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An Evaluation of Enforced Rapid Proteasomal Degradation as
a Means of Enhancing Vaccine-Induced CTL Responses1

S. B. Justin Wong,2* Christopher B. Buck,2* Xuefei Shen,2† and Robert F. Siliciano3‡

The HIV-1 Gag protein is an attractive target for CTL-based vaccine strategies because it shows less sequence variability than
other HIV-1 proteins. In an attempt to increase the immunogenicity of HIV-1 Gag, we created Gag variants that were targeted
to the proteasomal pathway for rapid degradation. This enhanced rate of degradation was associated with increased presentation
of MHC class I-associated antigenic peptides on the cell surface. Despite this, immunizing mice with either plasmid DNA or
recombinant vaccinia vectors expressing unstable Gag failed to produce significant increases in bulk CTL responses or Ag-specific
production of IFN- � by CD8� T cells compared with mice immunized with stable forms of Gag. Production of IFN-� by CD4�

T cells was also impaired, and we speculate that the abrogation of CD4� T cell help was responsible for the impaired CTL
response. These results suggest that vaccine strategies designed to increase the density of peptide-MHC class I complexes on the
surfaces of APC may not necessarily enhance immunogenicity with respect to CTL responses.The Journal of Immunology, 2004,
173: 3073–3083.

T here is now considerable interest in vaccine strategies that
enhance the induction of Ag-specific CTL (for a review,
see Ref. 1). These approaches are dependent upon rapidly

advancing basic knowledge of Ag-processing pathways (for re-
views, see Refs. 2 and 3). One potential strategy involves targeting
of vaccine Ags directly into the MHC class I Ag-processing path-
way, with the goal of providing a higher density of peptide/MHC
class I complexes on the surfaces of APCs involved in the induc-
tion of CTL responses (4–11). The presumption has been that
higher Ag densities might stimulate stronger CTL responses. En-
hanced presentation of rapidly degraded Ags was initially ob-
served by Townsend et al. (10), who showed that targeting of Ags
for rapid proteasomal degradation could enhance their processing
and presentation in association with MHC class I. Rapid protea-
somal degradation was subsequently used by other groups to en-
hance CTL responses to various model Ags (7–9, 12, 13). En-
hanced CTL responses have also been observed when the entire
processing reaction is bypassed by expression of minimal CTL
epitopes targeted to the endoplasmic reticulum by a signal se-
quence (6). The enhancement of CTL responses observed in these
experimental systems supports the idea that targeting Ags to un-
dergo rapid cytoplasmic degradation might be a useful vaccine
strategy in cases in which the induction of CD8� CTL is the de-
sired outcome.

Additional recent studies have raised questions about the utility
of this approach. The importance of ubiquitin-dependent protein
degradation in class I processing has been questioned (14, 15), and

it is unclear whether the enhancement of CTL responses observed
in in vitro assays of cytolytic function is of sufficient magnitude to
warrant incorporation of this strategy into vaccines. It has been
reported that targeting the hepatitis C virus core Ag for proteaso-
mal degradation via the ubiquitin pathway does not enhance the
Ag-specific CTL response (16). Recent studies suggest that while
increasing epitope density generally primes a larger primary CTL
response, excessive epitope density may not confer any additional
benefit (17, 18). Careful studies by Bullock et al. (19) have un-
covered a complex relationship between epitope density and the
magnitude and avidity of primary, memory, and recall CTL re-
sponses. Importantly, they demonstrated that the induction of high
avidity effectors was facilitated by priming with dendritic cells
loaded with intermediate amounts of antigenic peptide. There is
the additional concern that targeting an Ag into the class I pathway
might reduce class II-restricted presentation and the provision of T
cell help for the CTL response (20–22).

To evaluate the utility of degradation targeting strategies for
enhancing vaccine-induced CTL responses, we have analyzed sev-
eral different approaches for directing the HIV-1 Gag protein into
the MHC class I Ag-processing pathway. Gag is an Ag of great
interest because of its relatively high degree of conservation
among HIV-1 isolates. Our results demonstrate that even when
such strategies successfully increase the density of antigenic pep-
tide-MHC complexes on the cell surface, the induction of en-
hanced CTL responses in vivo is not guaranteed and responses
may in fact be blunted.

Materials and Methods
Plasmid construction

The ubiquitin fusion vector pUbMgag was constructed by amplifying ubiq-
uitin from murine genomic DNA using the primers CCTGGTACCGC
CACCATGCAGATCTTCGTGAAAACC and GACGCTCGAGCCAT
ACCACCGCGGAGACGCAGGACCAGGTGCAG. The resulting PCR
product was digested with Acc65I and XhoI, then cloned into pGag (23)
prepared by digestion with Acc65I and XhoI. The ubiquitin open reading
frame (ORF)4 was then appended with a linker segment derived from the
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bacterial LacI gene. This linker segment, termed eK, encodes exposed ly-
sine residues suitable for ubiquitin side-chain conjugation (24, 25). The
methionine-eK segment was amplified by PCR from DNA derived from
Escherichia coli strain XL1-blue (Stratagene, La Jolla, CA) using the prim-
ers (reading from 5� to 3�) GACGCTCGAGCACCCATTCGGGAAAC
CTGTCGTGCC and GTCTCCGCGGTGGTATGCACGGCTCCGGCG
CCTGGCTGTTGCCCGTCTCACTGGTG. The resulting Ub-M-eK-gag
ORF was digested with Acc65I, blunted with T4 DNA polymerase (NEB,
Beverly, MA), then digested with XbaI. The trimmed insert was ligated
into vaccinia thymidine kinase transfer vector pSC11MCS1 that had been
prepared by digestion with SmaI and NheI. The gag ORF of the resulting
vector, pvMeK, was then appended with SIINFEKL epitope by PCR using
primers CAGTAGCAACCCTCTATTGTGTG and GAAGGCCTCACA
GTTTTTCAAAGTTGATGATACTCTCCAGCTGCTCCAGTTGGCTAG
AGGGGTCG. The resulting PCR product was ligated into pvMeK using
AvrII and StuI to create the vector pvUbMgag.

