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Recent clinical trials have shown that the presence of a robust human immunodeficiency virus type 1
(HIV-1)-specific T-cell response may not be sufficient to prevent or control HIV-1 infection. Studies of antigen
processing in the context of infectious HIV-1 are therefore warranted. Envelope-specific, major histocompat-
ibility complex class II-restricted murine T-cell hybridomas were tested for responsiveness to splenic antigen-
presenting cells exposed to HIV-1-infected GHOST cells. Interleukin-2 assays showed that the presence of a
peptide within HIV-1 did not ensure the reactivation of peptide-specific T cells. Further experiments defined
the impact of gamma interferon-induced thiol reductase and cysteine proteases on the processing of HIV-1
peptides. The results highlight potential influences of peptide context on T-cell reactivation by HIV-1 and
encourage the continued study of antigen processing as support for improved vaccine design.

Most current human immunodeficiency virus type 1 (HIV-1)
vaccines are designed to activate HIV-1-specific T cells, with or
without accompanying B cells. There have been numerous
T-cell-based vaccine strategies, including the following: (i) the
linkage of prominent major histocompatibility complex (MHC)
class I- and class II-restricted T-cell targets (26), (ii) the use of
viral proteins or fusion proteins carrying viral peptides (24),
(iii) the insertion of peptides or proteins into DNA or viral
vectors (9), (iv) the synthesis of ancestral or consensus se-
quences (22), and (v) the scrambling of peptides from more
than one viral protein (31). The preferred outcome is that T
cells will reactivate in the context of a sequence-similar infec-
tious HIV-1 challenge. However, the presence of robust HIV-
1-specific T cells need not translate to the prevention or con-
trol of HIV-1 infection (21). In fact, a recent phase IIb study of
a T-cell-based vaccine revealed no protective effect (among
741 vaccinated and 762 unvaccinated study participants, 24 and
21 participants were infected, respectively).

Disappointments in the field of HIV-1 vaccine development
have highlighted the need for a better understanding of lym-
phocyte activation requirements. We therefore initiated stud-
ies of T-cell responses to HIV-1-infected cells. Specifically,
murine T-cell hybridomas with known HIV-1 envelope peptide
specificities (Fig. 1A) were tested for interleukin-2 (IL-2) pro-
duction following stimulation with autologous splenocytes ex-
posed to HIV-1-infected CXCR4 GHOST cells. These hybrid-
omas originally derived from C57BL/6 mice immunized with
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a prime-boost regimen using either 1007 (clade B virus;
GenBank accession number AF321563)- or UG92005 (clade D
virus; GenBank accession number AF338704)-derived HIV-1
gp140 recombinant constructs (6, 29). The murine system af-
forded us access to the immortalized T cells as well as to the
antigen-presenting cells (APCs) of both wild-type and knock-
out (KO) phenotypes (18). The fact that mouse cells are re-
sistant to HIV-1 infection (32) also facilitated a focused study
of exogenous antigen processing, a situation that may typify a
fraction of human APCs (dendritic cells often resist HIV-1
infection despite internalization of the infectious particle [12,
15, 17, 34]). Our goal was to identify antigen-processing po-
tentials in the mouse system to inform follow-up studies with
human T cells.

