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The Journal of Immunology

Comparison of Vaccine-Induced Effector CD8 T Cell
Responses Directed against Self- and Non–Self-Tumor
Antigens: Implications for Cancer Immunotherapy

Sara R. Pedersen, Maria R. Sørensen, Søren Buus, Jan P. Christensen, and

Allan R. Thomsen

It is generally accepted that CD8 T cells play a major role in tumor control, yet vaccination aimed at eliciting potent CD8 T cell

responses are rarely efficient in clinical trials. To try and understand why this is so, we have generated potent adenoviral vectors

encoding the endogenous tumor Ags (TA) tyrosinase-related protein-2 (TRP-2) and glycoprotein 100 (GP100) tethered to the in-

variant chain (Ii). Using these vectors, we sought to characterize the self-TA–specific CD8 T cell response and compare it to that

induced against non–self-Ags expressed from a similar vector platform. Prophylactic vaccination with adenoviral vectors express-

ing either TRP-2 (Ad-Ii-TRP-2) or GP100 (Ad-Ii-GP100) had little or no effect on the growth of s.c. B16 melanomas, and only Ad-

Ii-TRP-2 was able to induce a marginal reduction of B16 lung metastasis. In contrast, vaccination with a similar vector construct

expressing a foreign (viral) TA induced efficient tumor control. Analyzing the self-TA–specific CD8 T cells, we observed that these

could be activated to produce IFN-g and TNF-a. In addition, surface expression of phenotypic markers and inhibitory receptors,

as well as in vivo cytotoxicity and degranulation capacity matched that of non–self-Ag–specific CD8 T cells. However, the CD8

T cells specific for self-TAs had a lower functional avidity, and this impacted on their in vivo performance. On the basis of these

results and a low expression of the targeted TA epitopes on the tumor cells, we suggest that low avidity of the self-TA–specific CD8

T cells may represent a major obstacle for efficient immunotherapy of cancer. The Journal of Immunology, 2013, 191: 3955–3967.

T
he idea that cells of the immune system can recognize and
eliminate tumor cells has been debated for over a century.
In the early 1900s, Nobel laureate Paul Ehrlich was per-

haps the first to suggest that tumor development is suppressed by
the immune system. Since then, a multitude of experimental studies
has provided strong support in favor of the immune surveillance
hypothesis, and it is now generally accepted that the immune system
is capable of identifying and eradicating tumor cells (1, 2). In ad-
dition, comprehensive research in the field has revealed that CTLs
play a major role in tumor rejection, and the number of tumor-
infiltrating CD8 T cells has often been found to correlate with a
good prognosis (3–8). As a result, many groups have tried to elicit
strong antitumor CD8 T cell responses using a variety of vaccination
strategies, and many murine model studies have provided promising

results. Nevertheless, clinical studies have been far less encouraging,
and only one cancer vaccine has so far been approved by the U.S.
Food and Drug Administration for use in human patients (9).
Among viruses investigated for vaccine purposes, replication

defective adenovirus vectors have shown great potential, because
they have been found to induce potent Ab and CD8 T cell responses
in mice, primates, and humans (10–12). Adenoviral vectors are
also excellent vaccine candidates for several more technical rea-
sons: they are well characterized, easy to manipulate, stable, and
safe to use even in immunodeficient hosts. Furthermore, they can
be grown to high titers in tissue culture, they are capable of con-
taining relatively large amounts of DNA, and they have a broad
tropism (13, 14). In addition, modifying the adenoviral vectors to
express a specific Ag tethered to the MHC class II–associated in-
variant chain (Ii) has been demonstrated to augment the vector-
induced Ag-specific T cell response even further, and together,
these properties makes Ii-encoding adenoviral vectors promising
vaccine candidates against cancer (15). Our group has already used
this vaccination strategy in a murine melanoma model, and it has
given very promising results. Thus, we have previously demon-
strated complete protection against B16.F10gp melanoma cells af-
ter prophylactic vaccination with an adenoviral vector encoding the
glycoprotein (GP) of lymphocytic choriomeningitis virus (LCMV)
(16). Because B16.F10gp cells have been modified to express GP33–41,
the immunodominant MHC class I epitope of the LCMV GP, this
experimental setup should mimic a situation with the presence of
a foreign virus–encoded tumor Ag (TA), for example, as is the
case in human papillomavirus–positive cervical cancers. However,
in most types of cancer, the TAs are endogenously derived mole-
cules. The aim of this study was therefore to further investigate the
vaccine potential of the Ii-encoding adenoviral vaccine and to ex-
amine how well it could target endogenous TAs. We have chosen to
work with the self-melanoma TAs tyrosinase-related protein-2
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(TRP-2) and melanocyte linage–specific Ag glycoprotein GP100/
Pmel, because these TAs are some of the most well described and
widely studied melanoma Ags. GP100 is a type I transmembrane
glycoprotein, whereas TRP-2 is a melanosomal enzyme with dopa-
chrome tautimerase activity, and both molecules are associated with
the synthesis of melanin in normal melanocytes (17–19). Also,
vaccination against murine TRP-2 and GP100 (mGP100) has pre-
viously been shown to induce CTL responses in mice, which un-
derscores their value as potential vaccine targets (20, 21). Finally, to
improve the anti-GP100 response, we have chosen to work pre-
dominantly with the human variant of GP100 (hGP100), because
xenogenic Ags are known to be able to overcome tolerance and
induce immunity against a corresponding, weakly immunogenic self-
Ag (22, 23). This has been clearly demonstrated for GP100, and
several studies have documented that not only do CD8 T cells spe-
cific for the human immunodominant GP100 epitope, hGP10025–33,
cross-react with the native murine variant, mGP10025–33, but
hGP10025–33 also induces a stronger CD8 T cell response than
does mGP10025–33 (24–27).
In the current study, we investigated whether we could achieve

any substantial delay in the outgrowth of B16.F10 melanomas in
vaccinated mice when using adenoviral vaccine vectors encoding
TRP-2 or GP100 tethered to Ii. Furthermore, we examined the
numbers and functional properties of the vaccine-induced CD8
T cells specific for these self-TAs and compared our findings to
those obtained for cells generated against non–self-Ags presented
by matching vectors. More specifically, our aim was to identify any
potential limitations regarding the effector CD8 T cells induced
against self-TAs with the final goal of circumventing these and
improving upon current cancer vaccine strategies.

Materials and Methods
Mice

Female C57BL/6 (B6) mice (CD45.2) were purchased from Taconic M&B
(Ry, Denmark), and B6.SJL mice (CD45.1) were the progeny of local
breeder pairs originating from The Jackson Laboratory (Bar Harbor, ME).
Before entering into experiments, all mice were at least 7 wk old, and ani-
mals from outside sources were allowed to acclimatize for at least 1 wk.
Mice were housed under specific pathogen-free conditions, and experimental
procedures were approved by the national ethics committee on experimental
animal welfare and conducted in accordance with national guidelines.

