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Abstract
How the immune system recognizes and responds to mutations expressed by cancer cells is a critical issue for cancer
immunology. Mutated self-polypeptides are particularly
strong tumor-specific rejection antigens for natural tumor
immunity, but we know remarkably little about T-cell
responses to mutated self during tumor growth in vivo,
including levels of response, kinetics, and correlates that
predict tumor rejection. To address these questions, a mutated
self-antigen, designated tyrosinase-related protein 1 (Tyrp1)WM, derived from Tyrp1 was expressed in the poorly
immunogenic, spontaneously arising B16 melanoma and the
immunogenic, chemically induced LiHa fibrosarcoma. Syngeneic mice challenged with LiHa fibrosarcoma cells expressing
Tyrp1-WM, but not native Tyrp1, induced specific CD8+ and
CD4+ T-cell responses against defined mutated epitopes in
tumor-draining lymph nodes and in tumors. Subsequently,
specific CD8+ T-cell responses contracted as a minority of
tumors progressed. B16 melanomas expressing Tyrp1-WM
induced minimal T-cell responses, and no tumor immunity
was detected. Treatment with an agonist monoclonal antibody
against glucocorticoid-induced tumor necrosis factor receptor
family–related gene (GITR) increased the level of CD8+ T cells
recognizing a peptide derived from the Tyrp1-WM sequence
and the proportion of mice rejecting tumors. These results
show that B16 tumors expressing mutations that generate
strongly immunogenic epitopes naturally induce T-cell
responses, which are insufficient to reject tumors. Immune
modulation, such as inducing GITR signaling, is required to
enhance CD8+ T-cell responses to specific mutations and to
lead to tumor rejection. [Cancer Res 2009;69(8):3545–53]

Introduction
Cancer is a genetic disease characterized by accumulation of
somatic mutations and other genetic alterations during tumor
progression. Mutations include point mutations, nucleotide
insertions and deletions, gene deletions, and translocations.
Large-scale genomic mutational analyses have been initiated to
explore the extent of mutations in human cancers. An analysis of
mutations in 518 genes encoding protein kinases in 210 tumor
specimens identified >1,000 mutations (1). Sequencing of protein-
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coding exons of 13,023 genes in 11 breast and 11 colorectal cancer
tumors revealed at least 90 mutations per specimen (2). In a survey
of matched samples looking at single-nucleotide substitutions,
tumors had a 200-fold increase in mutations compared with
autologous normal tissues (3). Together, these observations
support the accumulation of large numbers of mutations in
established tumors (estimated to be f1012 mutations in small
tumors composed of 109 cells; ref. 4).
Mutations are attractive targets for immunotherapy because of
their potential immunogenicity and cancer specificity. Importantly,
in contrast to the robust immunogenicity of chemically induced
tumors, spontaneous tumors are weakly immunogenic (5). When
immunity is detected in spontaneous tumors, it is directed against
poorly immunogenic, shared self-antigens (6). Molecular studies
have revealed that tumor-specific antigens in mice can be
generated from mutated self-molecules (7–11). In studies of
humans with cancer, mutated self-molecules can also be
recognized by CD8+ and CD4+ T-cell lines and clones (generated
through extended stimulation in vitro). As of October 2007, a
review of the published literature revealed that processed and
presented epitopes from 44 different mutated genes were
recognized by T cells from cancer patients (12), although such
responses have uncommonly been linked to clinical outcomes,
such as unexpectedly prolonged survival (13–15). Point mutations
in self-genes are, by far, the most prevalent genetic lesions
recognized by T cells. Immunogenic point mutations most
frequently have been shown to increase binding to MHC molecules
for presentation to T-cell receptors but can also enhance avidity
for T-cell receptors and increase antigen processing and presentation (16–19). A recent study indicates that each breast and
colorectal cancer contains f10 and 7 novel and unique HLAA*0201 epitopes, respectively (20).
We have studied T-cell responses to defined immunogenic
mutated self-epitopes during tumor growth in vivo using an
immunogenic, chemically induced tumor (LiHa fibrosarcoma) and
a poorly immunogenic, spontaneously arising tumor (B16F10
melanoma).

Materials and Methods
Mice. C57BL/6 and NOD/SCID mice (6- to 8-week-old females) were
acquired from The Jackson Laboratory. Mice were maintained in a
pathogen-free vivarium according to NIH Animal Care guidelines. Experiments were done under the governance of an institutional protocol
approved by the Memorial Sloan-Kettering Cancer Center Institutional
Animal Care and Use Committee.
Cell lines. B16F10 (hereafter called B16) is a cell line derived from a
spontaneously arising mouse melanoma of C57BL/6 origin (provided by
I. Fidler, M. D. Anderson Cancer Center). LiHa is a mouse fibrosarcoma,
which was induced by injecting dimethylbenzanthrene in the skin of an
INK4a -/- mouse on a C57BL/6 background (N15; ref. 21). EL4, a C57BL/6
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mouse lymphoma cell line, was used as antigen-presenting cells in
T-cell assays. Cell lines were cultured in RPMI 1640 supplemented with
7.5% FCS.
Peptides. Peptides were synthesized by Genemed Synthesis. Peptides
included H2-D b-restricted wild-type tyrosinase-related protein 1
(Tyrp1)455-463 (TAPDNLGYA) and its A463M mutant, WM455-463 (TAPDNLGYM; ref. 19), I-Ab-restricted peptides WM521-535 (RYAYDYEELPNPNHS)
and its wild-type counterpart Tyrp1521-535 (RYAEDYEELPNPNHS), and
pigeon cytochrome c PCC43-58 (AEGFSYTDANKNKGIT).
Expression vectors. The cDNA encoding wild-type mouse Tyrp1 and
mutated mouse Tyrp1 variant WM (‘‘white magic’’ for its ability to induce
vitiligo, originally designated Tyrp1ee; ref. 19) have been reported previously
(16, 19, 22, 23). The cDNAs were cloned into pMG-IRES-Lyt2 for expression
in tumor cells. The pMG-IRES-Lyt2 vector contains the mouse CD8
extracellular domain as a marker and does not contain a drug resistance
gene (eliminating immunogenicity of products of drug resistance genes and
avoiding transcription of neo or other gene products that generate amino
3¶-glycosyl phosphotransferase, which may alter cell phosphorylation
status). Tyrp1-WM455 and Tyrp1-WM455/521 were generated from native
mouse Tyrp1 cDNA. A schematic of native Tyrp1 and mutant variants is
shown in Fig. 1A.
Transfection. Cells were transfected with the cationic lipid-based
FuGENE 6 reagent (Roche Diagnostics) or by electroporation with the
Nucleofector device and solution V (Amaxa) using conditions described by
the manufacturers. Between 24 and 48 h after transfection, stable
transfectants were selected by flow cytometric cell sorting after staining
with phycoerythrin anti-CD8 antibody by the Memorial Sloan-Kettering
Cancer Center Flow Cytometry Core Facility. Stable transfectants were