Ubiquitin fusion vector pUbRgag was created by fusing Ub to a Gag
mutant carrying a destabilizing deletion of residues 42–56 (26). This Gag
mutant was generated by PCR using the primers ATTTGTCTACAT
AGCTCCCTGCTTGCCCATAC and ACCATGGGTGCTCGAGCGTCAG.
The resulting PCR product was digested with XhoI and AccI, then cloned
into pBgag (a pBluescript Gag shuttle (23) prepared by digestion with
XhoI, followed by partial digestion with AccI). The mutagenized sequence
was transferred into pCIgag using Acc65I and SphI. The arginine-eK linker
sequence in vector pUbRgag was generated using the primer GTCTC
CGCGGTGGTAGACACGGCTCCGGCGCCTGGCTGTTGCCCGTCTC
ACTGGTG. The resulting Ub-R-eK-mutant gag ORF was transferred into
pSC11MCS1, as described above, and appended with SIINFEKL epitope,
as described above.

pvShuf, a vaccinia transfer vector that encodes a shuffled series of gag
fragments, was generated by PCR amplification of the gag gene of HIV-1
HXB2. A segment encoding Gag aa 16–47 was amplified using the prim-
ers ACGTTCTAGATGGGAAAAAATTCGGTT and AGCATAGCTAG
CATTAACTGCGAATCGTTCTAG. DNA encoding Gag aa 68–103 was
amplified using the primers AGTCTCTAGACTTCAGACAGGATCAGA
AGAA and ACGATAGCTAGCCTTGTCTAAAGCTTCCTTGGT. DNA
encoding Gag aa 136–285 appended with a His tag and stop codon was
amplified using the primers ACGTAATCTAGACAGAACATCCAGG
GGCAAATGG and ACGATAGCTAGCCTAGTGATGGTGGTGATGGT
GGTGGTG TATGTCCAGAATGCTGGTAGGG. DNA encoding an ini-
tiator methionine codon followed by DNA encoding Gag aa 286–500 was
amplified using the primers ATGCTCTAGACACACCATGAGACAAG
GACCAAAGGAACCC and CATGATGCTAGCTTGGCTAGAGGGGT
CGTTGC. All of the 5� primers contain an XbaI site, and the 3� primers
contain NheI site. The PCR products were cut with both restriction en-
zymes and gel purified. The gel-purified fragments were ligated in a suc-
cessive series of cloning steps into the XbaI site of pCI-PRE. The final
shuffled construct encodes a series of fragments encoding Gag aa 286–500,
68–103, 16–47, and 136–285. An XbaI to StuI restriction fragment car-
rying the shuffled ORF was transferred into vaccinia shuttle vector
pSC11MCS3 prepared by digestion with SpeI and StuI. The shuffled ORF
of the resulting vector was appended with the SIINFEKL epitope by PCR
amplification using the primers CAGTAGCAACCCTCTATTGTGTG and
ATAGGCCTCACAGTTTTTCAAAGTTGATGATACTCTCCAGCTGC
TCCAGAATGCTGGTAGGG. The resulting PCR product was reintro-
duced to the vector using restriction enzymes NsiI and StuI.

Each of the finished SIINFEKL-appended ORFs was transferred into the
pCI-PRE vector backbone (23) by transferring an NheI-StuI fragment of
each vaccinia transfer vector into pCIgag prepared by digestion with XbaI,
blunting with T4 DNA polymerase, then digestion with NheI. A vector
encoding wild-type Gag appended with SIINFEKL epitope was con-
structed by ligating an NheI-SphI fragment of pIgag into pUbRgag pre-
pared by digestion with NheI and SphI.

The vector pVGE encodes a Gag-EGFP (enhanced GFP) fusion protein.
To remove the native gag stop codon, pGAG was modified by PCR
mutagenesis using the primers ATCGCCTAGGAAAAAGGGCTGT
and GCTCTAGAGCCGGATCCAGTTGGCTAGAGGGGTCGTT. The
resulting PCR product was ligated into pGAG using restriction enzymes
AvrII and XbaI. An NheI-XbaI fragment of pEGFP-N1 (BD Clontech, Palo
Alto, CA) was ligated into the XbaI site of the stop codon-deleted gag
vector. A fragment encoding the gag-EGFP ORF was prepared by partial
digestion with BglII, blunted using T4 DNA polymerase, followed by
digestion with ClaI. The resulting fragment was then ligated into pRetro-
Off (BD Clontech) prepared by digestion with XhoI, treatment with T4
DNA polymerase, and digestion with AccI.

Cell lines

The H-2d mastocytoma line P815 was a gift from M. Soloski (Johns Hop-
kins School of Medicine, Baltimore, MD). The C57BL/6 fibrosarcoma line
MC57G was provided by D. Pardoll (Johns Hopkins School of Medicine).
Both lines were maintained in RPMI 1640 (Invitrogen Life Technologies,
Carlsbad, CA) supplemented with penicillin/streptomycin (Invitrogen Life
Technologies) and 10% FCS (RPMI-10). Construction of the stable line
PVGE was accomplished by transfecting P815 cells with plasmid pVGE
using Lipofectamine Plus (Invitrogen Life Technologies). The transfected
cells were selected and maintained in 1 �g/ml puromycin. Clones were
screened for expression of Gag-EGFP fusion protein by FACS and anti-
Gag Western blot (data not shown).

