown by representative results in Table 2,
the minimal determinant recognized by this hybridoma was
FEPIPIHYC.

To determine how natural variation in envelope sequences
affected recognition of the target epitope, we prepared syn-
thetic peptides from sequences of two distinct isolates of HIV
(1007 [33] and D760 [22]). The first peptide variant (PKIT
FEPIPIHYCAP from HIV 1007) contained amino acid substi-
tutions in a region flanking the minimal epitope. As shown in
Table 2 (last two lines), this alteration did not affect target
peptide recognition by hybridoma H1035P1-70. The second
peptide, from isolate D760, had amino acid substitutions in
both the flanking region and the epitope core. This natural
sequence variation abrogated recognition by hybridoma
H1035P1-70 (Table 3). Two additional hybrids, H1035P2-52
and H1035P3-34, were also tested on this peptide but failed to
respond (Table 3). Thus, natural variations in the target se-
quence were sufficient to abrogate T-helper cell activity.

To confirm that hybridomas accurately represented whole
T-cell populations, we immunized new sets of C57BL/6 ani-
mals with the 1035 envelope and examined fresh lymphocytes
with an ELISPOT assay. In this case, mice received two to four
injections with recombinant 1035 DNA at 1-month intervals,
and the spleens were collected �2 weeks after the last injec-
tion. T-helper cells were plated in duplicate for testing against
20 pools of overlapping peptides representing the entire gp120
sequence of envelope 1035 (Fig. 1). Each pool contained five 8-
to 15-mer peptides. As shown by representative results from
one of three experiments (Fig. 2), the responses to gp120 pools
were extremely restricted. The chief response was directed
toward pool 8. Dissection of responses within pool 8 showed
that there was only one stimulatory peptide in this pool,
PKVSFEPIPIHYCAP.

ELISPOT assays were also performed with overlapping pep-
tides representing the gp41 component of the gp140 immuno-
gen. These assays (not shown) revealed only one response,
which was to TNVPWNASWSNKSLE, a peptide that was
identified as a C57BL/6 T-helper cell epitope in previous hy-
bridoma studies (33).

Why is the gp120-specific T-helper cell response so narrow
in 1035 envelope-primed C57BL/6 mice? T-helper responses
to the PKVSFEPIPIHYCAP region have been previously
identified in independent analyses of other HIV envelopes (28,
31, 33), but responses to a number of different gp120 peptides
were also recognized. In previous C57BL/6 experiments with
two other gp140 vaccines (from HIV-1 1007 and UG92005
isolates [33]), the additional T-helper responses were against
peptides not matched in the 1035 protein sequence (due to
natural sequence variation). All of the gp120 epitopes (includ-
ing PKVSFEPIPIHYCAP) were found to be located within
one exposed face of the folded protein, suggesting that pep-
tides in this location were preferentially released from the
protein and thus rendered accessible to downstream antigen-
processing mechanisms. In the context of the 1035 protein, and
in the C57BL/6 mouse, the PKVSFEPIPIHYCAP region may
have been most readily released for processing (and/or most
readily bound to the class II I-Ab molecule), which would
explain its preferred recognition by T cells. Our finding that
the structural contexts of peptides may contribute to epitope
immunodominance has been confirmed by others, with regard
to both HIV and non-HIV antigens (9, 10, 19).

The limited C57BL/6 T-helper response described in this
report is not solely dependent on a particular envelope se-
quence, nor is it solely dependent on a particular mouse strain
(and the respective MHC class II peptide binding groove [23]).