Adenoviral vectors and vaccination

Murine Ii (accession number NM_001042605) and either murine TRP-2
(accession number X63349), human (accession number NM_006928), or
murine GP100 (accession number NM_021882), LCMV GP or chicken
OVA were amplified and either fused by overlapping PCR or cloned di-
rectly into an Ii containing pacCMV shuttle vector as described previously
(15). Plasmids expressing the LCMV GP were a gift from M. B. Oldstone
(The Scripps Research Institute, La Jolla, CA), human GP100 expressing
plasmids came from Dr. W. Overwijk (University of Texas M.D. Anderson
Cancer Center, Houston, TX), and murine TRP-2 and GP100 were am-
plified from cDNA reversely transcribed from B16.F10-derived mRNA.
The Ii plasmid was a gift from N. Koch (University of Bonn, Bonn,
Germany) and has been described previously (28). Human serotype 5
replication defective adenoviral vectors were produced through homolo-
gous recombination using standard methods, and the inserts were placed in
the E1 region under a CMV promoter (29). After purification, adenoviral
stocks were immediately aliquoted and frozen at 280˚C in 10% glycerol,
and the infectivity of adenovirus stocks was determined using the Adeno-X
Rapid Titer Kit (BD Clontech, Mountain View, CA). For vaccination, mice
were briefly anesthetized using isoflurane, and 23 107 infectious units Ad-
Ii-TRP-2, Ad-Ii-mGP100, Ad-Ii-hGP100, Ad-Ii-GP, or Ad-Ii-OVA were
injected s.c. into the right hind foot pad in a volume of 30 ml.

Tumor cell lines and tumor inoculation

Melanoma cell lines B16.F10 and B16.F10gp were gifts from H. Pircher
(University of Freiburg, Germany) (30, 31). The two cell lines are genet-
ically identical with the exception of a modification in B16.F10gp, which

results in the expression of the dominant LCMV epitope GP33–41. Tumor
cells were cultured in DMEM 1965 supplemented with 10% FBS, as well
as 1% L-glutamine, penicillin, and streptomycin. For the B16.F10gp cell
line, 0.8 mg/ml Geneticin G418 sulfate neomycin was also included in the
culture medium. To study the capacity to resist solid tumors, mice were
injected s.c. in the right hind flank with 1–5 3 105 cells in a volume of
100 ml. Tumor growth was measured every 2–3 d, and tumor volumes
were calculated as: tumor length 3 (tumor width)2 3 0.5236 (32). Mice
showing ulcerations or bearing tumors with length larger than 12 mm
were euthanized in accordance with national animal care regulations. For
evaluation of the capacity to control tumor metastasis, 105 melanoma cells
in a volume of 300 ml were injected i.v. into a tail vein.

Spleen cell preparation and flow cytometry

Spleens were isolated, and single-cell suspensions were obtained by pressing
the organs trough a fine steel mesh; subsequent staining for flow cytometry
was performed as described previously (33). For intracellular staining, 2 3
106 splenocytes were resuspended in supplemented RPMI 1640 medium
and stimulated ex vivo with relevant peptides encoding MHC class I
epitopes TRP-2181–188 (18), mGP10025–33, hGP10025–33 (25), GP33–41,
GP276–286, or SIINFEKL (OVA257–264) in the presence of IL-2 (50 IU/ml)
and monensin (2 mg/ml). Control cultures did not receive any peptide. For
evaluation of degranulation, fluorochrome-labeled anti-CD107a mAb were
included during peptide stimulation. For the ex vivo stimulation of
splenocytes with tumor cells, 2 3 105, 1 3 105, 5 3 104, or 2.5 3 104 of
peptide-loaded or native B16.F10gp cells were used. For peptide loading
tumor cells, 5 3 106 cells/ml were incubated with 10 mg/ml peptide for at
least 1 h, followed by three washes before incubation with Ag-primed
splenocytes. After 5 h of coincubation, cells were stained for cell sur-
face markers, followed by permeabilization and intracellular staining as
described previously (33). For intracellular Foxp3 staining, 1 3 106 cells
were resuspended in FACS medium (PBS, 10% rat serum, 1% BSA, and
0.1% NaN3) and surface stained with anti-CD4 and anti-CD25 mAb. After
incubation for 20 min at 4˚C, an anti-mouse/rat Foxp3 Staining Set FITC
(eBioscience, San Diego, CA) was used to stain intracellularly for Foxp3
following the manufacturer’s protocol. For tetramer staining, 1 3 106

splenocytes were resuspended in FACS medium (PBS, 10% rat serum, 1%
BSA, and 0.1% NaN3) and PE-conjugated H-2Db/mGP10025–33 and allo-
phycocyanin-conjugated H-2Db/ hGP10025–33 were added. After 20 min of
incubation at 20˚C, samples were surface stained with anti-CD8 and anti-
CD44 mAb and left to incubate 20 min at 4˚C. Cells were analyzed using
either a FACSCalibur or a LSR-II flow cytometer (BD Biosciences,
Franklin Lakes, NJ). At least 104 mononuclear cells were gated using
a combination of side and forward scatter to exclude dead cells and debris.
Data analysis was conducted using CellQuest Pro (BD Biosciences) or
FlowJo version 7.6.4. (Tree Star, Ashland, OR).

In vivo Ab treatment

Anti–CTLA-4 mAb from 9H10 hybridomas (a gift from A.E. Pedersen,
University of Copenhagen, Copenhagen, Denmark), anti-CD25 mAb from
PC61 hybridomas (TIB-222; American Type Culture Collection), as well as
anti-CD4 mAb from YTS 191.1.2 and YTA 3.1.2 hydridomas (a gift from
S. Cobbold, Sir William Dunn School of Pathology, Oxford, U.K.) were
purified on protein G columns (34–36). The mAb were given by i.p. injection
on day 13 (100 mg), day 15 (100 mg), and day 20 (50 mg) postvaccination.

Abs for flow cytometry

The following mAb were used as rat anti-mouse Abs: PerCP-Cy5.5–con-
jugated anti-CD8, FITC- and allophycocyanin-Cy7–conjugated anti-CD44,
PE-conjugated anti-KLRG1, Pe-Cy7–conjugated anti-CD127, Pacific Blue–
conjugated anti-B220, FITC-conjugated anti-CD27, PE-conjugated anti–PD-1,
PE-conjugated anti–TIM-3, PE-conjugated anti–LAG-3, PerCP-Cy5.5–
conjugated anti-CD45.1, allophycocyanin-conjugated anti–IFN-g, PE-conju-
gated anti–TNF-a, Alexa 488–conjugated anti-CD107a, allophycocyanin-
and FITC-conjugated anti-CD4, FITC-conjugated anti-Foxp3, and PE-
conjungated anti-CD25.