Pulse-chase experiments

Pulse-chase experiments were conducted, as previously described (23).
Briefly, MC57G cells were infected with the indicated vaccinia expression
vectors for 16 h at 37°C. Infected cells were then labeled with [35S]Cys-
Met mixture for 20 min at 37°C, then chased with an excess of unlabeled
Cys and Met for 0, 30, 60, or 120 min. Labeled cells were subjected to
immunoprecipitation using a polyclonal anti-HIV Gag Ab. The t1/2 of the
relevant protein species was calculated by PhosphorImager analysis (Mo-
lecular Devices, Sunnyvale, CA).

Vaccinia viruses

Vaccinia expression vectors were constructed using a standard homologous
recombination procedure, followed by three rounds of plaque purification
(27). Vaccinia vectors were titered on CV-1 cells by standard
procedures (27).

Mice

Six-week-old female BALB/c and C57BL/6 mice were obtained from the
National Cancer Institute. All animal work was performed in accordance
with protocols approved by the Animal Care and Use Committee of the
Johns Hopkins School of Medicine. Three mice were used for each vac-
cination condition. For analysis of primary responses, mice were chal-
lenged by tail vein injection with 1 � 107 PFU of vaccinia virus diluted in
100 �l of HBSS (Invitrogen Life Technologies). Six days postvaccination,
the mice were sacrificed, and their splenocytes were harvested. Spleens
were homogenized by passage through a 70-�m mesh filter (Falcon). The
resulting splenocyte suspension was washed and resuspended in RBC lysis
buffer (150 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA, pH 7.2), then
washed twice and resuspended in RPMI-10. In DNA prime-vaccinia boost
experiments, the mice were primed by i.m. immunization in each lower
limb with 50 �g of plasmid DNA prepared using Endofree Plasmid Mega
Kits (Qiagen, Valencia, CA) and diluted in a final volume of 50 �l of PBS.
Two to 4 wk later, mice were challenged i.v. with 3 � 106 PFUs of the
relevant vaccinia virus. Three days after vaccinia challenge, splenocytes
were harvested, as described above.

Peptides

The well-characterized H-2Kb-restricted OVA peptide SIINFEKL (28) was
a generous gift from J. Schneck (Johns Hopkins School of Medicine). The
H-2Kd-restricted gag peptide P7G (AMQMLKETI) (29) was synthesized
by the Biosynthesis & Sequencing Laboratory, Johns Hopkins University.

Chromium release assays

Target P815 or MC57G cells were dislodged by treatment with PBS con-
taining 0.5 mM EDTA. Cells were washed in RPMI-10 and then labeled
with 100 �Ci of 51Cr (Amersham Biosciences, Piscataway, NJ) with or
without 10 �g/ml antigenic peptide at 37°C for 2 h. Radiolabeled targets
were washed three times, diluted to 2.5 � 104 cells/ml in RPMI-10, and
plated at 100 �l/well in 96-well V-bottom plates. Freshly harvested effector
splenocytes from vaccinated mice were added to quadruplicate wells at the
indicated E:T ratios. Plates were spun for 5 min at 200 � g, and incubated
for 12 h (primary response) or for 4 h (secondary response) at 37°C in a
humidified incubator with 5% CO2. A total of 50 �l of supernatant was
removed from each well and assayed on a Lumaplate using a TopCount
solid-state scintillation counter (Packard Instrument, Meriden, CT). Percent
specific lysis was calculated using the formula 100 � ((experimental lysis
–medium lysis)/(Nonidet P-40 lysis –medium lysis)). The figures show net
specific lysis in which background lysis of parental P815 or MC57G cells
has been subtracted from the lysis of Ag-expressing targets.
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Flow cytometry

Surface staining of vaccinia-infected MC57G cells for H-2Kb/SIINFEKL
complexes was accomplished using mAb 25-D1.16, a kind gift from R.
Germain (National Institutes of Health, Bethesda, MD) (28). The cells were
infected with vaccinia vectors encoding EGFP, Gag-SIINFEKL Ags, or the
control vaccinia vector vSC8 at a multiplicity of infection of 3 for the times
shown in Fig. 3. The infected cells were then incubated with 50 �l of
25-D1.16 hybridoma supernatant for 1 h on ice, washed, and stained with
FITC-conjugated goat anti-mouse IgG (Caltag Laboratories, Burlingame,
CA) for 30 min. For intracellular staining assays, 5 million splenocytes
were stimulated by incubation with 10 �g/ml peptide or 5 �g/ml rHIV-1
Gag p24 capsid protein (Protein Sciences, Meriden, CT) in RPMI-10 sup-
plemented with 55 �M 2-ME (Invitrogen Life Technologies) at 37°C in a
humidified incubator with 5% CO2. Peptide stimulation was performed for
4 h in the presence of Golgistop reagent, after which the cells were fixed
and permeabilized using the Cytofix/Cytoperm kit (BD Pharmingen, San
Diego, CA), according to the manufacturer’s instructions. Permeabilized
splenocytes were stained with FITC-conjugated rat anti-mouse IFN-� (BD
Pharmingen; clone XMG1.2), PE-conjugated rat anti-mouse CD8a (BD
Pharmingen; clone 53-6.7), and PerCP-conjugated Armenian hamster anti-
mouse CD3e (BD Pharmingen; clone 145-2C11). Stimulation with HIV-1
p24 was performed overnight, after which Golgistop was added for an
additional 3 h. The splenocytes were then fixed, permeabilized, and stained
with FITC-conjugated rat anti-mouse IFN-� together with PE-conjugated
rat anti-mouse CD4 (BD Pharmingen; clone GK1.5). Stained cells were
analyzed using a FACSCalibur and CellQuest software (BD Biosciences,
San Jose, CA).

Cytokine ELISA

Five million splenocytes were stimulated by overnight incubation with 5
�g/ml control baculovirus protein or rHIV-1 p24 (Protein Sciences) in
RPMI-10 supplemented with 55 �M 2-ME. Supernatant samples were col-
lected and assayed for secreted IFN-� in triplicate using a mouse IFN-�
ELISA kit, according to the manufacturer’s instructions (Pierce,
Rockford, IL).