sorted every 2 to 4 weeks for at least 2 months before use in experiments.
Multiple independent lines and clones were used for tumor regression/
progression experiments to rule out variability in transfectants.
Treatment with antibodies for immune modulation. To deplete CD4+
or CD8+ T cells, anti-CD4 monoclonal antibody (mAb; clone GK1.5, rat
IgG2b) or anti-CD8 mAb (clone 2.43, rat IgG2b) was injected intraperitoneally weekly, starting 2 days before tumor challenge and every 5 to
7 days thereafter (250 Ag for the first three injections and 500 Ag thereafter).
To induce agonist signaling through glucocorticoid-induced tumor necrosis factor receptor family-related gene (GITR), 1 mg anti-GITR agonistic mAb (DTA-1, mouse IgG2a) was injected intraperitoneally on day 4
following tumor challenge. Purified rat IgG (Sigma-Aldrich) was used as a
control.
I-Ab Optimizer program to predict and optimize I-Ab-restricted
epitopes. I-Ab Optimizer code was written in HTML. This application ranks
all the possible I-Ab-restricted peptide epitopes within an inquiry
polypeptide sequence according to an embedded interchangeable scoring
matrix. For an inquiry polypeptide with N amino acids, the I-Ab Optimizer
breaks the sequence into N-8 nine-mer peptides and calculates the scores
one by one as well as the maximum increase and maximum score
obtainable with one amino acid substitution.
ELISPOT assays. The ELISPOT assay has been described previously (24).
Briefly, MultiScreen-IP plates (Millipore) were coated with 100 AL antimouse IFN-g antibody at a concentration of 100 Ag/mL (10 mg/mL; clone
AN18; Mabtech). Purified CD4+ or CD8+ T cells (>95% enriched) from
tumor, spleen, or pooled inguinal lymph nodes, isolated using anti-CD4 or
anti-CD8 MACS magnetic beads (Miltenyi Biotec), were plated at a
concentration of 1  105 per well or as indicated. To assess CD8+ T-cell

Figure 1. LiHa fibrosarcoma expressing WM regresses.
A, schematic of mouse Tyrp1 and WM mutants. Mutations
(vertical bars ) were designed to improve binding to MHC I
molecules. SP, signal peptide; TM, transmembrane
domain; CD, cytoplasmic domain. B, 25,000 LiHa cells
were used to challenge C57BL/6 mice. 25,000 LiHa-WM
cells were also used to challenge CD8-depleted C57BL/6
mice (-CD8). 100,000 B16 cells were used to challenge
C57BL/6 mice. Tumor growth was followed three times
per week for >60 d. Ratios equal the number of mice with
tumors over the total number of mice.
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responses, CD8+ cells were incubated at 37jC for 20 h with irradiated
(10,000 rads) antigen-presenting cells using either 1  104 EL-4 lymphoma
cells pulsed with 1 Ag/mL peptide or B16 cells. For CD4+ T-cell assays,
CD4+ cells were incubated for 40 h with 105 irradiated (3,000 rads) naive
syngeneic splenocyte antigen-presenting cells pulsed with 10 Ag/mL
peptide. Wells were then incubated with 100 AL/well biotinylated antibody
against mouse IFN-g at a concentration of 4 Ag/mL (2 mg/mL; clone
R4-6A2; Mabtech). Spots were developed with streptavidin-conjugated
horseradish peroxidase and counted with an automated ELISPOT reader
system with KS 4.3 software (Carl Zeiss MicroImaging).
Tumor challenge and measurement. For tumor challenge, indicated
numbers of B16 or LiHa cells with a viability >95% were used. Tumor cells
were challenged intradermally into the lower right flank of mice. Tumor
diameters were measured by calipers every 2 to 3 days. Mice were sacrificed
when tumors ulcerated or reached a maximum diameter of 10 mm or mice
showed any sign of discomfort.
Flow cytometry. Fluorochrome-labeled anti-mouse mAbs recognizing
mouse CD3 (145-2C11), CD4 (GK1.5), CD8 (53-6.7), Ly-6G and Ly-6C (Gr-1;
RB6-11 8C5), NK1.1 (PK136), CD11b (M1/70), CD25 (3C7), and IFN-g
(XMG1.2) were used from BD Pharmingen. Phycoerythrin-labeled antimouse Foxp3 (FJK-16s) mAb from eBiosciences was used in our experiments. Cells were assessed on a FACSCalibur or FACScan flow cytometer
(Becton Dickinson) and results were analyzed using FlowJo (TreeStar). For
tetramer assays, phycoerythrin-conjugated Db/WM455-463 tetramer, containing the H2-Db-restricted mutant Tyrp1 epitope WM455-463 (19), was made by
Beckman Coulter. One million cells were incubated with 1 AL tetramer for
30 min at 37jC and then incubated with fluorochrome-labeled anti-CD3,
anti-CD4, and anti-CD8 antibodies (BD Pharmingen) for 20 min at 4jC.
Percentage of tetramer-positive cells was calculated within the
CD3+CD4-CD8+ gate or as indicated. For intracellular IFN-g assays,
lymphocytes were stimulated either with or without 0.1 to 1 Ag/mL
peptide. Brefeldin A (Sigma-Aldrich) was added after 1 h at a concentration
of 10 Ag/mL. Following incubation for 12 to 16 h at 37jC, cells were stained
for surface markers, fixed and permeabilized using the Cytofix/Cytoperm kit
(BD Biosciences), and stained for intracellular IFN-g using phycoerythrinconjugated anti-mouse IFN-g (BD Pharmingen).
Statistical analysis. Differences in tumor-free survival were analyzed by
log-rank analysis of Kaplan-Meier curves (comparisons pooled over strata
using SPSS 10.0 software for Windows). Statistical differences and T-cell
responses between groups of mice were determined by two-tailed,
nonparametric Mann Whitney test (GraphPad Prism 4.0).

