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Cutting Edge: CD8" Effector T Cells Reject Tumors by
Direct Antigen Recognition but Indirect Action on

Host Cells!

Thomas Schiiler”* and Thomas Blankenstein*’

CD8* effector T cells recognize malignant cells by moni-
toring their surface for the presence of tumor-derived pep-
tides bound to MHC class I molecules. In addition, tu-
mor-derived Ags can be cross-presented to CcD8* effector
T cells by APCs. IFN-y production by CD8" T cells is
often critical for tumor rejection. However, it remained
unclear whether 1) CD8" T cells secrete IFN-y in re-
sponse to Ag recognition on tumor cells or APCs and 2)
whether IFN-y mediates its antitumor effect by acting on
host or tumor cells. We show in this study that CD8* ef-
fector T cells can reject tumors in bone marrow-chimeric
mice incapable of cross-presenting Ag by bone marrow-de-
rived APCs and that tumor rejection required host cells to
express IEN-yR. Together, CD8* effector T cells recog-
nize Ag directly on tumor cells, and this recognition is suf-
ficient to reject tumors by IFN-y acting on host cells. The
Journal of Immunology, 2003, 170: 4427—-4431.

he generation of T cell-dependent tumor immunity is

impaired in IFN-y-deficient (IFN-y /") (1, 2) and

IFN-yR-deficient (IFN-yR™'") mice (3, 4), suggest-
ing that T cells have to secrete IFN-7y to allow subsequent tu-
mor rejection. To secrete IFN-y, CD8™, and CD4" T cells
must recognize peptides bound to MHC class I or class IT mol-
ecules, respectively. MHC class II-negative tumors can be re-
jected by CD4" Tcellsinan IFN-vy-dependent fashion (1, 3, 5)
suggesting that, in the effector phase, MHC class II" APCs
present tumor-derived Ags to CD4™ T cells that subsequently
induce tumor rejection. If exogenous Ags are presented via
MHC class I, this process is termed cross-presentation (6).
Cross-presentation is mediated by bone marrow (BM)>-derived
APCs and is often critical during the priming phase of an anti-
tumor immune response when naive, tumor-specific CD8 " T
cells are activated (7). Despite numerous reports supporting the
requirement for cross-presentation during antitumor CD8 " T
cell priming, it is unknown whether cross-presentation is also
required in the effector phase. Tumor Ags are cross-presented

by APCs within tumors (8, 9) and tumor-draining lymph nodes
(10-12). Because tumors sometimes express low levels of MHC
class I, it appeared likely that cross-presentation, in addition to
the priming phase, might also be required in the effector phase
to provide CD8™ T effector cells with sufficient peptide-MHC
class I complexes to activate them.

In addition to the question of whether Ag cross-presentation
is necessary for tumor rejection in the effector phase, it is un-
clear whether IFN-y mediates its antitumor effect directly via
tumor cells or indirectly via host cells. To answer these ques-
tions, we injected B16-OVA melanoma cells, which express
chicken OVA as surrogate tumor Ag, into IFN—'ny/f, IFN-
'yﬂf mice and BM-chimeric mice, the latter being unable to
cross-present the OVA-derived peptide OVA,5,_,¢, (SIIN-
FEKL) via BM-derived APCs. B16 cells were chosen, because
they express a very low amount of MHC class I molecules and
should reveal the necessity of Ag cross-presentation for tumor
rejection in the effector phase. Three days after tumor cell in-
oculation, in vitro-activated OVA, s _,¢4-specific CD8 " T cells
from RAG1-deficient OT-I mice (OT-I X RAG1 /") were
transferred to tumor-bearing mice to measure tumor rejection.
We show in this study that CD8" T cell-mediated tumor re-
jection required IFN-yR expression on host cells and was inde-
pendent of host IFN-vy. Additionally, tumor rejection did not
require cross-presentation of OVA by BM-derived APCs. Our
data indicate that CD8" T cells, although recognizing Ag on
tumor cells, mediate tumor rejection, at least in part, by IFN-y
acting on host cells.