Detection of H-2Kb/SIINFEKL complexes by SIINFEKL-specific
T cells

OT-I mice on a Rag1�/� background were kindly provided by T. Shin
(Pardoll lab, Johns Hopkins School of Medicine). These mice were immu-
nized i.v. with 1 � 107 PFU of either recombinant vaccinia vector ex-
pressing the SIINFEKL epitope as a minigene (provided by J. Yewdell,
National Institutes of Health), or control vaccinia vSC8. Three days later,
the mice were sacrificed, and effector splenocytes were obtained, as de-
scribed above. MC57G target cells were infected for 8 h at a multiplicity
of infection of 10 with recombinant vaccinia vectors expressing the various
Gag-SIINFEKL fusion proteins or with the control vaccinia vSC8. For
intracellular staining of IFN-�, 3 � 105 target cells were mixed with 3 �

106 effectors in a flat-bottom 96-well microtiter plate for 4 h in the presence
of Golgistop. The cells were fixed and permeabilized, then stained with
FITC-conjugated rat anti-mouse IFN-� (BD Pharmingen), PE-conjugated
rat anti-mouse CD8a (BD Pharmingen), and PerCP-conjugated Armenian
hamster anti-mouse CD3e (BD Pharmingen), and analyzed by flow
cytometry.

Results
Construction of rapidly degraded forms of HIV-1 Pr55gag

Our initial attempts at destabilizing Gag showed that the protein is
remarkably resistant to a variety of degradation signals, including
a PEST sequence (30), the p53 degradation box (31), the yeast
cup9 ORF (32), fusion to a signal sequence minus form of HIV-1
Env protein (33), and destabilizing mutations in the matrix domain
and nucleocapsid domains (26, 34) (data not shown). We found
that the matrix mutant with a deletion in residues 42–56 had a t1/2

of �2 h (Table I), which we deemed too long to be suitable for our
studies.

Cellular ubiquitin C-terminal hydrolases (UCHs) are proteases
that cleave polyubiquitin precursor proteins into individual ubiq-
uitin fragments. Some proteins have displayed dramatically re-
duced t1/2 when expressed as fusion proteins with ubiquitin mu-
tants resistant to UCH activity (25). However, ubiquitin-Gag
fusion proteins rendered noncleavable by either ubiquitin G76A or
�74–76 mutations failed to demonstrate significantly reduced in-
tracellular t1/2 (Table I).

We also investigated the possibility of targeting Pr55gag for
rapid intracellular degradation using the N-end rule pathway,
which was first described by Varshavsky and colleagues (35, 36).
It was observed that proteins with certain destabilizing amino acids
at the N termini were targeted for rapid proteasomal destruction.
Exposure of destabilizing N-terminal residues can be accom-
plished by making use of UCHs, which cleave immediately fol-
lowing the C-terminal Arg-Gly-Gly motif of ubiquitin, regardless
of the identity of the amino acid that follows the motif (with the
exception of proline, which is cleaved slowly). This feature of the
UCHs is useful for exposing destabilizing N-terminal amino acids,
such as arginine. We found that ubiquitin-arginine wild-type Gag
that is cleaved by UCHs to reveal a destabilizing arginine residue
at the N terminus of Gag did not have a significantly reduced t1/2

(Table I). For some proteins, a short leader encoding exposed ly-
sine residues (eK) is required for efficient degradation by the N-end

Table I. Turnover rates of Gag constructs

Degradation Signal t12 (hours) Comments (see text for references)

Wild-type Gag 6
Noncleavable Ub-Gag 6 Ubiquitin fusion rendered noncleavable by ubiquitin G76A or �74–76 mutation
�42–56 2 Destabilizing matrix mutant discovered by random mutagenesis
Ub-R-(no eK)-wild-type Gag 6 Ubiquitin-Arginine (no linker sequence from lac inhibitor) fused to wild-type Gag
Ub-R-eK-wild-type Gag 2 Ubiquitin-Arginine-eK fused to wild-type Gag

FIGURE 1. Pulse-chase analysis of Gag stability in cells infected with vaccinia vectors expressing various forms of Gag. MC57G cells were infected
with the indicated vaccinia vectors for 16 h. Infected cells were labeled with [35S]Cys-Met mixture for 20 min, then chased with an excess of unlabeled
Cys and Met for 0, 30, 60, or 120 min. Labeled cells were subjected to immunoprecipitation using a polyclonal anti-HIV-1 Gag Ab. The t1/2 of each protein
species (in minutes) was calculated by densitometric analysis (Molecular Devices).
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rule pathway, presumably by providing suitable substrates for
ubiquitin isopeptide side-chain attachment (35, 36). Addition of
such a Ub-R-eK leader reduced the t1/2 of Pr55gag to �2 h (Table
I). A combined strategy of placing the Ub-R-eK leader onto the
�42–56 matrix mutant (see above) resulted in a protein with a t1/2

of 10 min (Fig. 1).
The Ub-dependent pathway plays an important role in degrading

damaged, misfolded proteins (37–39). We reasoned that if the nor-
mal secondary structure of Pr55gag were disrupted, the resulting
protein might be recognized as defective and targeted for rapid
degradation. To accomplish this disruption, we rearranged the or-
der of four fragments of the Pr55gag ORF to construct a novel
shuffled gag ORF predicted to encode a 51-kDa protein. The selected

fragments of Pr55gag preserved segments of the protein that are rich
in known human MHC class I and II epitopes (40). In pulse-chase
experiments, the protein encoded by the shuffled gag ORF had a t1/2

of 20 min, whereas wild-type Pr55gag has a t1/2 of �6 h (Fig. 1). Use
of the proteasome inhibitor lactacystin prevented rapid degradation of
the shuffled Gag protein, suggesting that the shuffled protein was de-
graded via the proteasomal pathway (data not shown).