Results
Generation of tumor cells expressing wild-type and mutant
Tyrp1. To investigate natural tumor immunity elicited by
immunogenic point mutations in mutant self-proteins, mutant
self-genes encoding defined immunogenic point mutations were
expressed in inherently immunogenic LiHa tumor cells and poorly
immunogenic B16 tumor cells (6). Native and a mutated version
of mouse Tyrp1 were selected for this study based on extensive
characterization of the biology and immunogenicity of these
proteins (19, 22, 25–30). We have reported previously the mutant
form of mouse Tyrp1, Tyrp1-WM, which contains point mutations
to create heteroclitic epitopes with increased binding to Kb and Db
MHC I molecules (ref. 19; Fig. 1A). Immunization with plasmid
expressing Tyrp1-WM induces strong CD8+ T-cell responses,
protects almost all mice from challenge with supralethal doses of
B16 melanoma, and prolongs progression-free survival in therapeutic B16 models (19). Mutant Tyrp1-WM contains a dominant
mutated MHC I-restricted epitope at amino acid positions 455 to
463 and two subdominant mutated MHC I epitopes (481-489 and
522-529; ref. 19).
Wild-type Tyrp1 and mutant Tyrp1-WM cDNA were subcloned
into a bicistronic vector, pMG-IRES-Lyt2 (see Materials and
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Methods), which encodes the extracellular and transmembrane
domains of mouse CD8 (Lyt2; for selection of transfected cells).
Wild-type Tyrp1 and mutant Tyrp1-WM were expressed in the
poorly immunogenic B16 melanoma and in the chemically
induced, immunogenic LiHa fibrosarcoma. B16 melanoma is not
immunogenic when measured either by concomitant immunity or
by immunization with up to 50 million irradiated tumor cells,
whereas LiHa fibrosarcoma induces both concomitant immunity
and tumor immunity following immunization with irradiated LiHa
cells (6). Multiple transfectants were generated for each cell line as
described in Materials and Methods.
LiHa-WM tumors are regressors and B16-WM tumors are
progressors. Syngeneic C57BL/6 mice were challenged cutaneously with supralethal numbers of tumor cells. For LiHa experiments, mice were challenged with 25,000 cells (LD50 for parental
LiHa is 1,000 cells). In three separate experiments, parental LiHa,
LiHa transfected with empty vector (data not shown), and LiHaTyrp1 tumors grew aggressively in all mice and were lethal within
3 weeks (Fig. 1B). In marked contrast, LiHa-WM initially formed
tumors in all mice but tumors (f5-6 mm diameter) spontaneously
regressed in the majority of mice after day 6 (a representative
experiment of three is presented in Fig. 1B). Following regression,
mice remained tumor-free for >60 days. Taking the results of three
experiments together, parental LiHa and LiHa-vector (two
independently transfected lines) each formed progressor tumors
in 22 of 22 mice, LiHa-Tyrp1 (three different lines) in 17 of 17 mice,
and LiHa-WM (three distinct lines) in only 6 of 17 mice. Rejection
of LiHa-WM tumors was not due to intrinsic differences in
tumorigenicity or growth but rather was CD8-dependent, as LiHaWM tumors grew in CD8-depleted mice as aggressively as parental
LiHa tumors (Fig. 1B).
Following challenge of syngeneic C57BL/6 mice with 100,000
B16 cells (LD50 for B16 is 2,500 cells), progressor tumors were
observed in most mice, including B16 transfected with empty
vectors (8 different lines), B16-Tyrp1 (8 lines), and B16-WM
(9 different lines; representative experiment in Fig. 1B). Overall,
B16-vector grew in 169 of 208 (81%) mice, B16-Tyrp1 in 79 of 85
(93%) mice, and B16-WM in 85 of 100 (85%) mice. These results
show that expression of immunogenic point mutations is
sufficient to lead to natural CD8-dependent tumor regression
of LiHa fibrosarcoma but not of the poorly immunogenic B16
melanoma.
LiHa expressing WM induces CD8+ T-cell responses against
the dominant mutant WM455-463 epitope. To characterize CD8+
T-cell responses elicited by tumors expressing immunogenic
mutations, mice were challenged with parental or mutant LiHa
and B16 tumor cells. Nine days after tumor challenge, individual
tumors were analyzed for infiltration of CD8+ T cells. LiHa-Tyrp1
and parental LiHa tumors contained little infiltrate (<0.5%; Fig. 2A,
top row). All B16 tumors contained comparable infiltration of CD8+
T cells (1.5-1.8%; data not shown for parental B16). No increases in
CD8+ T-cell infiltrates were observed in B16-WM tumors. In
contrast, LiHa-WM tumors elicited a marked infiltration of CD8+
T cells, increased 81- and 14-fold compared with LiHa and LiHaTyrp1 tumors, respectively (Fig. 2A, top row). These results reveal
preferential recruitment and/or expansion of host CD8+ T cells in
LiHa-WM (but not B16-WM) tumors.
CD8+ T cells against the dominant Db-restricted mutant epitope
WM455-463 (A463M mutation in a Db-binding anchor residue)
were analyzed in tumors (Fig. 2A, middle row) and lymph nodes
(Fig. 2B, top row) using Db/WM455-463 tetramers. Remarkably,
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Figure 2. Tumor cells expressing WM but
not wild-type Tyrp1 induce CD8+ T-cell
responses. Mice were injected
intradermally with 50,000 LiHa cells or
100,000 B16 cells. Each symbol represents
one mouse. A, proportion of CD8+ T cells to
total viable cells in tumors (top row);
proportion of tetramer-positive cells within
the CD3+CD8+ gate of tumor-infiltrating
cells (middle row ); proportion of
IFN-g–positive cells in the CD3+CD8+ gate
after single-cell suspension from tumors
was stimulated with 1 Ag/mL WM455-463
peptide overnight (bottom row ).
*, P = 0.008; #, P = 0.03, compared with
LiHa-Tyrp1. B, top row, proportions of
tetramer-positive cells within the
CD3+CD8+ gate in individual lymph nodes;
bottom row, frequencies of functional
CD8+ T cells by ELISPOT assay. LN, lymph
node; DLN, tumor-draining lymph node;
CLN, contralateral lymph node. Horizontal
lines, means for individual mice. Bars, SE.
*, P = 0.008, compared with LiHa-Tyrp1 or
B16-Tyrp1.