TABLE 2. Fine definition of a gp120 envelope
T-helper determinant

Peptidea
Blue-spot count at peptide dilutionb:

1 2 3 4 5 6

HYCAPAGFAILKCND 0 0 0 0 0 0
EPIPIHYCAPAGFAI 0 0 0 0 0 0
FEPIPIHYCAPAGFA 	300 	300 123 16 0 0
SFEPIPIHYCAPAGF 	300 	300 	300 33 0 0
VSFEPIPIHYCAPAG 	300 	300 	300 	300 139 16
KVSFEPIPIHYCAPA 	300 	300 	300 	300 	300 65
CPKVSFEPIPIHYCA 	300 	300 	300 95 7 0
ACPKVSFEPIPIHYC 	300 259 30 0 0 0
QACPKVSFEPIPIHY 0 0 0 0 0 0
TQACPKVSFEPIPIH 0 0 0 0 0 0

FEPIPIHYCAP 	300 67 0 0 0 0
EPIPIHYCAP 0 0 0 0 0 0

PKVSFEPIPIHYCAP 	300 	300 	300 	300 	300 243
PKITFEPIPIHYCAP 	300 	300 	300 	300 	300 117

a Boldface letters represent the minimal determinant recognized by hybridoma
H1035P1-70.

b Experiments were performed with hybridoma H1035P1-70. Blue-spot counts
per well are shown with the background subtracted. There were �10 background
counts/well. The peptides were serially diluted (1:3) starting at 25 �g/ml (dilution
1).

TABLE 3. T-helper hybridomas fail to recognize a natural gp120 peptide variant

Hybridoma Peptide
Blue-spot count at peptide dilutiona:

1 2 3 4 5 6

H1035P1-70 KVSFEPIPIHYCAPA 	300 	300 177 � � �
KVTFDPIPIHYCAPA 0 0 0 � � �

H1035P2-52 KVSFEPIPIHYCAPA 	300 	300 	300 	300 	300 	300
KVTFDPIPIHYCAPA 0 0 0 0 0 0

H1035P3-34 KVSFEPIPIHYCAPA 	300 	300 	300 	300 	300 	300
KVTFDPIPIHYCAPA 0 0 0 0 0 0

a Blue-spot counts per well are shown with the background subtracted. The peptides were serially diluted (1:3) starting at 25 �g/ml (dilution 1). �, not tested.
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Rather, a combination of immunogen and mouse strain dic-
tates the T-helper cell epitope profile; a change in either com-
ponent will alter the pattern. This phenomenon is recognized
not only for HIV antigens but in other antigenic systems, and
it affects both mice and humans (1, 29). That CD8 T cells can
be highly focused is well established (dependent in this case on
a combination of an immunogen sequence and a particular
MHC class I peptide binding groove [7, 8, 16]). Our studies
(and some others [29]) simply emphasize that CD4 T-cell re-
sponses can be similarly skewed.

The restricted T-cell response identified for this antigen-
MHC pair has implications for HIV vaccine design. Of the
three envelopes that we have evaluated in the C57BL/6 mouse,

the 1035 envelope elicited the most focused T-helper response.
This extremely narrow response could not have been predicted
by a survey of envelope sequences or by previous studies of the
C57BL/6 mouse (which developed broader responses to two
different envelope proteins). As an extrapolation of these re-
sults, we propose that at least some human T-cell responses to
single-envelope (or envelope/gag/pol) vaccines are similarly
narrow and non-cross-reactive with natural HIV variants, per-
haps contributing to the incidence of breakthrough infections
in clinical trials (3, 13).

The inclusion of determinants from multiple distinct HIV
isolates in a vaccine (e.g., our polyenvelope vaccine, currently
in clinical trials [21, 30]) may help to avoid the generation of

FIG. 1. HIV 1035 gp120 envelope sequence. The 1035 gp120 envelope sequence is shown, and sequences represented by each of 20 peptide
pools are indicated; 8- to 15-mer peptides spanned the envelope sequence with overlaps of �10 amino acids.
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such narrowly restricted responses among vaccinees. Diverse
antigens within a cocktail may be processed by different APC
(precluding intermolecular competition between envelopes)
and trigger an array of T-helper effectors responsive to numer-
ous distinct epitopes. As the diversity of targeted epitopes
increases, so does the likelihood that naturally encountered
viruses will contain at least a subset of matching epitopes and
that broad protective immunity can be achieved.
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