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TNFR2-Deficient Memory CD8 T Cells Provide Superior
Protection against Tumor Cell Growth1

Edward Y. Kim,2,3 Soo-Jeet Teh,3 Jocelyn Yang, Michael T. Chow, and Hung-Sia Teh4

TNF receptor-2 (TNFR2) plays a critical role in promoting the activation and survival of naive T cells during the primary
response. Interestingly, anti-CD3 plus IL-2 activated TNFR2�/� CD8 T cells are highly resistant to activation-induced cell death
(AICD), which correlates with high expression levels of prosurvival molecules such as Bcl-2, survivin, and CD127 (IL-7R�). We
determined whether the resistance of activated TNFR2�/� CD8 T cells to AICD contributes to more effective protection against
tumor cell growth. We found that during a primary tumor challenge, despite initial inferiority in controlling tumor cell growth,
TNFR2�/� mice were able to more effectively control tumor burden over time compared with wild-type (WT) mice. Furthermore,
vaccination of TNFR2�/� mice with recombinant Listeria monocytogenes that express OVA confers better protection against the
growth of OVA-expressing E.G7 tumor cells relative to similarly vaccinated WT mice. The enhanced protection against tumor cell
growth was not due to more effective activation of OVA-specific memory CD8 T cells in vaccinated TNFR2�/� mice. In vitro
studies indicate that optimally activated OVA-specific TNFR2�/� CD8 T cells proliferated to the same extent and possess similar
cytotoxicity against E.G7 tumor cells as WT CD8 T cells. However, relative to WT cells, activated OVA-specific TNFR2�/� CD8
T cells were highly resistant to AICD. Thus, the enhanced protection against E.G7 in TNFR2�/� mice is likely due to the
recruitment and activation of OVA-specific memory TNFR2�/� CD8 T cells and their prolonged survival at the tumor site. The
Journal of Immunology, 2009, 183: 6051–6057.

C ostimulation of T cells during Ag encounter through
CD28 and receptors of the TNF receptor (TNFR)5 super-
family provides important activation and survival signals

during distinct phases of primary and secondary T cell responses.
More than 40 members of the TNF and TNFR superfamilies have
been identified (1). Current evidence supports central roles for TNF/
TNFR family members in host defense, inflammation, apoptosis, au-
toimmunity and organogenesis (1). Consequently, members of the
TNF/TNFR superfamily are important targets in therapies against hu-
man diseases such as autoimmune disorders, inflammatory bowel dis-
ease, osteoporosis, and cancer. Several members of the TNFR family,
particularly OX40 (CD134), 4-1BB (CD137), CD27, and herpes-vi-
rus entry mediator, provide costimulatory signals to augment cell di-
vision, survival, and effector function. The two main signaling path-

ways that have been described for costimulatory TNFR family
members, i.e., the NF�B and JNK/AP-1 axes, are important points of
signaling convergence for inducing differential gene expression asso-
ciated with effector T cell functions and survival. Furthermore, dif-
ferential expression of costimulatory TNFR members in naive and
activated T cells appear to account for exquisite contextual- and tem-
porally dependent control of T cell responses.

With regard to T cell survival, OX40 and 4-1BB up-regulate the
expression of the anti-apoptotic proteins Bcl-xL and Bfl-1, corre-
lating with their suppression of apoptosis in activated T cells (2–
4). Costimulatory TNFR members appear to promote T cell sur-
vival through protein kinase B (PKB, also known as AKT).
Retroviral expression of active AKT in OX40-deficient T cells
results in the up-regulation of anti-apoptotic Bcl-2-family protein
expression and completely reverses the defect in T cell survival,
mimicking the action of ectopic expression of Bcl-xL or Bcl-2 (2).
As well as regulating cell survival, PI3K and AKT have been
implicated in controlling cell division (5) as intermediary sig-
naling molecules linking costimulatory members of the TNFR
and CD28 superfamily to transcription factors, such as c-jun
and NF�B (6 –9). CD28 also promotes the expression of Bcl-xL

(2, 10), which is in parallel with the costimulatory activity of
TNFR family members.