tetramer-positive CD8+ T cells comprised 30% of CD8+ T cells
infiltrating LiHa-WM tumors but were essentially undetectable in
parental LiHa, LiHa-Tyrp1, B16-Tyrp1, or B16-WM tumors (Fig. 2A,
middle row). Tetramer-positive CD8+ T cells were also increased in
draining and contralateral nodes in hosts with LiHa-WM but not
B16-WM tumors (Fig. 2B, top row). These results suggest a major
contribution of CD8+ T cells recognizing the WM455-463 epitope for
mediating regression of LiHa-WM tumors.
Specific CD8+ T cells secreting IFN-g in response to WM455-463
could be detected in LiHa-WM but not B16-WM tumors (Fig. 2A,
bottom row). Although these responses were detectable in B16-WMdraining lymph nodes by sensitive ELISPOT assays, the responses
were found only in 8 of 24 (33%) mice and were very weak (14-42
spots/100,000 CD8+ cells), whereas the same responses were
markedly elevated in draining (407 F 75) and nondraining lymph
nodes (81 F 37) of mice bearing LiHa-WM tumors (Fig. 2B, bottom
row ). Thus, LiHa-WM tumor progression naturally elicited

Cancer Res 2009; 69: (8). April 15, 2009

functional CD8+ T-cell responses against the dominant WM455-463
epitope.
LiHa expressing WM induces CD4+ T-cell responses against
the mutant WM521-535 epitope. LiHa-WM, but not B16-WM,
tumors had increased infiltration of CD4+ T cells (Fig. 3A).
Although point mutations in Tyrp1-WM were originally created
to generate heteroclitic peptides that bind to MHC I (19), mutant
(or wild-type) Tyrp1 peptides might also bind to MHC II molecules.
To search for candidate peptides with potential for binding to the IAb MHC II molecule, we created an algorithm called I-Ab Optimizer
using Position Specific Scoring Matrixes (31, 32) to rank candidate
peptides. The four peptides with the highest scores were identified
and synthesized.
To determine whether any of these four peptides were epitopes
that could be processed and presented to CD4+ T cells, mice were
immunized with plasmid DNA expressing full-length Tyrp1-WM
and CD4+ T cells were purified from spleens for ELISPOT assays.
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Strong CD4+ T-cell responses were detected against the mutant
peptide WM521-535 (E524Y) but not against the corresponding
nonmutated Tyrp1521-535 peptide or the three other candidate
peptides (Supplementary Fig. S1; data not shown). Responding
CD4+ T cells against WM521-535 primarily produced IFN-g, although
IL-2 production was detectable at a low level (Supplementary
Fig. S1). Neither IL-4-producing nor IL-10-producing CD4+ T cells
could be detected (data not shown). These data are consistent with
Th1-type responses of CD4+ T cells against the mutant WM521-535
epitope.
We next asked whether MHC II-negative B16 or LiHa tumors
expressing Tyrp1-WM or Tyrp1 naturally primed CD4+ T-cell
responses to this mutant epitope during tumor progression.
Around day 10 after tumor challenge, LiHa-WM tumors had f5fold increased CD4+ T-cell infiltration, compared with LiHa-Tyrp1

tumors, but no increase was observed for B16-WM tumors
compared with B16-Tyrp1 (Fig. 3A). Mice with LiHa-WM tumors,
but not LiHa, LiHa-Tyrp1, or B16 tumors, had CD4+ T-cell
responses to WM521-535 mutant epitope in tumor-draining lymph
nodes (Fig. 3B). These results show the priming of Th1-type CD4+
T-cell responses against the mutant WM521-535 epitope by MHC
II-negative LiHa-WM tumors presumably through cross-priming by
antigen-presenting cells.
These observations suggested that combinations of cytotoxic
CD8+ T-cell responses and CD4+ Th1 helper responses against
mutant self-peptides within the same protein act synergistically to
induce tumor immunity. To address this hypothesis, we created a
cDNA encoding Tyrp1-WM455, which contains only the Dbrestricted mutant WM455-463 epitope through insertion of a
single mutation at amino acid 463 (A463M). A second cDNA,

Figure 3. Tumor cells expressing WM induce
strong CD4+ T-cell responses to a novel epitope.
A, mice were challenged intradermally with
50,000 LiHa cells or 100,000 B16 cells.
Percentages of CD4+ T cells in individual tumors.
B and C, mice were challenged with either
50,000 LiHa cells or 100,000 B16 cells. IFN-g
ELISPOT assays with CD4+ cells (B ) or CD8+
cells (C ) from tumor-draining lymph node 10 d
after tumor challenge. D, mice were challenged
with 50,000 LiHa cells. 50,000 LiHa-WM455/521
cells were also used to challenge CD4-depleted
mice, CD8-depleted mice, or NOD/SCID mice.
Tumor growth was followed three times per
week for >60 d. Bars, SE. Ratios equal the
number of mice with tumors over the total number
of mice.
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Tyrp1-WM455/521, was created, which contains the MHC
I-restricted mutant WM455-463 epitope plus a second mutation
(E524Y), inserting the I-Ab-restricted WM521-535 helper epitope
(Fig. 1A). Both constructs were expressed in LiHa cells.
Challenge with LiHa-WM455 induced modest CD8+ T-cell
responses against the WM455-463 epitope in tumor-draining lymph
nodes, whereas CD8+ T-cell responses against this epitope were
3-fold higher following challenge with LiHa-WM455/521 (Fig. 3C),
confirming the role for T-cell help in generating the CD8+ T-cell
responses. Importantly, all LiHa-WM455/521 tumors regressed,
whereas all LiHa-WM455 tumors progressed (Fig. 3D). Regression
of LiHa-WM455/521 was dependent on CD8+ T cells, and partially
dependent on CD4+ T cells, based on progression of LiHa-WM455/
521 tumors in hosts depleted of CD8+ and CD4+ cells and in NOD/
SCID mice (Fig. 3D). These results show that a single mutation
encoding a strongly immunogenic mutant MHC I-restricted
epitope was insufficient to trigger regression. However, a
combination of mutant MHC I- and II-restricted epitopes was
sufficient to induce a regressor phenotype mediated through CD8+
T cells and dependent on CD4+ T-cell help.
Kinetics of CD8+ T-cell responses and tumor infiltration by
regulatory cells: predictors of progression versus regression.
Studies of concomitant tumor immunity have shown that,
following tumor challenge, a critical window exists between days
6 and 12, during which time T-cell responses are induced (6, 33).
Events in this window likely determine regression versus progres-