MHC class I processing of stable and unstable Gag proteins

To test whether the rapid degradation of Gag protein increased the
rate or amount of presentation of peptide epitopes by MHC class
I, we appended each of the constructs shown in Fig. 1 with the
H-2Kb-restricted SIINFEKL epitope derived from chicken OVA.

FIGURE 2. Flow cytometric analysis of H-2Kb/SIINFEKL staining of MC57G cells infected with vaccinia vectors expressing various forms of Gag. Left
panel, Fluorescence of MC57G cells infected with EGFP-expressing vaccinia over the indicated time course. Right panel, MC57G cells were infected with
the indicated recombinant vaccinia vectors expressing various forms of Gag appended with SIINFEKL. At various time points, infected cells were probed
for surface SIINFEKL/H-2Kb complexes using the mAb 25-D1.16 and FITC-conjugated goat anti-mouse IgG. For both panels, net fluorescence intensity
at each time point was calculated by subtracting the fluorescence of cells infected with the control vaccinia vector vSC8. Data from one of two independent
experiments are shown.

FIGURE 3. The response of T cells to SIINFEKL/H-2Kb complexes on the cell surface. OT-I mice on a Rag1�/� background were used to generate naive or
activated splenocytes by immunization with control vaccinia vSC8 or recombinant vaccinia expressing the SIINFEKL epitope as a minigene, respectively. MC57G
target cells were infected with vSC8 or the indicated recombinant vaccinia expressing either stable or unstable Gag-SIINFEKL fusion proteins for 8 h. Target cells
were subsequently added to OT-I effectors for an additional 4 h at an E:T ratio of 10:1. The cells were then fixed, permeabilized, stained, and analyzed by flow
cytometry. The analysis was conducted on cells gated for expression of both CD3e and CD8a. The percentages reflect CD3�CD8� cells, which are also IFN-��.
Similar results were obtained using unimmunized mice to generate naive splenocytes. Data represent one of two similar experiments.
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Germain and colleagues (28) have generated a mAb with a high
affinity for the complex of SIINFEKL with H-2Kb. We used this
Ab to track the appearance of H-2Kb/SIINFEKL complexes on the
cell surface, as an indicator of the rate and degree of MHC class
I-restricted processing of the degradation-targeted constructs.
FACS analysis of murine MC57G cells infected for various times
with vaccinia vectors encoding SIINFEKL-tagged Gag proteins
showed that the appearance of H-2Kb/SIINFEKL complexes pro-
ceeded with faster kinetics and reached higher steady state levels
in cells infected with the unstable Gag constructs (Fig. 2, right
panel). Using GFP as a reporter, the kinetics of insert protein syn-
thesis by the vaccinia vector is demonstrated in the left panel of
Fig. 2. The results we obtained are consistent with the concept that
targeting Gag for rapid degradation increases the rate at which it is
processed for MHC class I presentation.

We wanted to demonstrate that this increase in the presentation
of H-2Kb/SIINFEKL complexes on the cell surface could be dis-
tinguished by T cells. T cells from OT-I mice are transgenic for a
TCR specific for H-2Kb/SIINFEKL complexes. We assayed the
response of OT-I splenocytes to MC57G targets infected with re-
combinant vaccinia vectors expressing wild-type or rapidly de-
graded Gag tagged with the SIINFEKL epitope. By 10 h after
infection with vaccinia vectors, levels of H-2Kb/SIINFEKL com-
plexes on the surface of MC57G cells have reached a plateau (Fig.
2). We found that the IFN-� response of naive OT-I splenocytes
correlated directly with the amount of cell surface H-2Kb/SIIN-
FEKL as assayed by staining with Ab (compare Figs. 2 and 3,
upper panel). The increased amount of H-2Kb/SIINFEKL com-
plexes generated on the cell surface by rapidly degraded Gag con-
structs tagged with SIINFEKL was associated with an increase in
the proportion of IFN-�-producing naive OT-I CD3� CD8�

splenocytes in this assay. No such correlation was observed when
the assay was repeated using activated H-2Kb/SIINFEKL-specific
effectors derived from OT-I mice that had been previously immu-
nized with recombinant vaccinia expressing the SIINFEKL
epitope as a minigene (Fig. 3, lower panel). Taken together, these
results demonstrate that the increased level of epitope expression
resulting from enforced proteasomal degradation improves re-
sponses of naive CD8� T cells, while activated T cells, which have

a lower triggering threshold, do not exhibit increased responses in
vitro.

Primary CTL responses to stable and unstable Gag proteins

The faster kinetics and higher overall levels of MHC class I pro-
cessing of rapidly degraded Gag Ags might lead to an enhanced
induction of CTL responses in mice vaccinated with vShuf or
vUbRgag. To address this question, we examined the primary CTL
responses of mice vaccinated i.v. with these vaccinia vectors.
BALB/c mice were vaccinated with 3 � 106 PFUs of vGag, vShuf,
vUbMgag, vUbRgag, or the control vaccinia vector vSC8. Six
days after this vaccination, splenocytes were prepared for use in
51Cr release assays. By using relatively high E:T ratios and long
(10- to 12-h) incubation periods, the induction of CTL in a primary
immune response can be directly measured without an in vitro
stimulation (6). Fig. 4 shows the net specific lysis of cells pulsed
with an immunodominant Gag peptide, P7G. A similar pattern was
observed when PVGE, an H-2Kd cell line that stably expresses a
Gag-EGFP fusion protein, was used as a target. Mice vaccinated
with vaccinia expressing unstable Gag, vUbRgag, exhibited anti-
Gag CTL activity very similar to that seen in mice vaccinated with
the stable Gag vaccinia vector vUbMgag. Likewise, vShuf-vacci-
nated mice exhibited CTL responses that were similar to responses
seen in mice vaccinated with vGag. The data suggest that in the
setting of a single vaccination, rapidly degraded forms of Gag do
not dramatically enhance the induction of a primary anti-Gag CTL
response.