The presence of a matched peptide sequence or subtype
need not correlate with T-helper cell reactivation toward HIV-
1-infected cells. To conduct T-cell assays, hybridomas were
washed and resuspended in complete tumor medium (13) and
added to flat-bottomed microliter plates at 10° cells/well.
C57BL/6 splenocytes (5 X 10° cells/well) were added to wells
along with target synthetic peptides (10 wM) or HIV-1-in-
fected cells for overnight incubation at 37°C and 10% CO.,.
The HIV-1-infected cells were CXCR4 GHOST cells (1 X 10°)
that had been infected 3 days previously with cloned HIV-
Inras, @ derivative of HIV-15. Uninfected GHOST cells
(1 X 10°) served as controls. After 1 day of T-cell stimulation,
supernatants were collected and IL-2 assays were performed.
We note that GHOST cell supernatants were also tested in
antigen presentation assays, but they did not trigger T-cell
activity, perhaps because the bulk of the virus was cell associ-
ated. Results from the hybridoma assays are shown in Fig. 1B
to E. Based on the comparisons of known T-cell peptide tar-
gets and the HIV-1y, ,.5 sequence (Fig. 1A), one might have
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Hybridoma Priming Subtype Target peptide alignment with pNL43 sequence: Location
Antigen ITQACPKVSFEPIPIHYCAPAGFAI. ./..KIGNMRQAHCNISRA c2/v3-C3
1007p1-22.1 1007 B ITQACPKVSFEPIPI c2
UGP1-81 UG92005 D ITFEPIPIHYCAPAG c2
1007P1-89 1007 B EPIPIHYCAPAGFAT c2
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FIG. 1. The peptide sequence within HIV-1 does not ensure T-cell activation. (A) Hybridomas are listed with the names, subtypes, and target
sequences of the priming antigens. The target sequences are aligned with sequences from HIV-1y, 4, 5. Residue differences are indicated in bold.
(B to E) The IL-2 responses of hybridomas 1007P1-89, 1007P3-11, 1007P1-22.1, and UGP1-81 toward peptides (10 pM) or GHOST cells (10° cells
either infected with HIV-1y; 4.5 or uninfected) were measured. The HIV-1y; 4.5 used for GHOST cell infections was prepared by first purifying
DNA (with a Qiagen maxiprep kit) from bacteria carrying the pNL4-3 infectious clone (originally derived from HIV-1;;5; National Institutes of
Health AIDS Research and Reference Reagent Repository [catalogue no. 114 for pNL4-3]). DNA was then used to transfect 293 T cells in
Dulbecco’s modified Eagle’s medium-L-glutamine (without fetal calf serum) with Lipofectamine plus reagent (Invitrogen) as recommended by the
manufacturer. After a 3-h incubation at 37°C and 5% CO,, cells were cultured in Dulbecco’s modified Eagle’s medium plus 20% fetal calf serum
for 2 days. The virus from 293 T-cell supernatants was expanded on GHOST-X4 cells (an osteosarcoma cell line; AIDS Research and Reference
Reagent Repository) in R10 medium (RPMI 1640, 10% fetal calf serum, glutamine, and antibiotics) for 3 days and stored frozen.

predicted that hybridomas 1007P1-22.1 and 1007P1-89 would
respond to HIV-1y, 4.5. This was not the case. Rather, hybrid-
omas 1007P1-89 and 1007P3-11 (Fig. 1B and C) did not re-
spond, while hybridomas 1007P1-22.1 and UGP1-81 (D and E)
were both responsive. Of particular interest was the lack of
responsiveness by hybridoma 1007P1-89, as its target sequence
was precisely matched with that of HIV-1,,5. Results
demonstrated that the presence of a target sequence within
HIV-1 did not ensure T-cell reactivity (3, 25, 36) and illus-
trated the influence of the peptide context on antigen pre-
sentation (5-7, 29).

It was also clear that the subtype of the immunogen used to
elicit T-cell activity did not predict T-cell responsiveness to the
virus (6). For example, hybridoma UGP1-81, which was elic-
ited by vaccination with an envelope of subtype D, was respon-
sive to the HIV-1y,,; subtype B virus, while hybridoma

1007P3-11, which was elicited by vaccination with an envelope
of subtype B, did not respond to another subtype B virus.
Gamma interferon-inducible lysosomal thiol reductase
(GILT) influences MHC class II-associated HIV-1 envelope
processing. Given that hybridomas 1007P1-22.1 and UGP1-
81.1 were responsive to envelope peptides presented by autol-
ogous splenocytes exposed to HIV-1-infected GHOST cells,
we had an opportunity to begin the dissection of antigen-
processing mechanisms necessary for T-cell reactivation. We
first noted that based on the X-ray crystal structure described
by Kwong et al. (16, 35), the target peptides of the 1007P1-22.1
and UGP1-81.1 hybridomas were both located in the vicinity of
two antiparallel beta sheets (Fig. 2A). The target sequence of
hybridoma 1007P1-22.1 straddled a disulfide-bonded cysteine
residue at the base of the V1/V2 loops, while the downstream
target sequence of hybridoma UGP1-81 straddled a different
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FIG. 2. Peptide context within the three-dimensional structure of the HIV-1 envelope. (A) The positions of target peptides for hybridomas
1007P1-22.1 and UGP1-81 are shown within the predicted three-dimensional structure of the gp120 envelope protein. The crystal formation was
previously described by Kwong et al. (HIV-1;;,53 sequence) (16, 35). Black arrows define nonparallel beta sheets; red boxes define positions of
disulfide bonds. Yellow, green, and blue regions identify positions of overlapping peptide targets for hybridomas 1007P1-22.1 and UGP1-81.
(B) T-cell hybridomas were stimulated with syngeneic splenocyte APCs and an array of peptides from the C2 region of the HIV-1 envelope protein.

disulfide-bonded cysteine residue. A further mapping of hy-
bridoma target epitopes is shown in Fig. 2C. Results confirmed
that the 1007P1-22.1 and UGP1-81 hybridomas had different
requirements for activation. Hybridoma 1007P1-22 responded to
peptides containing the QACPKVSFEP or QACPKITFEP se-
quence. Hybridoma UGP1-81 responded to peptides containing
the VSFEPIPIHYCAP or ITFEPIPIHYCAP sequence.