sion. Growth of LiHa-WM tumors plateaus between days 6 and 12
(Figs. 1B and 4A) followed by regression or progression. To better
characterize this window, mice (10 per group) were challenged
with 5,000, 50,000, or 500,000 LiHa-WM cells. Tumor growth
plateaued between days 6 and 12 in all groups (Fig. 4A; data not
shown), although higher numbers of tumor cells generated higher
plateau levels (plateaus at 2, 5, and 7 mm mean diameters,
respectively; Fig. 4A; data not shown).
Specific CD8+ T-cell responses against mutant WM455-463 were
evaluated between days 7 and 21. CD8+ T-cell responses peaked
between days 7 and 14 in blood (Fig. 4A), spleen (Fig. 4B), and
lymph nodes (data not shown), corresponding to the growth
plateau of LiHa-WM tumors, followed by contraction by day 21
(whether or not tumors progressed). Higher doses of LiHa-WM cells
did not induce higher CD8+ T-cell responses in blood (data not
shown), suggesting that the magnitude of systemic CD8+ T-cell
responses is not dependent on antigen dose. Furthermore, CD8+
T-cell responses, measured individually in the blood of 10 mice
over time (days 7, 14, and 21 following LiHa-WM challenge),
revealed no relationship between levels of T-cell response and
tumor regression (data not shown).
To address the question of how the immunogenicity of a tumor
affects cellular infiltration, we examined infiltrating cells in LiHaWM and LiHa-Tyrp1 tumors sequentially between days 7 and 21
(Fig. 4C, representative results of two experiments; Supplementary
Fig. S2 for gating strategies). On day 10, at the peak of CD8+ T-cell

Figure 4. Kinetics of T-cell responses and tumor infiltration. A, mice were challenged with 50,000 LiHa-WM cells. Line, growth curve of tumors; squares, mean tumor
diameters (n = 10). Bars, proportions of tetramer-positive cells in blood. Left Y axis, tumor sizes; right Y axis, proportions of tetramer-positive cells. *, P < 0.05,
compared with naive mice. B, C57BL/6 mice were challenged with 100,000 LiHa cells. At indicated days after tumor challenge, splenocytes were used for intracellular
IFN-g assays. C, two groups of mice were challenged intradermally with LiHa-Tyrp1 (filled columns ) or LiHa-WM cells (open columns ). At indicated days after
tumor challenge, tumors were analyzed by flow cytometry. Proportions of Foxp3+CD25+ (top left ), CD11b+Gr-1+ cells (top right), NK1.1+CD3- (bottom left ), and
NK1.1+CD3+ (bottom right ). D, proportions of Foxp3+CD25+CD4+ T cells (left) and CD11b+Gr-1+ cells (right ) in B16 tumors. Bars, SE of individual mice.
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Figure 5. Anti-GITR agonistic antibody treatment augments CD8+ T-cell
responses and tumor immunity. A to D, 100,000 B16-WM cells were injected
intradermally in nontreated or anti-GITR–treated mice. A, mice were followed for
tumor growth three times weekly for >100 d. B, frequencies of CD4+ (filled)/CD8+
(open ) T cells in tumors. C, frequencies of tetramer-positive cells in tumors were
calculated and plotted. D, on day 11 after tumor challenge, tumor-draining lymph
nodes were used for IFN-g ELISPOT assays. Bars, SE of three mice.

responses to the WM455-463 epitope in draining lymph nodes,
spleen, and blood, both LiHa-WM and LiHa-Tyrp1 tumors were
infiltrated by Foxp3+CD25+CD4+ regulatory T cells (Treg; Fig. 4C,
top left). There was no significant difference in the proportion of
Treg cells in LiHa-WM versus LiHa-Tyrp1 tumors on day 10.
However, on day 14, the proportion of Tregs decreased significantly
in LiHa-WM tumors but remained elevated in progressor LiHaTyrp1 tumors out to day 21. B16-WM and B16-Tyrp1 tumors were
both infiltrated with Tregs on day 14, unexpectedly with somewhat
higher levels in B16-WM tumors (Fig. 4D, left). These results show
that strong T-cell responses against mutant self-peptides do not
prevent initial infiltration of Tregs into tumors but rather lead to a
dramatic drop in Tregs at the end of the critical window of CD8+
T-cell induction.
Continued infiltration of Tregs beyond the day 6 to 12 window
predicted progression; however, tumors develop complex microenvironments, including multiple myeloid, lymphoid, and other
bone marrow-derived cell types. A prominent population in mouse
and human tumors is made up of myeloid-derived cells, with a
CD11b+Gr-1+ phenotype and suppressor function (34, 35). Myeloid
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cells with the CD11b+Gr-1+ phenotype were equivalent in both
LiHa-WM and LiHa-Tyrp1 tumors on day 7 (Fig. 4C, top right; data
not shown) but similar to the kinetics of Tregs; this population
subsequently decreased >2-fold in LiHa-WM tumors relative to
LiHa-Tyrp1 tumors. No differences between B16-WM and B16Tyrp1 tumors were observed on day 14 (Fig. 4D, right). Thus,
infiltration of myeloid cells precedes Treg infiltration, but the
declines in proportions of Tregs and myeloid-derived cells occur
synchronously.
We examined two other lymphoid cell types, natural killer (NK)
and natural killer-T (NKT) cells, implicated in regulating tumor
immunity. Recruitment of both NK and NKT cells in LiHa tumors
was prominent on day 10 after tumor challenge but not at other
time points (Fig. 4C, bottom). Notably, LiHa-WM tumors had a
higher proportion of NK cells (NK/NKT ratio 2: 1) compared with a
higher proportion of NKT cells in LiHa-Tyrp1 tumors (NK/NKT
ratio, 1:3.5; Fig. 4C, reproduced in two separate experiments). Thus,
the earliest event that predicted the regressor phenotype of LiHaWM tumors was a NK/NKT cell ratio >1 on day 10 followed by
declines in Treg and myeloid cell infiltrates.
Immune modulation treatment directed at Treg cells.
Abrogation of immunogenicity for B16 tumors in concomitant
tumor immunity experiments is determined by Foxp3+CD25+CD4+
Tregs (6). Therefore, infiltration of B16-WM tumors by
Foxp3+CD25+CD4+ Treg cells likely mediates tolerance (Fig. 4D).
This central role of Treg cells led us to investigate an agonist mAb
against GITR (6, 36–39), which has been reported to overcome
Treg-dependent tolerance.
The anti-GITR mAb DTA-1 induces signaling through GITR on
Tregs to disable suppressor functions (39–42). Mice challenged
with B16-WM cells were treated with intraperitoneal injection of
anti-GITR mAb DTA-1 on day 4 when tumors were palpable or
were left untreated. B16-WM tumors regressed in 15 of 20 DTA-1treated mice, without recurrence for >100 days, whereas B16-WM
tumors progressed in 19 of 20 nontreated mice (results of one of
two experiments are shown in Fig. 5A). DTA-1 treatment produced
a marked infiltration of CD8+ T cells in tumors (Fig. 5B)
accompanied by an elevated frequency of CD8+ T cells against
the mutant WM455-463 epitope in tumors, draining lymph nodes,
and blood (Fig. 5C and D; data not shown).
Tumors are composed of self-molecules and mutated selfmolecules, with presumably limited or no adjuvanticity for
activation of antigen-presenting cells. We examined the survival
of mice challenged with B16-WM and LiHa-WM tumor cells
coinjected with ligands for the following innate immune receptors:
TLR1 to TLR7, TLR9, Nod2, and the adapter molecule IPS-1
(Supplementary Fig. S3). The TLR9 ligand CpG ODN2395 induced
rejection of B16-WM tumors as well as enhanced CD8+ T-cell
responses (Supplementary Fig. S4). None of the other ligands had
clear effects on tumor progression. Thus, progressor B16-WM
tumors were converted to regressor tumors by GITR or TLR9
signaling.