Anti-Gag memory responses in a DNA prime/vaccinia challenge
model

There is a great deal of current interest in AIDS vaccine strategies
involving a plasmid DNA prime, followed by a live virus boost
(41). We used a DNA prime/vaccinia challenge system to further
investigate the impact of Gag t1/2 on the stimulation of CTL re-
sponses. Mice were vaccinated i.m. with 100 �g of a plasmid
construct expressing wild-type Pr55gag, allowed to rest for 3 wk,
then challenged i.v. with 3 � 106 PFUs of vaccinia vectors ex-
pressing stable or unstable Gag. Three days after the vaccinia chal-
lenge, splenocytes were isolated and analyzed for Ag-specific cy-
tolytic activity or subjected to intracellular staining for Ag-induced
IFN-� production.

Unexpectedly, mice challenged with vaccinia vectors expressing
unstable forms of Gag (vShuf and vUbRgag) exhibited lower Gag
P7G peptide-specific CTL responses than mice challenged with
stable Gag vaccinia vectors (vGag or vUbMgag) in a standard 4-h
51Cr release assay (Fig. 5A). Similar results were obtained using
CTL targets stably expressing Gag-GFP (data not shown).
Splenocytes stimulated with P7G peptide and assayed for in-
tracellular IFN-� also demonstrated a reduced response in mice
challenged with recombinant vaccinia expressing unstable
forms of Gag (Fig. 5B).

Unstable forms of Gag might be present at much lower steady
state levels than stable forms of Gag, and less Ag might be avail-
able for MHC class II processing. To address this question, we
stimulated splenocytes from pGag DNA-primed/vaccinia-boosted
mice with rGag p24 (the capsid domain of Pr55gag), stained the
cells for CD4 and intracellular IFN-�, and subjected them to FACS
analysis. As seen in the bottom panel of Fig. 5C, the p24-specific
CD4� responses of mice primed with pGag and boosted with vac-
cinia vectors expressing stable forms of Gag (vGag and vUbMgag)
were higher than the responses seen in mice boosted with vaccinia
vectors expressing unstable forms of Gag (vShuf and vUbRgag).
The result is consistent with the concept that constitutive degra-
dation of Gag results in blunted CD4� T cell responses to the Ag.

FIGURE 4. Primary CTL responses of BALB/c mice. Mice were im-
munized with 1 � 107 PFU of vSC8 or recombinant vaccinia encoding
stable or unstable Gag. Six days later, splenocytes were isolated and used
directly in a 12-h ex vivo chromium release assay for cytolytic activity
without restimulation. The percent specific lysis of 51Cr-labeled P815 tar-
get cells pulsed with the P7G Gag peptide is shown.
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FIGURE 5. Continues
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We also used a plasmid DNA prime/vaccinia challenge strategy
to examine the memory responses of C57BL/6 mice to the H-2Kb-
binding SIINFEKL peptide appended to the C terminus of each of
the Gag species. As shown in Fig. 2, this peptide is processed for
MHC class I presentation with faster kinetics when appended to
the unstable Gag species encoded by vShuf and vUbRgag. Despite
the faster processing kinetics, CTL responses to the SIINFEKL
epitope were blunted in mice challenged with the vaccinia viruses
vShuf or vUbRgag (Fig. 6A). The same result was obtained when
splenocytes were stimulated with SIINFEKL peptide and analyzed
for IFN-� production by CD3�CD8� cells (Fig. 6B). Thus, the
failure of enforced rapid degradation to enhance Gag-specific CTL
responses was observed with different epitopes, including one for
which enhanced processing was directly demonstrated in vitro. It
is interesting to note that the Gag construct with the shortest t1/2,
UbRgag, also exhibited the most drastic reduction in SIINFEKL-
specific CTL activity and IFN-� production (compare Figs. 1 and
6, A or B). This was associated with a decrease in the CD4� re-
sponse to rGag p24 (Fig. 6C).

Finally, we examined the efficiency of CTL priming in mice
vaccinated with plasmid constructs encoding stable or unstable
forms of Gag. For these experiments, BALB/c mice were first
vaccinated with plasmids pUbMgag, pUbRgag, or a plasmid en-
coding irrelevant Ag (pCAT). The mice were then challenged i.v.
with 3 � 106 PFUs of a vaccinia vector expressing a stable form
of Gag (vGag). Mice primed with plasmid DNA expressing an
unstable form of Gag (pUbRgag) generated much less Gag-spe-
cific CTL activity than mice primed with a stable form of Gag (Fig.
7A). Similar results were obtained when P7G peptide was used to
stimulate splenocytes that were then assayed for IFN-� production
by flow cytometry (Fig. 7B). We also analyzed the production of
IFN-� by CD4� splenocytes stimulated with HIV-1 p24 and ob-
tained much weaker Ag-specific responses in mice primed with
plasmid expressing unstable Gag (data not shown). Because the
frequency of CD4� IFN-�� cells was low, particularly in mice
primed with pUbRgag, we decided to assay the culture supernatant
of p24-stimulated splenocytes for IFN-� by ELISA. Splenocytes
from mice primed with unstable Gag secreted less IFN-� than cells
from mice primed with stable Gag (Fig. 7C). Thus, the decreased
response to unstable Gag was observed both at the initial priming
stage as well as the subsequent memory phase of the response.