In vivo cytotoxicity assay

Spleens were isolated from B6.SJL mice (CD45.1), and single-cell sus-
pensions were prepared by pressing the organs through a 70-mm nylon
mesh, followed by resuspension in 15 ml HBSS. After centrifugation, the
cells were resuspended in 4 ml HBSS and loaded with 2.5 mg/ml of a
relevant peptide: TRP-2181–188, mGP10025–33, hGP10025–33, GP33–41, GP276–286,
or OVA257–264. Alternatively, cells were loaded with 2.5 mg/ml of an irrelevant
peptide. The cell populations were pulsed with peptide for 30 min at 37˚C.
Subsequently, the cells were washed in PBS and resuspended in 37˚C PBS
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to a concentration of 107 cells/ml. Cell populations were subsequently la-
beled with 2 mM, 0.2 mM, or no CFSE by mixing the different cell sus-
pensions with equal volumes of warm 2 mM CFSE, 0.2 mM CFSE, or warm
PBS, respectively. After incubation for 10 min at 37˚C, cells were washed
twice in supplemented RPMI 1640 medium and once in PBS, followed by
cell filtration through a 70-mm nylon mesh to eliminate cell clumps. Cell pop-
ulations were then resuspended in PBS to a concentration of either 5 3 107

or 3.3 3 107cells/ml and mixed to obtain a 1:1:1 or 1:1 ratio, respectively.
300 ml of these cell mixes were then injected i.v. into B6 mice (CD45.2),
which had been vaccinated 14 d earlier. After 5 h, spleens were harvested,
and single-cell suspensions were obtained by pressing the organs through
a 70-mm steel mesh and resuspending the cells in 15 ml HBSS. Following
centrifugation, cells were resuspended in 1 ml HBSS and 250 ml of each
cell suspension were added to a U-bottom 96-well microtiter plate. Cells
were washed and resuspended in FACS medium (PBS, 10% rat serum, 1%
BSA, and 0.1% NaN3), and subsequently surface stained with PerCP-
Cy5.5–conjungated anti-CD45.1 mAb. After incubation for 20 min at 4˚C,
cells were washed twice with PBS and 0.1% NaN3 and finally resuspended
in 1% PFA. Cells were analyzed using a FACSCalibur flow cytometer (BD
Biosciences). At least 2 3 106 mononuclear cells were gated using a com-
bination of side and forward scatter, and data analysis was conducted using
CellQuest Pro (BD Biosciences). To account for any inadvertent misbalances
in the 1:1:1 or 1:1 ratio of the cell mixes, calculations of in vivo survival
were adjusted based on injection of the cell mixes into a tail vein of naive B6
mice. The in vivo cytotoxicity was then calculated using the equation: cyto-
toxicity = 100 2 [([percentage of relevant peptide-pulsed cells in vaccinated
mice/percentage of irrelevant peptide-pulsed cells in vaccinated mice]3 100) /
(percentage of relevant peptide pulsed cells in naive mice/percentage of
irrelevant peptide pulsed cells in naive mice)] as described in Ref. 37.

Isolation of total RNA and cDNA synthesis

Mice were euthanized and lungs were immediately snap frozen in liquid
nitrogen. Total RNA was extracted using an RNeasy midi kit (Qiagen,
Hilden, Germany) as described by the manufacturer, and the total RNA
concentration and purity were measured using a NanoDrop 2000c Spec-
trophotometer (Thermo Fisher Scientific, Waltham, MA) and the associated
computer program NanoDrop 2000. Total cDNAwas then transcribed from
1 mg total RNA, according to the manufacturer’s guidelines by using a
RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific).

Quantitative real-time PCR for lung metastasis of melanoma
cells

Using a triplex quantitative real-time PCR (Q-PCR), mRNA levels of the
melanoma genes trp-2 and gp100 were quantified relative to the house-
keeping gene gapdh. Brilliant II QPCR Master Mix was used according to
the manufacturer’s instructions (Agilent Technologies, Santa Clara, CA).
cDNA samples were run in triplets, controls with Milli-Q H2O or no re-
verse transcriptase were included, and a 5-fold standard curve titration was
run in duplicates. The following primers and probes were used: trp-2 for-
ward, 59-TTA GGT CCA GGA CGC CCC-39 (200 nM), trp-2 reverse, 59-
CTG TGC CAC GTG ACA AAG GC-39 (200 nM), and trp-2 probe, 59-
Fam-AAG GCC ATT GAT TTC TCT CAC CAAGGG CC-BHQ-1-39 (300
nM); gp100 forward, 59-AGC ACC TGG AAC CAC ATC TA-39 (200 nM),
gp100 reverse, 59-GTT CCA GAG GGC TGT GTA GT-39 (200 nM), and
gp100 probe, 59-Hex-CAC TAC AAA AGT TGT GGG TAC TAC ACC
TG-BHQ-1-39 (300 nM); gapdh forward, 59-CAA TGT GTC CGT CGT
GGA-39 (200 nM), gapdh reverse, 59-GAT GCC TGC TTC ACC ACC-39
(200 nM), and gapdh probe, 59-Cy5-CGC CTG GAG AAA CCT GCC
AAG TAT-BHQ-1-39 (200 nM). An Mx3005P Real-time Q-PCR instrument
(Agilent Technologies) was used to run the following Q-PCR program: 95˚C/
10 min and then 40 cycles of 95˚C/30 s, 60˚C/1 min, and 72˚C/30 s. The
results were analyzed using the software program MxPro – Mx3005p version
4.1 (Agilent Technologies).

Statistical analysis

Quantitative results were compared using the Mann–Whitney U test, and
survival after tumor challenge was analyzed using the log-rank (Mantel–
Cox) test. The p values , 0.05 were considered statistically significant.