Materials and Methods
Mice

C57BL/6] (B6), IFN-y '~ (B6.129S7-Ifng™' ™), IFN-yR ™/~ (B6.129S7.
Ifngr‘"‘mg‘), and bm1 mice (B6.C—H2bm1/By]) (all on the C57BL/6 back-
ground) were purchased from The Jackson Laboratory (Bar Harbor, ME).
C57BL/6 OT-I mice (13) express a transgenic TCR (Va2V5.1) specific for
the H2-KP-restricted peptide OVA,s, 55 (STINFEKL) derived from chicken
OVA and were provided by M. Zenke (Max Delbriick Center for Molecular
Medicine) with kind permission of F. Carbone and W. Heath (The Walter and
Eliza Hall Institute, Melbourne, Australia). OT-I mice were crossed to
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RAG1~/~ (B6. 129S7-Rag1™! Mom) mice obtained from The Jackson Labora-
tory. RAG1-deficient OT-I mice (OT-T X RAG1 /") were used for the exper-

iments.

Cell lines, tumor cell injection, and adoptive T cell transfer

The OVA-transfected, B6-derived melanoma cell line B16-OVA (14, 15) was
kindly provided by Dr. R. Dutton (Trudeau Institute, Saranac Lake, NY). B16-
OVA and parental B16 (B16p) cells were cultured in DMEM plus 10% FCS
and penicillin/streptomycin. G418 (0.5 mg/ml) was added to the culture me-
dium for B16-OVA cells. Before injection into mice, the cells were trypsinized
and washed twice in PBS. B16-OVA cells (1 X 10°) were injected s.c. in the
abdominal region. Mice that developed a tumor of 1 c¢m in diameter were
scored as tumor positive. The tumor diameter was determined as the mean of
the largest diameter and the diameter art right angle. Mice that are shown as
tumor free at the end of the experiments (day 60) had completely rejected the
tumor.

To generate activated CD8 " OT-I cells, spleens from OT-I X RAG1 '~
mice were obtained, and single-cell suspensions were prepared. After removal of
RBCs by NH ,Cl treatment, 2 X 10/ml spleen cells were cultured for 3 days in
RPMI 1640 plus 10% FCS, penicillin/streptomycin, MEM, and 2-ME (50
uM) (complete RPMI) containing 1 ug/ml peptide OVA,5,_,44. Before the
i.v. injection of 1 X 10" CD8"Va2™ OT-I cells into the tail vein of the indi-
cated mice, the cells were washed twice with PBS, and the percentage of trans-
genic OT-I cells was determined with a FACSCalibur flow cytometer (BD Bio-
sciences, Mountain View, CA) using mAbs for CD8« (53-6.7), TCR VB5.1/
5.2 (MR9-4), and/or TCR Va2 chain (B20.1) (all BD PharMingen, Hamburg,
Germany).

For intracellular cytokine staining, the intracellular staining kit from BD
PharMingen was used. The cells were stained with mAbs for CD8«, Va2, and
IFN-y (XMG1.2) and analyzed with a FACSCalibur flow cytometer (BD
Biosciences).

For the generation of BM chimeras, BM donors were injected i.p. with 2 mg
of rat mAb GK1.5 (anti-CD4) and 2.43 (anti-CD8) 5 and 2 days before BM
isolation. BM cells were isolated from the femurs and resuspended in PBS, and
1 X 107 cells were injected i.v. into the tail vein of lethally irradiated (9 Gy) B6 mice.
The mice were maintained on antibiotic water for 6 wk after reconstitution.

Results and Discussion
The rejection of B16-OVA tumors by OT-I cells requires IEN-yR
expression on host cells and is independent of host IFN-y

At first, we asked whether in vitro-activated CD8" OT-I cells
mediated the rejection of B16-OVA tumors in vivo. To gener-
ate tumor-specific effector cells, spleen cells from OT-1 X
RAG1™'" mice were activated in vitro with the specific peptide
OVA, 5, 4. After 72 h of culture, the majority of the nonad-
herent cells showed expression of CD8 and the TCR Va2 chain
(Fig. 1). OT-I cells (1 X 107) were injected i.v. into the tail vein
of B6 mice that had been injected with 1 X 10° B16-OVA cells
3 days before. As a control, B6 mice bearing B16-OVA tumors
were left untreated. As shown in Fig. 24, all control mice rap-

CD8

Vo2

FIGURE 1. After in vitro stimulation, the majority of RAGI /= x OT-1
spleen cells are transgenic CD8" OT-I cells. A4 and B, Spleen cells from
RAG1™/~ X OT-I mice were stimulated for 72 hwith 1 g/ml OVA,s, 5. B,
The percentage of transgenic CD8 ™ T cells was determined by FACS analysis
using mAbs for CD8a and the TCR Va2 chain. A, The specificity of the stain-

ing was verified with isotype-matched control Abs.