Discussion
Successful attempts to increase the induction of Ag-specific CTL
by forcing rapid degradation of the vaccine Ag have been reported
by several groups (4–12). We show in this study that even when
enhanced processing and presentation of a vaccine Ag can be di-
rectly demonstrated, this does not necessarily result in increased
immunogenicity. Two different rapidly degraded forms of the
HIV-1 Gag protein failed to show significantly increased immu-
nogenicity in mice following delivery by DNA vaccination or by
vaccinia vectors. The degradation targeting strategies used in this
study clearly increased the rate of appearance and steady state
levels of antigenic peptide/MHC class I complexes on the surfaces
of APCs. The failure of these strategies to enhance CTL induction

in vivo provides an important caveat to this approach for enhanc-
ing immunity.

We have considered several potential explanations for the fail-
ure of enforced rapid degradation to enhance Gag-specific CTL
responses in vivo. Recent studies have suggested that defective
ribosomal initiation products (DriPs) may be a major source of
antigenic peptides presented in association with MHC class I (3,
42, 43). One prediction of the proposition that DRiPs are a prin-
cipal source of antigenic MHC class I peptides is that the targeting
of fully translated proteins to the MHC class I processing pathway
should result in only modest increases in the levels of antigenic
peptide. However, when mature Gag-SIINFEKL fusion protein
was targeted for rapid intracellular destruction, we observed sub-
stantial increases in the levels of MHC class I/SIINFEKL com-
plexes on the surface of cells expressing the Ag (Fig. 2). Although
details concerning the biogenesis of DRiPs remain unclear, it is
assumed that they arise when translation fails to produce a full-
length, correctly folded protein, producing instead a defective pro-
tein product that is subject to rapid destruction by the proteasome.
It is generally thought that the majority of ribosomes scan from the
5� cap of a given mRNA, then translate a single ORF. It is thus
conceivable that DRiP activity is focused around reading frames
nearer the 5� end of an mRNA. Because the SIINFEKL epitope we
have studied in this work was appended to the extreme C terminus
of Gag, it is possible that the epitope resides in a portion of the
mRNA that is relatively free from DRiP activity. It would thus be
interesting to examine the MHC class I processing of epitopes
located closer to the 5� end of rapidly degraded Ags.

During the primary response, the priming of CTLs has been
demonstrated to proceed in a graded fashion with increasing levels
of epitope density (17, 18, 44). However, excessive levels of
epitope may not prime larger numbers of functional Ag-specific
CTLs as measured by bulk CTL activity or by intracellular staining
for IFN-� at the peak of the primary response �1 wk after immu-
nization (17, 18). In agreement with these previous findings, the
immunization of mice with recombinant vaccinia expressing un-
stable Gag constructs that gave rise to higher levels of peptide-
MHC class I complexes on the cell surface failed to generate larger
primary CTL responses than control vaccinia expressing stable
Gag (compare Figs. 2 and 4). The priming of naive T cells with
supraoptimal epitope levels also appears to have consequences for
the resultant memory cells. Bullock et al. (19) reported that prim-
ing with excessive levels of epitope generated memory CTLs of
lower avidity. Furthermore, Wherry et al. (45) demonstrated that
priming T cells in the presence of excessive levels of epitope sub-
sequently led to a gradual reduction in numbers of functional an-
tigenic-specific memory cells. This result was obtained using a
model of vaccinia immunization that controls for the dose of total
Ag available to other components of the immune system. We did
not evaluate the long-term effects of immunizing mice with vac-
cinia expressing unstable Gag. However, it is interesting to note
that in mice previously primed with plasmid DNA encoding stable
Gag, eliciting a memory response by boosting with vaccinia ex-
pressing unstable Gag giving higher than normal levels of surface

FIGURE 5. Memory responses of BALB/c mice primed with plasmid pGag, then challenged with various vaccinia constructs. Mice were primed with
plasmid DNA expressing stable Gag and allowed to rest for 2–5 wk, and the memory response was assessed 3 days following challenge with vSC8 or
recombinant vaccinia expressing stable or unstable forms of Gag using ex vivo assays without further effector cell restimulation. A, Standard 4-h 51Cr release
assay using P7G-loaded P815 cells as targets. The background lysis of P815 targets has been subtracted. B, Intracellular staining for IFN-� production in
splenocytes stimulated for 4 h with P7G peptide. Cells were gated for expression of both CD3e and CD8a. The percentages refer to CD3�CD8� cells, which
are also IFN-��. C, Intracellular staining for IFN-� production in splenocytes stimulated overnight in the presence of rHIV-1 p24. The percentages refer
to CD4� cells, which are also IFN-��. Data from one of two independent experiments are shown.
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FIGURE 6. Memory responses of C57BL/6 mice primed with pGag, then challenged with various vaccinia constructs. Mice were primed with plasmid
DNA expressing stable Gag and allowed to rest for 2–5 wk, and the memory response was assessed 3 days following challenge with vSC8 or recombinant
vaccinia expressing stable or unstable forms of Gag-SIINFEKL fusion proteins using ex vivo assays without further restimulation of effectors. A, Standard
4-h 51Cr release assay using SIINFEKL-loaded MC57G cells as targets. The background lysis of MC57G targets has been subtracted. B, Intracellular
staining for IFN-� production in splenocytes stimulated for 4 h in the presence of SIINFEKL peptide. Cells were gated for expression of both CD3e and
CD8a. The percentages refer to CD3�CD8� cells, which are also IFN-��. C, Intracellular staining for IFN-� production in splenocytes stimulated overnight
in the presence of rHIV-1 p24. The percentages refer to CD4� cells, which are also IFN-��. Data from one of two independent experiments are depicted.
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FIGURE 7. Memory responses of BALB/c mice primed with plasmid DNA expressing stable or unstable Gag. Mice were primed with pUbMgag,
pUbRgag, or plasmid DNA encoding irrelevant Ag (pCAT) and allowed to rest for 2–5 wk, and the memory response was assessed 3 days following
challenge with recombinant vaccinia expressing stable Gag (vGag) using ex vivo assays without further restimulation of effectors. A, Standard 4-h 51Cr
release assay using P815 cells stably expressing Gag-EGFP fusion protein as targets. The background lysis of P815 targets has been subtracted. B,
Intracellular staining for IFN-� production in splenocytes stimulated for 4 h with P7G peptide. Cells were gated for expression of both CD3e and CD8a.
The percentages refer to CD3�CD8� cells, which are also IFN-��. C, ELISA for IFN-� in the supernatant of splenocytes cultured overnight in the presence
of rHIV-1 p24 or control baculovirus protein. The error bars indicate values for �1 SD. Data representative of three independent experiments are depicted.
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peptide-MHC class I complexes also led to a reduction in func-
tional CTL activity (Figs. 5 and 6).