Results
Adenoviral vaccines targeting self-melanoma TAs do not
induce efficient tumor control

Initially, we sought to determine whether vaccination with ade-
noviral vectors targeting the self-TAs TRP-2 and GP100 would

cause a significant delay in the outgrowth of B16.F10 melanomas
in prevaccinated mice. To this end, mice were vaccinated pro-
phylactically with Ad-Ii-TRP-2, Ad-Ii-hGP100, Ad-Ii-mGP100, or
Ad-Ii-OVA (negative control), because we reasoned that prior
vaccination should provide the best conditions for demonstrating
tumor control, should this be induced by any of the vaccines. Mice
were challenged s.c. with B16.F10 cells 11 d later, because this
time point represented an approximation to the expected time of
peak effector T cell activity following adenoviral vaccination.
Little, if any, delay in tumor growth was observed for any of the
vaccinated groups when compared with the negative control (Fig.
1A). These results stand in clear contrast to our previous experi-
ence with prophylactic vaccination with Ad-Ii-GP, which we had
found to completely prevent tumor-associated death in mice chal-
lenged with B16.F10gp s.c. (16).
To directly compare the level of tumor control exerted by T cells

specific for self-TAs versus cells specific for non–self-TAs, mice
were vaccinated with the same vaccines as above or Ad-Ii-GP for
comparison, and 2 wk later, all mice were challenged using B16.
F10gp cells. In this experiment (Fig. 1B), we saw a slight delay in
tumor growth in two of the three self-TA–vaccinated groups. How-
ever, the effect was minimal compared with the almost complete
absence of tumor growth noted in Ad-Ii-GP–vaccinated mice.
Indeed, the only tumor observed in the Ad-Ii-GP–vaccinated mice
seemed to represent the outgrowth of escape variant cells lacking

FIGURE 1. Vaccination with adenoviral vectors targeting self TAs confers

little in vivo tumor protection compared with vectors targeting non–self-Ag.

(A) Mice were vaccinated with Ad-Ii-TRP-2, Ad-Ii-hGP100, Ad-Ii-mGP100,

or Ad-Ii-OVA (negative control), and 11 d later, all mice were challenged s.c.

with 105 B16.F10 melanoma cells. Tumors were measured every 2–3 d, and

mice were sacrificed when tumor length exceeded 12 mm. Percent survival

for five to seven mice per group are depicted; similar results were obtained

using B16.F0 melanoma cells for challenge (data not shown). (B) Mice were

vaccinated with Ad-Ii-TRP-2, Ad-Ii-hGP100, Ad-Ii-mGP100, Ad-Ii-GP, or

Ad-Ii-OVA (negative control), and 14 d later, all mice were challenged s.c.

with 53 105 B16.F10gp melanoma cells. Tumors were measured every 2–3 d,

and mice were sacrificed when tumor length exceeded 12 mm. Percent

survival for five to eight mice per group are depicted.*p , 0.05 relative to

negative control group.
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GP expression as indicated by the inability of the recovered tumor
cells to grow in vitro in the presence of the selection antibiotic G418.
Because CD8 T cells are known to play a major role in tumor

rejection, including that associated with Ad-Ii-GP vaccination (16),
we hypothesized that the lack of efficient tumor control following
vaccinations targeting TRP-2 and GP100 was likely to stem from
differences in either numbers and/or quality of vaccine-induced
effector CD8 T cells primed against self versus non–self-Ags.

Adenoviral vaccines induce a strong CD8 T cell response
against endogenous TAs

Because self-reactive CD8 T cells often are eliminated or found in
an anergic state in the periphery, it was crucial to first investigate
whether relevant effector CD8 T cells specific for self-TAs were
generated under the given experimental conditions. Hence, mice
were vaccinated with Ad-Ii-TRP-2, Ad-Ii-hGP100, or Ad-Ii-OVA
(negative control), and intracellular cytokine staining was subse-
quently used to determine IFN-g and TNF-a expression in splenic
CD8 T cells harvested 8, 11, 14, or 20 d postvaccination. As seen
in Fig. 2, effector CD8 T cells specific for TRP-2 and mGP100
were found to be generated and to produce levels of IFN-g and
TNF-a matching those of hGP100-specific CD8 T cells. Notably,
this activation required Ag specific stimulation because no re-

sponse against any of the tested epitopes was observed in control
vaccinated mice (Supplemental Fig. 1). These data demonstrate
that both Ad-Ii-TRP-2 and Ad-Ii-hGP100 vaccines are capable of
inducing solid CD8 T cell responses against their specific TAs. Of
the days examined, day 14 showed the highest level of activation,
and for the remainder of this study, this time point was used to
represent the peak of the CD8 T cell response.

Effector CD8 T cell populations specific for self- and foreign
Ags show similar capacity for degranulation and IFN-g
production

To more directly gauge the effector capacity of the CD8 T cells
specific for TRP-2 and mGP100, we analyzed their capacity for de-
granulation and production of IFN-g and compared the results
to those obtained through similar analysis of CD8 T cells specific for
the foreign Ags; hGP100, GP33, GP276, and OVA. Mice were vac-
cinated with Ad-Ii-TRP-2, Ad-Ii-hGP100, Ad-Ii-GP, or Ad-Ii-OVA,
and 14 d later, flow cytometry was used to determine the strength
of intracellular staining for IFN-g and expression of CD107a on
IFNg+ effector CD8 T cells; expression of CD107a is a commonly
applied parameter for effector cell degranulation (38, 39). All
effector CD8 T cell populations tested showed high and similar
levels of degranulation and intensity of staining for IFN-g (Fig. 3).

FIGURE 2. Adenoviral vaccines targeting self TAs induce robust Ag-specific CD8 T cell responses. Mice were vaccinated with Ad-Ii-TRP-2 or Ad-Ii-

hGP100, and splenocytes were harvested on the indicated days for enumeration of CD44high IFNg+ and CD44highTNFa+ CD8 T cells following 5 h of ex

vivo stimulation with the indicated peptides. (A) Representative dot plots demonstrating the gating strategies for flow cytometric analysis of IFN-g– and

TNF-a–producing CD8 T cells. Dot plots for unstimulated samples are included to demonstrate nonspecific background staining. (B) Total numbers of

CD44highIFNg+ and CD44highTNFa+ CD8 T cells as a function of time after vaccination. Medians and ranges of five mice per group are shown, and the data

presented are representative of two to five experiments.
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Similar surface phenotype of CD8 T cells specific for self- and
foreign Ags

Next, we compared the phenotypic profile of CD8 T cells specific
for self- and foreign Ags during the early phase of the adenovirus-
primed immune response. In particular, we wanted to compare the
distribution ofmemory precursor effector cells (KLRG1lowCD127high)
to that of short-lived effector cells (KLRG1highCD127low) to iden-
tify any potential differences in the response toward self- and for-
eign Ags (40). Furthermore, we were interested in determining the
surface expression of CD27, because this surface molecule is crit-
ical for T cell expansion and survival and hence the induction of
long-term memory (41). Flow cytometry was used to examine the
surface expression of KLRG1, CD127, and CD27 on peptide stim-
ulated IFNg+ effector CD8 T cells from vaccinated mice (see
Supplemental Fig. 2 for gating strategies). Although minor var-
iations were noted, no systematic differences were observed in the
expression pattern of these phenotypic surface markers between
CD8 T cell populations specific for self and foreign Ags (Fig. 4).