CUTTING EDGE: DIRECT RECOGNITION BUT INDIRECT ACTION OF CD8" T CELLS

100

801
601
40
20

0 T T
0 10

LI T 1

20 30 40 50 6

B IFNyR
100

% tumor free mice

T o

40 50 60

20 30

c IFNy

(n=

(n=5)
0 T A T T T 1
0 10 20 30 40 50 60

days after challenge

FIGURE 2. The rejection of B16-OVA requires IFN-y from CD8" OT-1
cells and the expression of IFN-yR on host cells. B6 (4), IFN-yR ™/~ (B), and
IFN-y~/~ (C) mice were injected s.c. with 1 X 10° B16-OVA cells. Three days
later, the mice received 1 X 107 activated CD8* OT-I cells i.v. (H, ®, and @)
or were left untreated ([, ¢, and O). Shown is the percentage of tumor-free
mice after tumor cell injection. Results from four (4), two (B), and one (C)
experiment(s) are shown. The numbers indicate the total numbers of mice an-
alyzed. Mice that had not developed tumors until day 60 remained tumor free.
Mice of one experimental group were sacrificed 7 mo after tumor cell inocula-
tion and showed no signs of tumor growth.

idly developed tumors, whereas the administration of OT-I
cells strongly delayed tumor development in 35% and led to
complete tumor rejection in 65% of B6 mice. Although it is
usually believed that CD8™" T cells directly kill tumor cells via
perforin and CD95 ligand, it was shown that the efficacy of
CD8™ T cells to reject tumors in vivo correlated best with their
ability to secrete IFN-y rather than with their in vitro cytotox-
icity (16, 17). It was proposed that IFN-vy contributes to CD8*
T cell-mediated tumor rejection, because it up-regulates MHC
class I on tumor cells, thereby increasing their susceptibility to
direct killing (18). In agreement with this interpretation, some
IFN-y-unresponsive tumor cells are less tumorigenic than their
IFN-vy-responsive counterparts (19), even though the differ-
ence in other tumor models appears to be marginal (3). In any
case, this suggested that the absence of IFN-y signaling in tu-
mor cells allows them to escape CD8 ™" T cell attack. In apparent
contrast, tumor rejection by CD4™ T cell effectors required
IFN-yR expression on host but not tumor cells (3, 5). There-
fore, it remained unclear whether tumor rejection by CD8" T
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cells resulted from the action of IFN-vy on tumor (direct path-
way) or host cells (indirect pathway). To answer this question,
IFN-yR ™" mice were injected s.c. with 1 X 10° B16-OVA
cells and 3 days later i.v. with 1 X 107 OT-I cells. As a control,
tumor-bearing IEN-yR ™"~ mice were left untreated. As shown
in Fig. 2B, all IEN-yR '~ control mice developed tumors with
similar kinetics as B6 control mice (Fig. 24) showing that the
lack of host IFN-yR did not alter tumor growth (Fig. 2B). Sur-
prisingly, all IEN-yR ™/~ mice reconstituted with OT-I cells
also developed tumors. This defect was not due to the deletion
of OT-I cells, because they could be detected in tumor-bearing
IEN-yR /™ mice (Fig. 3). Thus, for CD8™ T cell-mediated tu-
mor rejection, IFN-yR expression by tumor cells was not suf-
ficient but required IFN-yR expression on host cells (Fig. 2B).

Because cells of the host could secrete IFN-y in addition to
the transferred CD8" T cells, we next asked whether IFN-y
derived from OT-I cells was sufficient for tumor rejection or
whether other cell types were required as a source of IFN-y. For
this purpose, IEN-y /™ mice were injected with B16-OVA
cells and reconstituted with OT-I cells 3 days later. Tumor-
bearing control mice were left untreated. As shown in Fig. 2C,
all control mice developed tumors, whereas 80% of the CD8™
T cell-reconstituted IFN-y '~ mice rejected the tumor. This
experiment showed that IFN-vy from OT-I cells was sufficient
for the rejection of s.c. tumors, although we do not want to
exclude that endogenous cells might contribute IFN-v for the
rejection of tumors in other tissues (2).