The poor CD8� responses to rapidly degraded forms of Gag
may be due to their failure to elicit strong CD4� T cell responses.
It is possible that targeting Ags to the MHC class I pathway may
reduce the availability of the Ag for endosomal MHC class II
processing and presentation to CD4� T cells. CD4� T cells pro-
vide help for CTLs by secreting cytokines such as IL-2 (46) and by
delivering maturational signals in the form of CD40L-CD40 in-
teractions to APCs that enable them to prime CTLs autonomously
(47–49). It has also been shown that activated CD8� T cells ex-
press CD40, permitting direct interactions with CD4� T cells (50).
Three recent papers have now clarified the role played by CD4� T
cell help in the generation of an effective memory CTL response
(20–22). Cytokine secretion and cytolytic activity of CD8� T cells
during the primary response appear to be comparable irrespective
of the presence or absence of CD4� T cell help. During the mem-
ory response, however, the reactivation and proliferation of CD8�

CTLs as well as their ability to secrete effector cytokines such as
IFN-� are critically dependent upon CD4� T cell help previously
delivered during the primary response. Thus, deficiencies in the
MHC class II processing of rapidly degraded forms of Gag might
explain their poor ability to subsequently generate robust memory
CTL responses, particularly when unstable Gag is delivered in the
form of a plasmid DNA prime bereft of T cell help directed at
vaccinia-specific Ags (Fig. 7). Furthermore, this lack of help may
compound the functional defect of memory CD8� T cells primed
in the presence of excessive levels of epitope described earlier, and
explain why mice initially primed with plasmid DNA encoding
unstable Gag exhibited such profound unresponsiveness when we
attempted to elicit memory responses.

The susceptibility of APC to CTL killing during the develop-
ment of an immune response is controversial, but might explain
why challenging mice with vaccinia expressing rapidly degraded
Gag led to poor memory responses. Some studies have suggested
that the survival of APCs can be enhanced by the interaction of
CD40 and CD40L (51), perhaps due to the acquisition of resistance
to CTL-mediated killing (52). Other studies have demonstrated
rapid in vivo clearance of APCs by CTLs, and postulate a role for
this in the feedback regulation of an immune response (53, 54). In
this second scenario, the faster appearance of Gag-derived peptides
on surface class I molecules could have led to a more rapid clear-
ance of cells infected with vaccinia expressing rapidly degraded
forms of Gag. In other words, the rapid destruction of APCs in-
fected with vShuf or vUbRgag in mice already primed by DNA
vaccination against Gag (Figs. 5 and 6) might have resulted in
diminished viral spread or reduced numbers of APCs for eliciting
memory responses.

An additional consideration in assessing the utility of the deg-
radation targeting strategy is the nature of the APC. A substantial
body of evidence suggests that bone marrow-derived APCs are
critical for the induction of CTL responses in vivo following DNA
vaccination (55, 56) and viral infection (57). Ags that are initially
expressed in cells lacking appropriate T cell costimulatory func-
tion can induce a CTL response through a cross-priming mecha-
nism in which some form of the Ag is transferred to professional
APCs (57). The mechanism of transfer is unclear, but in the case
of virally infected cells it might involve uptake of Ag residing in
apoptotic debris following the death of the infected cell (58). The
degradation targeting strategies described in this work would be
expected to be most effective in situations in which the cell that
initially expressed the Ag is the same cell that presents Ag to CTL.
If intact Ag has to be transferred, then forcing rapid degradation
may actually be counterproductive. We and others have recently

used a novel experimental approach for distinguishing direct prim-
ing from cross-priming in vivo (59, 60). This approach uses the
human CMV proteins US2 and US11 to inhibit MHC class I-re-
stricted Ag presentation in cells initially infected with recombinant
vaccinia viruses carrying these genes, thereby functionally block-
ing direct priming, but not cross-priming. With this approach, we
have shown that both direct and cross-priming are involved in the
induction of vaccinia virus-specific CTL responses in vivo. Inter-
estingly, the relative contribution of these two pathways depends
on the site of infection. In i.p. infections, direct presentation pre-
dominated over cross-priming mechanisms. In light of these re-
sults, we have used i.p. infections in some of the experiments
tested in this study. However, even with i.p. infections, we did not
see a dramatic enhancement of CTL induction with rapidly de-
graded constructs.

Finally, it is possible that some difference in the overall kinetics
of the response to rapidly degraded Ag prevented us from observ-
ing an enhancement in immunogenicity. However, within a period
of 2–5 wk following initial priming with plasmid DNA, no differ-
ences in the relative memory responses to stable or unstable Gag
were observed after challenge with recombinant vaccinia vectors
in any of the experiments depicted in Figs. 5–7.

In summary, we have explored the utility of enforced rapid deg-
radation strategies for inducing CTL responses to HIV-1 Gag. Al-
though the strategies tested did increase the presentation of anti-
genic epitopes on the cell surface, and this increase was discernible
by naive CD8� T cells in vitro, immunization with unstable Gag
constructs was not associated with a significant increase in the
induction of CTL responses in vivo. These results highlight the
complexities involved in the use of Ag-targeting strategies in vac-
cine design.
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