Similar expression of inhibitory receptors on CD8 T cells
specific for self- and foreign Ags

Prolonged upregulation of inhibitory receptors such as PD-1,
TIM-3, and LAG-3 on CD8 T cells has been associated with dys-
functional CD8 T cell responses and reduced tumor cell elimination
in cancer-bearing hosts (42–45). It was therefore pertinent to in-
vestigate whether a high surface expression of these inhibitory
TCRs might correlate with the poor tumor control exerted by the
CD8 T cells targeting the self-TAs, TRP-2 and GP100. Thus, we
compared the expression of these receptors on adenovector-primed
CD8 T cells specific for self- and foreign Ags. We did not observe
consistent difference in the expression pattern of the inhibitory
receptors on CD8 T cells specific for self- and non–self-epitopes
(Fig. 5); in individual experiments, minor differences might be
observed; however, these tendencies were not reproducible. This
implies that the poor tumor control associated with adenoviral
vaccines targeting TRP-2 and GP100 is not due to an increased
inhibition of the CD8 T cells through these inhibitory receptors.

CD8 T cells specific for TRP-2 and mGP100 show low
functional avidity

Highly self-reactive T cells are normally eliminated by negative se-
lection to minimize tissue damage and autoimmune disease. How-
ever, it is clearly possible to activate TRP-2 and mGP100-specific
CD8 T cell responses, emphasizing that not all potentially self-
reactive, TA-specific CD8 T cells are eliminated in the thymus.
Nonetheless, these CD8 T cells might possess a reduced functional
avidity, and correlations between inefficient tumor control and low
functional avidity of the relevant T cells have been demonstrated
previously (46–49). We therefore sought to determine the func-
tional avidities of CD8 T cells specific for the self-TAs TRP-2 and
mGP100 and compare these to those of CD8 T cells specific for
the foreign Ags hGP100, GP, and OVA. Mice were vaccinated, and
the relative frequency of IFNg+ CD8 T cells induced by subop-
timal concentrations of peptide was used as a parameter for
functional avidity. Interestingly, both TRP-2 and mGP100-specific
CD8 T cell populations showed lower relative IFN-g production at
intermediate peptide concentrations compared with CD8 T cells
specific for any of the foreign Ags (Fig. 6). These results sug-
gest that, at certain peptide concentrations, CD8 T cells specific
for foreign Ags are more easily activated than those specific for
self-TAs. Furthermore, the results imply that the limited tumor
control associated with the vaccines targeting the self-TAs could,
in part, be due to reduced functional avidity of the self-TA–spe-
cific CD8 T cells.

Vaccination with Ad-Ii-hGP100 induces a uniform CD8 T cell
population, able to recognize both mGP100 and hGP100

It has previously been established that immunization with hGP100
results in a stronger CD8 T cell response than mGP100, and that
vaccination with hGP100 induces a population of CD8 T cells,
which strongly cross-reacts with mGP100 (24‑27). After vaccination

FIGURE 3. CD8 T cells specific for self- and non–self-Ags show similar

capacity for degranulation and production of IFN-g. Mice were vaccinated

with Ad-Ii-TRP-2, Ad-Ii-hGP100, Ad-Ii-GP, or Ad-Ii-OVA, and 14 d later,

splenocytes were harvested and stimulated ex vivo with the indicated

peptides. Flow cytometry (see (A) for representative plots) was used to

determine the percentages of CD107a+ cells out of CD44highIFNg+ CD8

T cells (B) as well as the mean fluorescent intensities (MFI) of intracellular

IFN-g staining in Ag-specific CD8 T cells (C). Medians and ranges of four

mice per group are presented.
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with the Ad-Ii-hGP100 vaccine, we have observed that hGP100-
specific CD8 T cells had a higher functional avidity than those
specific for mGP100. To fully understand the mechanism underly-
ing this result, we decided to investigate whether all hGP100-specific
CD8 T cells can cross-react weakly with mGP100, or if it is only
a subpopulation. To examine this, we used flow cytometry and
stained CD8 T cells from mice vaccinated with either human or
murine GP100 with tetramers loaded with mGP100 or hGP100
peptides. When administering the tetramers separately, we ob-
served that both mGP100- and hGP100-primed CD8 T cells were
able to cross-react (Fig. 7). However, the percentage of tetramer-
positive CD8 T cells was lower in Ad-Ii-mGP100–vaccinated mice
compared with mice given Ad-Ii-hGP100 (Fig. 7B). The same cor-
relation was seen when analyzing the IFN-g production (Fig. 7D).
Interestingly, when simultaneously administering mGP100- and
hGP100-binding tetramers labeled with different fluorochromes, we
found that the vast majority of splenic CD8 T cells from both Ad-Ii-
mGP100– and Ad-Ii-hGP100–vaccinated mice were double positive
(Fig. 7C), and the percentage of double-positive CD8 T cells was
again lower in Ad-Ii-mGP100–vaccinated mice compared with Ad-
Ii-hGP100–vaccinated mice. These results support the data al-
ready published on the superiority of the hGP100-induced CD8
T cell population (24–27), and they emphasize the greater im-
munogenicity of the Ad-Ii-hGP100 vaccine. Surprisingly, the results
also indicate that vaccination with Ad-Ii-hGP100 induces the acti-
vation of one uniform CD8 T cell population, which is cross-reactive
against mGP100, albeit with a reduced functional avidity.

CD8 T cells specific for TRP-2 and mGP100 show reduced
cytotoxicity

A crucial effector arm of the antitumor CD8 T cell response is the
capacity to lyse tumor cells, and it has been demonstrated repeatedly
that impaired CD8 T cell cytotoxicity may lead to reduced tumor
control (7, 50–52). Furthermore, even in the case that cytotoxicity is
not directly involved, in vivo killing in short-term assays represents
a good parameter for the in vivo effector capacity of CD8 T cells.
Because peripheral tolerance may render self-reactive T cells func-

tionally impaired, we decided to investigate whether reduced in vivo
killing would correlate with the inefficient tumor control in mice

vaccinated using vectors targeting TRP-2 and GP100. When com-

paring the in vivo cytotoxicity of CD8 T cells specific for self- and

foreign Ags, we observed that mGP100-specific CD8 T cells, but

not TRP-2–specific CD8 T cells, showed a significantly lower spe-

cific lysis compared with CD8 T cell populations recognizing for-

eign Ags (Fig. 8B). In addition, no overall correlation was observed

between cytotoxicity and the frequency of peptide-specific CD8

T cells of the different CD8 T cell populations. In the light of the

above demonstration that mGP100- and hGP100-specific cells

represent the same cell population, these results indicate that the

significantly lower specific lysis of mGP100-loaded targets is not

a mere reflection of a smaller mGP100-specific CD8 T cell pop-

ulation, nor of any cell-intrinsic functional impairment. Instead, it is

more likely a result of the lower functional avidity of these cells with

mGP100 compared with hGP100.
In contrast, the results did not provide any obvious correlation

between in vivo functionality and the poor tumor control observed

in Ad-Ii-TRP-2–vaccinated mice (Fig. 8B). However, because cy-

totoxicity is dependent on CD8 T cell activation, we speculated that,

at certain intermediate peptide concentrations, the TRP-2–specific

CD8 T cells with low functional avidity might also show reduced

cytotoxicity compared with CD8 T cells with a higher functional

avidity. Because the target cells in the above experiments had all

been pulsed at surplus peptide concentrations, we therefore repeated

the analysis using target cells pulsed with 10- or 100-fold lower

concentrations of TRP-2 or GP33. Now, we found that the cyto-

toxicity of TRP-2–specific CD8 T cells tapered off at higher peptide

concentrations than did GP33-specific cytotoxicity (Fig. 8C), despite

similar frequencies of effector CD8 T cells in the spleen. Taken to-

gether, the above results underscore the importance of functional

avidity in vivo and suggest that, at low peptide concentrations, CD8

T cells with a low functional avidity will exhibit near complete loss

of function, whereas the functionality of high-avidity cells may re-

main virtually unimpaired at the same concentrations.