Based on the locations of the peptide targets, we questioned
whether disulfide bond reduction was a requirement for viral
antigen processing. Therefore, the virus-processing capacities
of splenocytes from C56BL/6 and GILT KO mice were com-
pared (18). Hybridoma experiments were performed as de-
scribed above, using the splenocytes from two different sources
as the APCs. Again, the antigen source was CXCR4 GHOST
cells (1 X 10°) that had been infected 3 days previously with
HIV-1. We found that GHOST cell cultures infected with

either HIV-1y; 4.5 or HIV-1,;;5 could be used interchangeably,
yielding similar results (despite possible differences between
the absolute envelope content in the two HIV-1-infected cell
populations). As seen in Fig. 3A, the processing of viral antigen
was significantly dampened in the absence of GILT for hybrid-
oma 1007P1-22.1 (P < 0.05, ¢ test). Control experiments with
synthetic peptide showed little difference between the
C57BL/6 wild-type and KO APCs. As shown in Fig. 3B, GILT
KO APCs were more comparable to C57BL/6 cells in their
capacities to present viral antigen to hybridoma UGP1-81 than
to hybridoma 1007P1-22.1, suggesting a lesser requirement for
GILT activity. As with hybridoma 1007P1-22.1, the synthetic
peptide for UGP1-81 was well presented by both types of
APCs, suggesting that MHC class II expression was normal for
GILT KO animals. This was confirmed by fluorescence-acti-
vated cell sorter (FACS) analyses using monoclonal antibodies
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FIG. 3. GILT influences peptide processing for T-helper cell activation. T cells were stimulated with APCs (splenocytes from C57BL/6J or GILT KO
mice) and either peptide or 10° GHOST cells (HIV-1;;;;, virus infected or uninfected; results with HIV-1;y5- and HIV-1y 4 s-infected GHOST cells were
similar [HIV-1y;;5 was provided by R. V. Srinivas and the NIH AIDS Research and Reference Reagent Repository]). Results are shown for hybridoma
1007P1-22.1 (A) and hybridoma UGP1-81 (B). (C) FACS profiles of splenocytes from C57BL/6 (top panel) and GILT KO (bottom panel) mice after
cell staining with anti-MHC class II antibodies (Pharmingen, catalogue no. 553552) and analysis on a FACScan (Becton Dickinson).

specific for MHC class II molecules; the MHC expression
patterns for C57BL/6 and GILT KO splenocytes were equiva-
lent (Fig. 3C). Results are consistent with the theory that GILT
assists in the unfolding of the heavily disulfide-bonded HIV-1
envelope protein and supports peptide release for MHC bind-
ing and T-cell activation. The differential requirements of the
1007P1-22.1 and UGP1-81 hybridomas for GILT activities may
simply relate to the greater proximity of 1007P1-22.1 target
peptides to the two disulfide bonds at the base of V1/V2. A
differential requirement for thiol reductase activity has been
similarly described for the presentation of two influenza virus
hemagglutinin peptides to T-helper hybridomas (30).

Antigen processing in the presence of leupeptin enhances
hybridoma 1007P1-22.1 activity. To examine the influence of
an additional endolysosomal enzyme on T-cell activation, we

tested the effects of leupeptin (an inhibitor of cysteine pro-
teases) on HIV-1 viral antigen processing. Expectations were
that the lack of cysteine protease might dampen antigen-pro-
cessing capacities. Leupeptin experiments involved the prein-
cubation of wild-type C57BL/6 mouse spleen cells with a drug
(500 M) for 1 hour and then incubation with GHOST cells
(HIV-1 infected or uninfected) for 4 to 5 h in the continued
presence of the drug. After the fixation and washing of APCs,
hybridomas 1007P1-22.1 and UGP1-81 were added for over-
night incubation and IL-2 assay. Synthetic peptides were used
as controls. Of interest is the fact that leupeptin significantly
enhanced the responsiveness of 1007P1-22.1 toward infectious
HIV-1 (P < 0.05, ¢ test) (Fig. 4A). There are a number of
possible explanations for this unexpected result. First, it is
possible that the cysteine protease activity yielded a target
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FIG. 4. The 1007P1-22.1 response is enhanced following APC
drug treatment with leupeptin. T-cell hybridoma activities were
measured by an IL-2 assay using syngeneic spleen cells that had
been pulsed with antigen in the presence or absence of leupeptin.
To prepare antigen-pulsed APCs, C56BL/6 splenocytes were first
incubated with or without leupeptin (used at a final concentration
of 500 wM; Calbiochem, San Diego, CA) for 1 h at 37°C and 10%
CO, Antigen was then added for a further 4-h incubation at 37°C
and 10% CO,. Cells were washed twice in phosphate-buffered sa-
line, pelleted by centrifugation, and suspended in 50 to 100 pl
formaldehyde (0.1% final concentration). After 1 min, 2 to 3 ml
undiluted heat-inactivated fetal calf serum (56°C, 45 min) was
added and cells were washed twice with complete tumor medium.
Antigens were either peptide (to yield a 10 uM final concentration),
HIV-1-infected GHOST cells (HIV-1;g-infected GHOST cells
were added to yield 10° cells/well; results with HIV-1;;;5 and HIV-
1npas Were similar), or uninfected GHOST cells (10° cells/well).
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peptide fragment of suboptimal size or content for interaction
with the I-A® MHC class II molecule. Alternatively, the cys-
teine protease may have released an unrelated peptide with a
superior affinity for the MHC peptide binding groove com-
pared to that of the 1007P1-22.1 peptide target. Competitive
inhibition may have then reduced target peptide-MHC inter-
actions and subsequent 1007P1-22.1 T-cell activity. Hybridoma
UGP1-81.1 was relatively unaffected by the presence of leu-
peptin during antigen processing (Fig. 4B).