The data shown so far suggested that OT-I cells had to pro-
duce IFN-vy to allow tumor rejection. However, it remained un-
clear whether this rejection required Ag encounter in vivo or
whether in vitro stimulation was sufficient for OT-I cells to re-
ject tumors. To answer this question, B6 mice were injected
with B16p cells and received activated OT-I cells 3 days later or

-OT-

+ OT-l

29.71

B6

VB5.1/5.2

IFNyR™T

Va2

FIGURE 3. CD8" OT-I cells survive in tumor-bearing IFN-yR ™/~ mice.
Spleen cells from individual untreated B6 mice (4), B16-OVA-free, OT-I-re-
constituted B6 recipients (day 97 after tumor cell injection) (B), B16-OVA-
bearing IFN-yR ™/~ mice (day 18 after tumor cell injection) (C), and B16-
OVA-bearing, OT-I-reconstituted IFN-yR ™/~ mice (day 26 after tumor cell
injection) (D) were analyzed for the expression of CD8«, Va2, and V5.1 by
FACS. Shown is the Va2 and V35.1 expression on CD8" T cells. In spleens
of six tumor-bearing IFN-yR™’~ mice, increased numbers of CD8a™
Va2 VB5.17 cells could be detected after adoptive T cell transfer but not in its
absence.
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were left untreated. As shown in Fig. 44, 90% of the parental
tumors grew after T cell transfer, similar to nonreconstituted
mice, which all developed tumors. This was in contrast to mice
bearing B16-OVA tumors, which efficiently rejected tumors af-
ter OT-I transfer (Fig. 24). The lack of tumor rejection in B6
mice bearing B16p tumors was not due to the deletion or func-
tional inactivation of OT-I cells, because they were present in
the spleens of B16p-bearing mice (Fig. 4B) and produced
IFN-v in response to OVA,5, ¢4 (Fig. 4D). These data dem-
onstrated that OT-I cells required Ag contact to produce IFN-y
and reject B16 tumors.

Tumor rejection does not require BM-derived APCs to cross-present
tumor-derived OVA to OT-I cells

The secretion of IFN-y by CD8 ™" T cells can be turned on or off
within minutes after the recognition of MHC class I-peptide
complexes or their withdrawal, respectively (20). In the effector
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FIGURE 4. In the absence of OVA expression, tumors cannot be rejected,
although CD8" OT-I cells survive and retain their ability to produce IFN-y. 4,
BG mice were injected s.c. with 1 X 10° B16p cells. Three days later, the mice
received 1 X 107 activated CD8" OT-I cells i.v. or were left untreated. Shown
is the percentage of tumor-free mice after tumor cell injection. Combined re-
sults from two independent experiments are shown. The numbers indicate the
total number of mice analyzed. When the tumors had reached a size of 1 cm in
diameter (day 17 after tumor-cell inoculation), spleen cells from OT-I-recon-
stituted (B, D, and F) and nonreconstituted (C, E, and G) B6 mice were ana-
lyzed for CD8 and Vo2 expression (B and C) or incubated for 6 h with or
without 10 pg/ml OVA,5, 54, (D-G). Shown is the expression of Va2 and
IFN-y by CD8™ cells after stimulation with OVA,, ¢, (D and E) or in its