FIGURE 4. CD8 T cells specific for self- and non–self-Ags have a similar phenotypic profile in the early phase of the adenovirus-induced immune

response. Mice were vaccinated with Ad-Ii-TRP-2, Ad-Ii-hGP100, Ad-Ii-GP, or Ad-Ii-OVA, and 14 d later, splenocytes were harvested and stimulated ex

vivo with the indicated peptides. The surface expression of CD27, KLRG1, and CD127 on CD44highIFNg+ CD8 T cells was analyzed by flow cytometry.

Each dot represents a single mouse, and medians are illustrated by horizontal lines for groups of three to four mice per group. The results are representative

of two independent experiments.
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Ad-Ii-TRP-2 vaccination induces a significant reduction in
melanoma lung metastasis

Because primary melanomas often can be removed surgically, the
key target for a melanoma vaccine is the metastases. We have
recently developed a high-throughput, quantitative, and objective
assay for the detection of B16 melanoma cells in the lungs by tri-
plex Q-PCR. This method has been validated against conventional
counting of lung metastases and found to objectively detect small
differences in the expression of melanoma genes trp-2 and gp100
(M.R. Sørensen, S.R. Pedersen, J.P. Christensen, and A.R. Thomsen,
manuscript in preparation) and hence readily identify small differ-
ences in tumor control, unlike the s.c. tumor model.
To investigate whether the triplex Q-PCR was able to reveal

tumor control by the vaccines targeting the self-TAs, mice were
vaccinated with Ad-Ii-TRP-2, Ad-Ii-hGP100, Ad-Ii-GP (positive
control), or Ad-Ii-OVA (negative control), challenged i.v. with B16.
F10gp cells 14 d later, and lungs were isolated for Q-PCR 11 d after
that. As seen from Fig. 9A, no significant reduction in melanoma gene
expression was observed in the lungs of Ad-Ii-hGP100–vaccinated

mice compared with negative controls, while a small, but signif-
icant decrease was detected following Ad-Ii-TRP-2 vaccination.
However, when comparing the level of metastasis in mice vacci-
nated with Ad-Ii-TRP-2 and Ad-Ii-GP, melanoma gene expression
was markedly lower in Ad-Ii-GP–vaccinated mice (Fig. 9A), sup-
porting the notion that tumor control is significantly more efficient
for foreign Ags than for self TAs. Notably, the tumor control in TRP-
2–vaccinated mice did not change in its strength relative to positive
and negative controls between days 6 and 11 posttumor challenge
(data not shown), suggesting that the poor tumor control did not
represent competing positive and negative immunological effects
of the vaccination.

Regulatory T cells play no important role in the poor tumor
control induced by vaccines targeting TRP-2 and GP100

As we have also found in this study, self-reactive T cells are some-
times allowed to exit the thymus. However, mechanisms mediating
peripheral tolerance can delete these T cells or render them nonre-
sponsive in the periphery. Regulatory T cells (Tregs) are critical

FIGURE 5. A similar expression of inhibitory TCRs was found among CD8 T cells specific for self- and non–self-Ags. Mice were vaccinated with Ad-Ii-

TRP-2, Ad-Ii-hGP100, Ad-Ii-GP, or Ad-Ii-OVA, and 14 d later, splenocytes were harvested and stimulated ex vivo with the indicated peptides. The surface

expression of TIM-3, PD-1, and LAG-3 on CD44highIFNg+ CD8 T cells was analyzed by flow cytometry. (A) Representative histograms of TIM-3 ex-

pression on Ag-specific CD44highIFNg+ CD8 T cells (gray) from each group compared with TIM-3 expression on naive CD44low CD8 T cells (white). The

mean fluorescent intensity (MFI) for the Ag-specific population is shown. (B) Medians and ranges of MFIs for expression of LAG-3, PD-1, and TIM-3 on

Ag-specific CD8 T cells are show for n = 2–4 mice/group. Results are representative of two independent experiments.
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mediators of peripheral tolerance under physiological conditions as
they inhibit activation of potentially harmful auto-reactive T cells
(53). However, it is also broadly accepted that Tregs may play a
role in the immune escape of tumors (7, 54, 55) and although the
kinetics analysis did not suggest this, we wanted to rule out that
Tregs might play a role in limiting the effect of the vaccines tar-
geting self TAs. To more directly address the question whether
Tregs impacted the result of our metastasis assays, we tested whether
various Treg-depleting/blocking Abs, such as anti-CD4, anti-CD25,
or anti–CTLA-4, could augment the control of lung metastasis in
Ad-Ii-TRP-2–vaccinated mice. However, we found no significant
difference in the melanoma gene expression of Ad-Ii-TRP-2–vac-
cinated mice compared with mice vaccinated with Ad-Ii-TRP-2
and treated with anti-CD4, anti-CD25, or anti–CTLA-4 Abs (Fig.
9B), suggesting that the poor tumor control observed in Ad-Ii-
TRP2–vaccinated mice is a CD8 T cell intrinsic phenomenon.