Discussion
The results described in this study reveal the in vivo kinetics of
immune responses to a dominant mutated MHC class I-restricted
epitope, expressed in an altered self-protein by both naturally
immunogenic LiHa fibrosarcoma and poorly immunogenic B16
melanoma. The mutated self-antigen used is strongly immunogenic
when delivered in vaccines incorporating immune adjuvants
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(e.g., bacterial CpGs). Remarkably, expression of these strongly
immunogenic mutations in LiHa fibrosarcoma led to spontaneous
regression of established tumors (5-6 mm in diameter) when 5,000
to 25,000 LiHa-WM cells were used for challenge (LD50 for parental
LiHa is 1,000 cells), whereas expression of the same mutations in
poorly immunogenic B16 melanoma was insufficient to induce
tumor rejection. A major question emerging from these results is
the reason for the difference between immunogenicity and tumor
protection induced by these two tumor types. One possibility stems
from the fact that the LiHa tumor has acquired other mutations
due to chemical induction. These other mutations could theoretically have created helper epitopes, which enhance immunologic
potency. Thus, the natural history of an individual tumor, including
the relative accumulation of mutations, can have important
ramifications on its immunogenicity. We are currently investigating
differential expression of growth factors, chemokines, or cytokines
in B16 or LiHa cells or tumors by quantitative PCR analysis to
determine if this represents an alternative explanation for the
difference between the two cell lines.
Treatment targeting Treg cells converts tumors expressing
immunogenic mutations into regressors. We have attempted to
augment CD8+ T-cell responses and tumor immunity by targeting
Treg cells using DTA-1 (6, 36–39). GITR is expressed constitutively
at high levels on Tregs (CD4+CD25+ T cells) and expressed at low
levels on resting CD4+ and CD8+ T cells, with up-regulation
following T-cell activation. It has been shown that DTA-1 treatment
can abrogate suppressive activity of CD4+CD25+ Tregs in vitro
(39–42) as well as provide costimulatory signals to effector CD4+
and CD8+ T cells (43–45). In other studies, DTA-1 treatment is
efficacious in rejecting not only chemically induced, immunogenic
cell lines (38) but also the poorly immunogenic B16 melanoma in a
concomitant immunity model (6). Recently, studies from our
laboratory indicate that anti-GITR agonistic antibody treatment in
B16 models may act through a costimulatory effect on CD8+ T cells
(36, 37). Thus, the effects of agonist anti-GITR mAb may involve
both Treg suppression and costimulation of previously activated
T cells. This combination of inhibiting suppressor cells and
stimulating helper and effector T cells by a single agent provides
an attractive strategy for cancer therapy.
Relevance to cancer immunology. How the immune system
recognizes and responds to mutations expressed by cancer cells is
a critical but underappreciated question for the field of cancer
immunology. Many reports have rationalized the use of foreign

References
1. Greenman C, Stephens P, Smith R, et al. Patterns of
somatic mutation in human cancer genomes. Nature
2007;446:153–8.
2. Sjoblom T, Jones S, Wood LD, et al. The consensus
coding sequences of human breast and colorectal
cancers. Science 2006;314:268–74.
3. Bielas JH, Loeb KR, Rubin BP, True LD, Loeb LA. From
the cover: human cancers express a mutator phenotype.
Proc Natl Acad Sci U S A 2006;103:18238–42.
4. Klein CA. Random mutations, selected mutations: a
PIN opens the door to new genetic landscapes. Proc
Natl Acad Sci U S A 2006;103:18033–4.
5. Hewitt HB, Blake ER, Walder AS. A critique of the
evidence for active host defense against cancer, based
on personal studies of 27 murine tumours of spontaneous origin. Br J Cancer 1976;33:241–59.
6. Turk MJ, Guevara-Patino JA, Rizzuto GA, Engelhorn
ME, Sakaguchi S, Houghton AN. Concomitant tumor