The KO mouse and drug studies described here assist in the
identification of enzymes (e.g., GILT and cysteine proteases)
that may influence antigen processing in the context of HIV-
1-infected cells. The studies highlight the complex nature of
antigen processing, a feature that is not unique to infectious
HIV-1 and which has been predicted by previous work in this
and other research fields (2, 10, 20, 23, 27-29, 33)" Future goals
are to expand these studies to include tests of HIV-1 antigen
processing in human APCs for both CD4* and CD8" T-cell
populations. Despite obvious differences between mouse and
human models, it is of interest that “hot spots” of immuno-
dominant HIV-1 epitopes are often shared between mouse and
human populations and between CD4* and CD8" T-cell sub-
sets (5, 7,29, 37). This is particularly evident for peptides in the
C2 (e.g., VSFEPIPIHYCAP) and V3 regions of the HIV-1
envelope (29, 37). It is also of interest that mechanisms rele-
vant to MHC class I and class II antigen processing, once
thought to be entirely distinct, are now known to be influenced
by similar intracellular enzymes and organelles (1, 19, 30). This
may explain the sharing of HIV-1-specific epitopes between
CD4" and CD8" T-cell populations, a topic worthy of further
study.

A popular suggestion in the HIV-1 vaccine field has been
that one or a few consensus or ancestral HIV-1 sequences may
be sufficient to elicit protective T-cell responses toward diverse
HIV-1 isolates (11, 14, 31). Such suggestions rely on the sup-
position that vaccine sequences, if matched or partially
matched in the challenge virus, will be readily processed and
presented to T-cell populations. However, this may not be the
case if peptide contexts differ between the vaccine and the
challenge virus. An improved understanding of antigen-pro-
cessing mechanisms, partnered with knowledge of the HIV-1
sequence, may assist in the design of better vaccines. The
formulation of antigen cocktails rather than single-antigen an-
cestral or consensus sequence vaccines may increase the like-
lihood that (at least a portion of) vaccine-induced T cells will
see their targets in the event of HIV-1 exposure.

Conclusions. When T-helper cell hybridomas were assessed
for responsiveness to antigen in the context of live virus-in-
fected cells, only a portion of cells (1007P1-22.1 and UGP1-81)
were responsive. These results could not have been predicted
by knowledge of the T-helper cell target sequence, as the
immunogen target peptide used to elicit hybridoma UGP1-81
was nonidentical to that of HIV-1, 4 5, while the immunogen
target peptide used to elicit hybridoma 1007P1-89 was identical
to it. Furthermore, the responses could not have been pre-
dicted based on knowledge of the peptide subtype. The current
study and studies of other antigenic systems emphasize the
importance of peptide context on antigen presentation. In the
case of HIV-1, one might expect that a particular peptide-
specific T cell may have a different response pattern toward
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each different challenge virus. As one solution to the problem
of various peptide contexts, the use of HIV-1 vaccine cocktails
may be considered (13, 38). By increasing the diversity of
vaccine-induced lymphocytes, the likelihood of lymphocyte re-
activation toward any given HIV-1 challenge may be increased.
The efficacy of the cocktail vaccine approach has now been
demonstrated in a variety of fields (4, 8).

While the mouse studies begin to dissect influences on an-
tigen processing (e.g., GILT and cysteine proteases both alter
T-cell activities), further studies are needed. Future experi-
ments with primate systems may unravel the complexities of
antigen presentation in the context of various APCs (macro-
phage or dendritic cells), T-cells (CD4* or CD8" popula-
tions), and HIV-1 (CCR5 and CXCR4) sources. Such studies
may advance our comprehension of basic biological concepts
while informing the design of successful HIV-1 vaccines.
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