Poor self-TA presentation on melanocytes

A factor, which may cause an exaggeration of the impaired tumor
control associated with low avidity of the involved T cells, is a low
expression of TA-derived epitopes on the tumor cells. Low Ag
expression may come from tumor editing during the early stages of

tumor development and may reflect low expression of the involved
tumor gene product, low MHC expression, or a combination of
both. To evaluate the expression of TRP-2, mGP100, and GP33
epitopes on B16.F10gp tumor cells, the ability of these cells to
stimulate Ag-specific CD8 T cells to produce IFN-g was compared
with IFN-g expression induced by peptide presentation in spleno-
cyte cultures. Using a range of tumor cell concentrations, we mea-
sured the frequency of IFN-g–producing CD8 T cells when tumor
cells alone or peptide pulsed tumor cells were cocultured with Ag-
primed (TRP-2, GP100, and GP33) splenocytes; direct peptide ad-
dition was used as a positive reference (Fig. 10). It was consistently
observed that tumor cells themselves provided little stimulation,
whereas peptide-loaded tumor cells induced a substantial IFN-g
response, albeit never as high as that observed in peptide stimulated
cultures. These observations underscore that natural TA presentation
on melanocytes is quite low, and this low stimulatory capacity is
only in part a reflection of poor overall MHC class I expression,
because peptide-loaded tumor cells stimulate a better response. In-
terestingly, even the expression of transgenic GP33 appeared low.
This could underscore that the contribution of low Ag expression,
as a factor explaining poor tumor control, is most relevant when
the involved T cells are of low functional avidity, because relevant
in vivo control was observed in GP-vaccinated mice (Figs. 1B, 9).

Discussion
Despite convincing evidence indicating that the host immune
response may significantly affect tumor development, deliberate
tumor-targeted immunotherapy has so far not led to any major
improvement in patient survival. As one might hypothesize that this
failure could reflect the lack of a proper vaccine platform to induce
the appropriate type of effector T cells (56–58), viruses have very
much come into focus as vehicles for delivery of TAs. Generally,
viruses seem to induce exactly the type of immune response that
would be expected to be optimal for efficient tumor control. Con-
sequently, having established an improved platform for anti-infective
vaccination using a replication deficient adenovirus, Ad-Ii-GP, we
previously tested this vector against tumor cells expressing a viral
epitope, namely the LCMV GP (33), and found significant protection
(16, 59). Notably, this was the case even in hosts expressing the
targeted viral epitope as a self-Ag in the pancreas. In the present
report, we wanted to take the system further using naturally ex-
pressed TAs as vaccine targets.
Interestingly, the results presented in this study clearly document

that even vaccination using improved adenoviral vectors encoding
the natural melanoma TAs TRP-2 and GP100 tethered to Ii was
largely unable to prevent the progressive growth of s.c. B16 mela-
noma cells. Sometimes a significant delay in tumor growth was
observed, but the effect was not consistent and long-term survivors
were never seen. Furthermore, only the Ad-Ii-TRP-2 vaccine was
found to significantly reduce the level of B16.F10gp metastasis in
the lungs compared with unvaccinated controls. Most important, in
both experimental setups, tumor control was limited compared with
that observed in mice vaccinated with Ad-Ii-GP, thus targeting a
non–self-Ag. It is generally acknowledged that CD8 T cells are key
players in immune-mediated tumor degradation, and our previous
studies have also demonstrated that the Ad-Ii-GP–induced tumor
control is dependent on an improved CD8 T cell response as well as
IFN-g (16). Thus, we concluded that the reason for the difference in
tumor control had to reflect differences in numbers and/or quality of
vaccine-induced CD8 T cells depending on their specificity for self-
versus non–self-Ags.
During T cell development, T cell precursors with highly self-

reactive TCRs are eliminated in the thymus to avoid autoimmune

FIGURE 6. CD8 T cells specific for self TAs show low functional

avidity. Mice were vaccinated with Ad-Ii-TRP-2, Ad-Ii-hGP100, Ad-Ii-GP,

or Ad-Ii-OVA, and 14 d later, splenocytes were harvested and stimulated

ex vivo with serial 5-fold dilutions of the indicated peptides. The per-

centages of CD44highIFNg+ CD8 T cells obtained when splenocytes were

stimulated ex vivo with 10 mg/ml peptide was in each case set to 100%,

and the relative frequency of CD44highIFNg+ CD8 T cells as a function of

peptide concentration is depicted. Dots represent medians of three mice per

group. Results are representative of three independent experiments.
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disease. In relation to tumor immunity, however, this purging of the
naive T cell repertoire represent an important limitation, because
tumor cells mainly express self-Ags. Given that both the endogenous

TAs tested in this study represent completely normal self-Ags, the
first thing we had to consider was the possibility that cells specific for
these self-Ags had either been eliminated or rendered anergic.

FIGURE 7. Vaccination with Ad-Ii-hGP100 induces the activation of one homogenous CD8 T cell population, able to recognize both hGP100 and

mGP100 Ags. Mice were vaccinated with Ad-Ii-hGP100 or Ad-Ii-mGP100, and 14 d later, splenocytes were harvested and either stained with the indicated

tetramer(s) or stimulated ex vivo with the indicated peptides. (A) Representative dot plots for double-tetramer stained CD8 T cells as well as CD44 and IFN-g

staining of CD8 T cells from a mouse vaccinated with either Ad-Ii-mGP100 or Ad-Ii-hGP100, respectively. (B) Frequency of tetramer+ CD8 T cells, when

splenocytes were stained with tetramers mGP10025–33/H-2D
b or hGP10025–33/ H-2D

b separately, or (C) simultaneously. (D) Numbers of CD44highIFNg+ CD8

T cells as a function of stimulation ex vivo with mGP100 or hGP100 peptides. Medians and ranges are shown for n = 4 mice/group. Results are representative of

two independent experiments.
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Consequently, the first questions we asked were, had the CD8
T cells specific for these self-TAs already been efficiently purged
from the T cell repertoire, and if not, could they differentiate into
normal effector T cells? To answer those questions, we could un-
equivocally demonstrate the presence of distinct CD8 T cell pop-
ulations specific for both TRP-2 and mGP100, which could be
induced to produce IFN-g and TNF-a.
Regarding the strength of the TA-directed response, we found

that frequencies of self-TA–specific effector CD8 T cells fell within
the range observed when non–self-Ags were used for priming. Per-
haps more importantly, when mice are vaccinated against LCMV GP

using an adenoviral vector not expressing Ii, the induced CD8
T cell response is both substantially lower and delayed compared
with that induced in mice given a self-TA targeting vaccine (16).
Nonetheless, nearly all mice survive s.c. tumor challenge, which is
clearly not the case when self-TAs are targeted. Thus, cell num-
bers per se do not appear to correlate with the absence of tumor
control in self-TA–vaccinated mice.
We could further demonstrate that with regard to phenotype,

expression of inhibitory receptors, and degranulation capacity,
vaccine-induced CD8 T cells specific for TRP-2 and mGP100
qualitatively matched those generated following immunization with

FIGURE 8. CD8 T cells show impaired in vivo killing when specific for self-Ags compared with non–self-Ags. B6 mice (CD45.2) were vaccinated with

Ad-Ii-TRP-2, Ad-Ii-hGP100, Ad-Ii-GP, or Ad-Ii-OVA. Fourteen days later, splenocytes from B6.SJL mice (CD45.1) were pulsed with a relevant peptide:

TRP-2, hGP100, mGP100, GP33, GP276, or OVA or pulsed with an irrelevant peptide. Splenocytes loaded with relevant peptides were labeled with 2 or 0.2

mM CFSE, whereas cells loaded with an irrelevant peptide were left unlabeled. The vaccinated mice were injected i.v. with equal numbers of cells loaded

with relevant peptide(s) and irrelevant peptide. After 5 h, spleens were isolated, splenocytes were surface stained with anti-CD45.1, and donor cell recovery

was determined by flow cytometry. (A) Dot plots showing gating strategies for lymphocytes stained with CD45.1 and labeled with 2 mM, 0.2 mM, or nil

CFSE. Shown are one vaccinated and one naive mouse from each group. (B) Percentage specific lysis calculated as described in Materials and Methods.