absence (Fand G). Similar results were obtained from four mice per group.
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FIGURE 5. CD8" T cell-mediated rejection of B16- 100 1 100 ﬁ\l (n=10)
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phase of an antitumor immune response, MHC class I-peptide
complexes could be presented to tumor-specific CD8 " T cells
by tumor cells but also by BM-derived APCs, such as dendritic
cells (DCs), which take up cell-derived Ags to present them via
the alternative MHC class I pathway (21). The induction of
antitumor CD8™ T cells responses, similar to those against bac-
teria, viruses, and self-Ags, depends on cross-presentation by
BM-derived APCs (22-25). The fact that 1) the rejection of
B16 tumors by OT-I cells depended on Ag recognition in vivo
(Figs. 24 and 4A), 2) B16-OVA tumors are rejected by OT-I
cells despite the very low level of MHC class I expression (data
not shown), and 3) tumor Ags are cross-presented by APCs
within tumors (8, 9, 26) and tumor-draining lymph nodes (10—
12) suggested that cross-presentation of tumor Ags by BM-de-
rived APC:s in the effector phase might be required for tumor
rejection. To test this hypothesis, we generated BM-chimeric
mice that were incapable of presenting OVA,5-_,, by BM-de-
rived cells. For this purpose, lethally irradiated B6 mice were
reconstituted with BM from bm1 mice (bm1>B6 chimeras)
that express mutated H-2K® molecules and cannot present
OVA,57 554 to OT-I cells (27). Additionally, B6 mice were re-
constituted with B6 BM (B6>B6 chimeras). Ten weeks after
BM reconstitution, chimeric mice were injected with 1 X 10°
B16-OVA cells and 3 days later with in vitro-activated OT-I
cells. Tumor-bearing control mice were left untreated. As
shown in Fig. 54, 50% of the B6>B6 OT-I cell-recipients re-
jected B16-OVA tumors, whereas all control mice developed a
tumor. Similarly, 80% of the bm1>B6 mice remained tumor
free after T cell transfer, whereas all control mice developed tu-
mors (Fig. 5B). This experiment demonstrated that OT-I cells
mediate tumor rejection in the absence of cross-presentation of
OVA,5,_,45 by BM-derived cells. Although this suggested that
OT-I cells recognized their Ag on tumor cells, we cannot for-
mally exclude that non-BM-derived cells, e.g. endothelial cells,
cross-presented OVA. However, we think that this is unlikely,
because the depletion of DCs completely abolishes cross-prim-
ing of CTLs in vivo (28).

It is important to note that tumor rejection in B6>B6 chi-
meric mice was less efficient than in bm1>B6 chimeric mice.
Recently, it was shown that tumor-infiltrating DCs cross-pre-
senting tumor-derived Ags are functionally impaired and can-
not stimulate T cells properly (26). Because B16-OVA tumors
were infiltrated by DCs (data not shown), it is possible that Ag-
specific inactivation of OT-I cells by BM-derived APCs im-
paired tumor rejection in B6>B6 but not bm1>B6 chimeric
mice, because the latter could not cross-present OVA to OT-I
CTLs. However, this point requires further investigation.

days after challenge

The data presented in this study suggest that OT-I cells se-
creted IFN-v in response to Ag recognition on tumor cells. Sur-
prisingly, tumor rejection required IFN-yR expression on host
cells indicating that direct Ag recognition on tumor cells al-
lowed CD8™ effector T cells to reject tumors by IFN-y action
on host cells. It is important to note that tumor growth was
delayed in OT-I-recipient IFN-yR ™/~ mice compared with
nonreconstituted mice (Fig. 2B). This delay may reflect tumor
cell killing by OT-I effector cells that, however, cannot fully
prevent tumor growth in the absence of IFN-yR expression on
host cells (Fig. 2B).

Recently, it was shown that CD8™ T cells rejected histo-in-
compatible skin grafts in an IFN-y-dependent fashion (29).
This observation leads to the questions of whether the same
host cells have to respond to IFN-7y for tumor or skin graft re-
jection. Given that IFN-+y exerts its antitumor effect locally, the
tumor stroma cells should contain the cells that have to be re-
sponsive for IFN-y. Rejection of MHC class II™ tumors by
CD4™" T cells involves angiostasis that requires IFN-y respon-
siveness of non-BM-derived cells in the effector phase (3). Par-
allel studies showed that IFN-y/CD8™ T cell-dependent tumor
rejection similarly involved angiostasis, indicating that the tar-
get cells of IFN-y in our model were tumor stroma cells such as
endothelial cells or fibroblasts, although other cells such as mac-
rophages cannot be excluded. The data presented in this study
suggest a three cell-type interaction in which CD8" effector T
cells recognize Ag on tumor cells and secrete IFN-y that has to
act on host cells to induce tumor rejection. This mechanism is
in contrast to the current view suggesting that tumor rejection
by CD8" T cells is primarily mediated by direct killing. We
hypothesize that the presented three-cell-type interaction dur-
ing tumor rejection is also operative in certain autoimmune dis-
eases and during immune responses against pathogens.
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