Cancer Res 2009; 69: (8). April 15, 2009

epitopes of microbial pathogens (e.g., from influenza or SV40
viruses) or xenogeneic proteins (e.g., ovalbumin) as mimics of
mutated self-proteins. However, most mutations in cancer cells
that are recognized by the immune system are point mutations,
which convert individual amino acids. Although, in some cases,
these point mutations can lead to increased binding to T-cell
receptors, in the large majority of cases, point mutations
recognized by T cells of both mice and humans produce peptides
that have enhanced binding to MHC molecules. For these mutant
peptides, the amino acid residues that are bound by T-cell
receptors are often left unchanged. For this reason, point
mutations in the context of self-amino acid sequences, within the
backbone of unaltered self-molecules, are almost certainly not
mimicked by foreign polypeptides, such as hen ovalbumin or
influenza hemagglutinin.
This work represents the first report characterizing, in detail,
spontaneous immune responses induced by tumors expressing
immunogenic mutated self-epitopes, restricted by both MHC I and
II molecules. The demonstration of regression of LiHa-WM tumors
and the progression of B16-WM tumors despite expression of
strongly immunogenic mutations emphasizes that the major
challenge in generating effective cancer immunity is not simply
to understand immune responses to mutated self. It has become
apparent that the barriers to effective cancer immunity are erected
at the level of the tumor, but we have much to learn about the
tumor microenvironment, especially the relationship between and
the function of different bone marrow-derived cell types infiltrating
tumors.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Acknowledgments
Received 7/24/08; revised 12/9/08; accepted 2/10/09; published OnlineFirst 4/7/09.
Grant support: National Cancer Institute grants R01 CA56821, P01 CA33049, and
P01 CA59350, Swim Across America, Lita Annenberg Hazen Foundation, TJ Martell
Foundation, and Louis and Anne Abrons Foundation; Cancer Research Institute
predoctoral fellowship (F. Duan); Cancer Research Institute Fellowship Award
(M.E. Engelhorn); American Society of Clinical Oncology Young Investigator Award
and H-C Fellowship (A.D. Cohen); and Damon Runyon-Lilly Clinical Investigator
Award (A.N. Houghton and J.D. Wolchok).
The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

immunity to a poorly immunogenic melanoma is
prevented by regulatory T cells. J Exp Med 2004;200:
771–82.
7. Lurquin C, Pel AV, Mariame B, et al. Structure of the
gene of tum- transplantation antigen P91A: the mutated
exon encodes a peptide recognized with Ld by cytotoxic
T cells. Cell 1989;58:293–303.
8. Uenaka A, Ono T, Akisawa T, Wada H, Yasuda T,
Nakayama E. Identification of a unique antigen peptide
pRL1 on BALB/c RL male 1 leukemia recognized by
cytotoxic T lymphocytes and its relation to the Akt
oncogene. J Exp Med 1994;180:1599–607.
9. Mandelboim O, Berke G, Fridkin M, Feldman M,
Eisenstein M, Eisenbach L. CTL induction by a tumourassociated antigen octapeptide derived from a murine
lung carcinoma. Nature 1994;369:67–71.
10. Monach PA, Meredith SC, Siegel CT, Schreiber H. A
unique tumor antigen produced by a single amino acid
substitution. Immunity 1995;2:45–59.
11. Dubey P, Hendrickson RC, Meredith SC, et al. The

3552

immunodominant antigen of an ultraviolet-induced
regressor tumor is generated by a somatic point
mutation in the DEAD box helicase p68. J Exp Med
1997;185:695–706.
12. Van der Bruggen P, Stroobant V, Van Pel A, Van den
Eynde B. T-cell defined tumor antigens. Cancer Immunity 2001; c2001-2007 [updated 2007 Oct 23; cited 2008
May 28]. Available from: http://www.cancerimmunity.org/peptidedatabase/mutation.htm.
13. Echchakir H, Mami-Chouaib F, Vergnon I, et al. A
point mutation in the a-actinin-4 gene generates an
antigenic peptide recognized by autologous cytolytic T
lymphocytes on a human lung carcinoma. Cancer Res
2001;61:4078–83.
14. Zorn E, Hercend T. A natural cytotoxic T cell
response in a spontaneously regressing human melanoma targets a neoantigen resulting from a somatic point
mutation. Eur J Immunol 1999;29:592–601.
15. Wolfel T, Hauer M, Schneider J, et al. A p16INK4ainsensitive CDK4 mutant targeted by cytolytic T

www.aacrjournals.org

Downloaded from cancerres.aacrjournals.org on January 18, 2018. © 2009 American Association for Cancer
Research.

Published OnlineFirst April 7, 2009; DOI: 10.1158/0008-5472.CAN-08-2779
Immune Rejection of Mouse Tumors
lymphocytes in a human melanoma. Science 1995;269:
1281–4.
16. Engelhorn ME, Guevara-Patino JA, Noffz G, et al.
Autoimmunity and tumor immunity induced by immune
responses to mutations in self. Nat Med 2006;12:198–206.
17. Dyall R, Bowne WB, Weber LW, et al. Heteroclitic
immunization induces tumor immunity. J Exp Med
1998;188:1553–61.
18. Slansky JE, Rattis FM, Boyd LF, et al. Enhanced
antigen-specific antitumor immunity with altered peptide ligands that stabilize the MHC-peptide-TCR complex. Immunity 2000;13:529–38.
19. Guevara-Patino JA, Engelhorn ME, Turk MJ, et al.
Optimization of a self antigen for presentation of
multiple epitopes in cancer immunity. J Clin Invest
2006;116:1382–90.
20. Segal NH, Parsons DW, Peggs KS, et al. Epitope
landscape in breast and colorectal cancer. Cancer Res
2008;68:889–92.
21. Serrano M, Lee HW, Chin L, Cordon-Cardo C, Beach
D, DePinho RA. Role of the INK4a locus in tumor
suppression and cell mortality. Cell 1996;85:27–37.
22. Weber LW, Bowne WB, Wolchok JD, et al. Tumor
immunity and autoimmunity induced by immunization
with homologous DNA. J Clin Invest 1998;102:1258–64.
23. Bowne WB, Srinivasan R, Wolchok JD, et al. Coupling
and uncoupling of tumor immunity and autoimmunity.
J Exp Med 1999;190:1717–22.
24. Scheibenbogen C, Lee KH, Stevanovic S, et al.
Analysis of the T cell response to tumor and viral
peptide antigens by an IFN-g-ELISPOT assay. Int J
Cancer 1997;71:932–6.
25. Vijayasaradhi S, Bouchard B, Houghton AN. The
melanoma antigen gp75 is the human homologue of the
mouse b (brown) locus gene product. J Exp Med 1990;
171:1375–80.
26. Vijayasaradhi S, Doskoch PM, Houghton AN. Biosynthesis and intracellular movement of the melanosomal
membrane glycoprotein gp75, the human b (brown)
locus product. Exp Cell Res 1991;196:233–40.