The mean 6 SD of the percentage of CD44highIFNg+ epitope–specific CD8 T cells as obtained for each group in a separate experiment is listed above the

columns. (C) Specific lysis, when target cells were pulsed with 1/10 (0.25mg/ml) and 1/100 (0.025mg/ml) of the peptide concentration normally used.

Medians and ranges for groups of four to five mice are depicted; results are representative of two to four experiments with each peptide.
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the non–self-Ags; hGP100, GP33, GP276, and OVA. However,
when we measured the functional avidity of the induced effector
cells, we found this to be lower for CD8 T cells specific for TRP-2
and mGP100 compared with CD8 T cells recognizing any of the
non–self-Ags tested in this study. We believe this observation to
hold the key when it comes to explaining why adenoviral vaccines
targeting these self-TAs induce such poor tumor control. In line
with this view, other studies have reported a strong correlation
between avidity and tumor control (46–49).
To more directly document the relevance of functional avidity

in vivo, we performed a comparison of the capacity of the different
vaccines to induce in vivo cytotoxicity. Because CD8 T cell me-
diated lysis is dependent on direct cellular interaction, we spec-
ulated that the differences in functional avidity should be reflected
in differences in the in vivo killing of peptide-loaded target cells.
As expected, mGP100-specific CD8 T cells were found to cause
the lowest degree of specific lysis compared with all other CD8 T
cell populations. Surprisingly, TRP-2–specific CD8 T cells showed a

cytolytic activity similar to that of CD8 T cell populations specific
for non–self-Ags. However, upon repeating the in vivo analysis

FIGURE 9. Vaccination with Ad-Ii-TRP-2 induces a small but significant

decrease of melanoma lung metastasis. (A) Mice were vaccinated with Ad-Ii-

TRP-2, Ad-Ii-hGP100, Ad-Ii-GP, or Ad-Ii-OVA (negative control), and 14 d

after vaccination, mice were injected i.v. with 105 B16.F10gp melanoma

cells. Lungs were isolated 11 d later, and the relative mRNA expression

of the melanoma genes trp-2 and gp100 was analyzed by a triplex Q-PCR.

The relative expression of one mouse vaccinated with the control vaccine,

Ad-Ii-OVA, was used as a calibrator and set to 1, and the data shown are

representative of two individual experiments. (B) As described in (A), in-

cluding i.p. administration of mAb specific for CD4, CTLA-4, and CD25 1 d

before (100 mg), 1 d after (100 mg), and 6 d after (50 mg) tumor inoculation.

Medians and ranges are shown for groups of four mice.

FIGURE 10. Low presentation of TAs on B16.F10gp melanoma cells.

Mice were vaccinated with Ad-Ii-TRP-2, Ad-Ii-hGP100, or Ad-Ii-GP.

Fourteen days later, splenocytes were harvested and stimulated ex vivo for

5 h with either 1 mg/ml peptide or different concentrations of peptide-

loaded B16.F10gp cells or native B16.F10gp cells. Using flow cytometry,

the percentage of CD44highIFNg+ CD8 T cells was used as an estimate for

Ag presentation. All the data shown are medians of groups of three mice,

and the percentages of CD44highIFNg+ CD8 T cells from splenocytes

stimulated ex vivo with 1 mg/ml peptide was set to 100%.
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with lower levels of peptide on the target cells, we did observe
significantly impaired specific lysis by CD8 T cells specific for
TRP-2 compared with those targeting the foreign epitope, GP33,
which represents the foreign epitope for which the lowest avidity
was measured, again indicating that avidity is important in vivo.
Finally, in the lung metastasis assay, we found that vaccination

against TRP-2 caused a slight reduction in tumor cell take in the
lungs compared with that in mice given an irrelevant vaccine.
However, even though being reproducible, the effect was minimal
compared with that observed when LCMV GP (33) served as TA.
Results that represent the end point of long-term assays are often
more difficult to interpret, because they tend to reflect the integration
of several distinct processes. Thus, as opposed to the short-term
killing assay, we had to consider the role of Tregs. Interestingly, nei-
ther of the tested protocols to inhibit Treg activity was seen to improve
tumor control, suggesting that, under conditions of our experimental
setup, Tregs do not play any major role. That is not to say that Tregs
are generally unimportant; there is strong evidence to indicate that
these may impact tumor growth control in melanoma models (55).
However, other factors appear to play a greater role as a bottle neck
for immune control under the conditions applied in this study.
Another essential difference between the short-term killing assay

and the tumor metastasis assay is that peptide-loaded splenocytes
are used as targets in the first assay, whereas real tumor cells are
injected in the latter. This may affect Ag presentation either directly
or through low expression of MHC molecules. Consistent with this
view, we observed much less efficient Ag presentation with native
compared with peptide-loaded tumor cells. Given that self-TA–
specific T cells seem to have a lower functional avidity than does
T cells specific for non–self-Ags, low Ag expression would ob-
viously play a more critical role with regard to the functional
capacity of self-TA–specific CD8 T cells. In an additional twist to
this problem, TA expression may be modulated by the local tumor
environment. Thus, a recent paper has shown that TNF-a itself
may cause a downregulation of both self-TAs studied here (60).
Because the potentially controlling T cells produce TNF-a, these
TAs may in fact be further downregulated in vivo relative to what
we observe in vitro.
In conclusion, our results suggest that purging of the naive T cell

repertoire results in T cell populations with the capacity to engage
only in low-avidity interactions with self-TAs. As a consequence,
even following what appear to be optimal T cell activating con-
ditions, which leads to the generation of “virus-quality” effector
CD8 T cells, little or no tumor control may be observed. Adding to
this, the low Ag expression typical for immune-edited tumor cells
would potentiate any problem of reaching the threshold for ap-
propriate triggering of an effector response in vivo. If these results
can be extrapolated to any self-TA, the implication would be that,
regardless of what is done to activate cells targeting unmutated self,
they are likely never to be able to exert efficient tumor control. Ac-
cordingly, future attempts to generate efficient tumor vaccines should
be focused on developing vaccines targeting cancer-specific neo-
Ags, for example, mutated self gene products or virus-derived Ags.
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