www.aacrjournals.org

27. Vijayasaradhi, S, Doskoch PM, Wolchok JD, Houghton
AN. Melanocyte differentiation marker gp75, the brown
locus protein, can be regulated independently of
tyrosinase and pigmentation. J Invest Dermatol 1995;
105:1–7.
28. Xu Y, Setaluri V, Takechi Y, Houghton AN. Sorting and
secretion of a melanosome membrane protein, gp75/
TRP1. J Invest Dermatol 1997;109:788–95.
29. Xu Y, Vijayasaradhi S, Houghton AN. The cytoplasmic
tail of the mouse brown locus product determines
intracellular stability and export from the endoplasmic
reticulum. J Invest Dermatol 1998;110:324–31.
30. Guevara-Patino JA, Turk MJ, Wolchok JD, Houghton
AN. Immunity to cancer through immune recognition of
altered self: studies with melanoma. Adv Cancer Res
2003;90:157–77.
31. Pedro AR, John-Paul G, Hong Z, Ellis LR. Enhancement to the RANKPEP resource for the prediction of
peptide binding to MHC molecules using profiles.
Immunogenetics 2004;56:405–19.
32. Zhu Y, Rudensky AY, Corper AL, Teyton L, Wilson IA.
Crystal structure of MHC class II I-Ab in complex with a
human CLIP peptide: prediction of an I-Ab peptidebinding motif. J Mol Biol 2003;326:1157–74.
33. North RJ, Bursuker I. Generation and decay of the
immune response to a progressive fibrosarcoma. I.
Ly-1+2- suppressor T cells down-regulate the generation of Ly-1-2+ effector T cells. J Exp Med 1984;159:
1295–311.
34. Frey AB. Myeloid suppressor cells regulate the
adaptive immune response to cancer. J Clin Invest
2006;116:2587–90.
35. Gallina G, Dolcetti L, Serafini P, et al. Tumors induce
a subset of inflammatory monocytes with immunosuppressive activity on CD8+ T cells. J Clin Invest 2006;116:
2777–90.
36. Cohen AD, Diab A, Perales MA, et al. Agonist antiGITR antibody enhances vaccine-induced CD8(+) T-cell
responses and tumor immunity. Cancer Res 2006;66:
4904–12.

3553

37. Ramirez-Montagut T, Chow A, Hirschhorn-Cymerman D, et al. Glucocorticoid-induced TNF receptor
family related gene activation overcomes tolerance/
ignorance to melanoma differentiation antigens and
enhances antitumor immunity. J Immunol 2006;176:
6434–42.
38. Ko K, Yamazaki S, Nakamura K, et al. Treatment of
advanced tumors with agonistic anti-GITR mAb and its
effects on tumor-infiltrating Foxp3+CD25+CD4+ regulatory T cells. J Exp Med 2005;202:885–91.
39. Shimizu J, Yamazaki S, Takahashi T, Ishida Y, and
Sakaguchi S. Stimulation of CD25+CD4+ regulatory T
cells through GITR breaks immunological self-tolerance.
Nat Immunol 2002;3:135–42.
40. Ji HB, Liao G, Faubion WA, et al. Cutting edge: the
natural ligand for glucocorticoid-induced TNF receptorrelated protein abrogates regulatory T cell suppression.
J Immunol 2004;172:5823–7.
41. McHugh RS, Whitters MJ, Piccirillo CA, et al.
CD4(+)CD25(+) immunoregulatory T cells: gene expression analysis reveals a functional role for the
glucocorticoid-induced TNF receptor. Immunity 2002;
16:311–23.
42. Stephens GL, McHugh RS, Whitters MJ, et al.
Engagement of glucocorticoid-induced TNFR familyrelated receptor on effector T cells by its ligand
mediates resistance to suppression by CD4+CD25+ T
cells. J Immunol 2004;173:5008–20.
43. Kanamaru F, Youngnak P, Hashiguchi M, et al.
Costimulation via glucocorticoid-induced TNF receptor
in both conventional and CD25+ regulatory CD4+ T cells.
J Immunol 2004;172:7306–14.
44. Ronchetti S, Zollo O, Bruscoli S, et al. GITR, a
member of the TNF receptor superfamily, is costimulatory to mouse T lymphocyte subpopulations. Eur J
Immunol 2004;34:613–22.
45. Tone M, Tone Y, Adams E, et al. Mouse glucocorticoid-induced tumor necrosis factor receptor ligand is
costimulatory for T cells. Proc Natl Acad Sci U S A 2003;
100:15059–64.

Cancer Res 2009; 69: (8). April 15, 2009

Downloaded from cancerres.aacrjournals.org on January 18, 2018. © 2009 American Association for Cancer
Research.

Published OnlineFirst April 7, 2009; DOI: 10.1158/0008-5472.CAN-08-2779

Immune Rejection of Mouse Tumors Expressing Mutated Self
Fei Duan, Yun Lin, Cailian Liu, et al.
Cancer Res 2009;69:3545-3553. Published OnlineFirst April 7, 2009.

Updated version
Supplementary
Material

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
doi:10.1158/0008-5472.CAN-08-2779
Access the most recent supplemental material at:
http://cancerres.aacrjournals.org/content/suppl/2009/04/06/0008-5472.CAN-08-2779.DC1

This article cites 44 articles, 20 of which you can access for free at:
http://cancerres.aacrjournals.org/content/69/8/3545.full#ref-list-1
This article has been cited by 5 HighWire-hosted articles. Access the articles at:
http://cancerres.aacrjournals.org/content/69/8/3545.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://cancerres.aacrjournals.org/content/69/8/3545.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's
(CCC)
Rightslink site.

Downloaded from cancerres.aacrjournals.org on January 18, 2018. © 2009 American Association for Cancer
Research.