TNF-� is a pleiotropic cytokine that regulates multiple bio-
logical processes. The biologic activities of TNF-� are mediated
by two structurally related, but functionally distinct, receptors:
TNFR1 (or p55) and TNFR2 (or p75) (11). TNFR1 is the primary
signaling receptor on most cell types through which the majority of
inflammatory responses classically attributed to TNF occur (11). In
contrast, TNFR2 is important in modulating TNFR1-mediated sig-
naling (12), regulating autoimmune diseases (13), and in host de-
fenses against specific viruses (14). More recently, TNFR2 has
been shown to play a critical role for effective priming, prolifera-
tion, and recruitment of tumor-specific CD8 T cells (15). We have
shown that TNFR2 functions as one of the earliest costimulatory
members of the TNFR superfamily. Using either anti-TCR Abs

Department of Microbiology and Immunology, University of British Columbia, Van-
couver, British Columbia, Canada

Received for publication October 17, 2008. Accepted for publication August
22, 2009.

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.
1 This work was supported by the Canadian Cancer Society (Grant No. 019458 to
H.-S.T).
2 Current address: Toronto Medical Discovery Tower, Medical and Related Sciences
Centre, University Health Network, Toronto, ON, Canada. E-mail address: edward.kim@
uhnresearch.ca
3 E.Y.K. and S.-J.T. are co-first authors.
4 Address correspondence and reprint requests to Dr. Hung-Sia Teh, Department of
Microbiology and Immunology, Life Sciences Centre, University of British Colum-
bia, Room 3509, 2350 Health Sciences Mall, Vancouver, British Columbia, Canada.
E-mail address: teh@interchange.ubc.ca
5 Abbreviations used in this paper: TNFR, TNF receptor; AICD, activation induced
cell death; WT, wild type; 7-AAD, 7-aminoactinomycin D; rLM-OVA, recombinant
LM that expressing OVA; CFU, colony forming unit; E.G7, recombinant EL4 tumor
cells expressing ovalbumin; LM, Listeria monocytogenes; TRP2, tyrosinase-related
protein-2.

Copyright © 2009 by The American Association of Immunologists, Inc. 0022-1767/09/$2.00

The Journal of Immunology

www.jimmunol.org/cgi/doi/10.4049/jimmunol.0803482

D
ow

nloaded from
 http://journals.aai.org/jim

m
unol/article-pdf/183/10/6051/1281623/zim

02209006051.pdf by guest on 19 April 2024



(16) or cognate Ag (17) for T cell activation, we showed that
TNFR2 plays a critical role in lowering the threshold for T cell
activation. We also found that TCR proximal signaling events,
such as global tyrosine phosphorylation, ZAP-70 phosphorylation,
and MAPK activation were unperturbed in TNFR2�/� T cells
(18). However, TNFR2 is required for sustained AKT activity and
NF�B activation in response to TCR/CD28 stimulation. Moreover,
TNFR2�/� T cells possess a defect in survival during the early
phase of T cell activation that is correlated with a striking defect in
Bcl-xLexpression (18). These data reveal the synergistic require-
ment of TCR, CD28, and TNFR2 for optimal IL-2 induction and
T cell survival. The proliferative defect of TNFR2�/� CD8 T cells
in response to TCR stimulation is overcome by the addition of
exogenous IL-2 (16). Interestingly, we found that anti-CD3 plus
IL-2 activated TNFR2�/� CD8 T cells were highly resistant to
activation-induced cell death (AICD), relative to wild-type (WT)
cells, which emphasizes its role in influencing T cell homeostasis
(19). In this study, we found that the resistance of activated
TNFR2�/� CD8 T cells to AICD correlated with more effective
protection of vaccinated TNFR2�/� mice against the growth of
E.G7 tumor cells (recombinant EL4 tumor cells expressing OVA)
(20, 21) relative to similarly vaccinated WT mice. This interesting
finding reveals a novel mechanism for generating more effective
immune responses against tumor cells.

Materials and Methods
Mice

Breeders for C57BL/6 (B6, H-2b) and TNFR2-deficient mice (22) on a B6
background were obtained from The Jackson Laboratory. Breeders for
OT-1 mice (23) on a B6 background were provided by Dr. Jan Dutz (Uni-
versity of British Columbia, British Columbia, Canada). OT-I CD8 T cells
express a transgenic TCR that is specific for the OVA peptide (SIINFEKL)
presented by Kb (23). OT-I mice with the TNFR2�/� mutation were pro-
duced by first mating homozygous OT-I mice with TNFR2�/� mice to
produce mice heterozygous for OT-I and the TNFR2 null mutation. The
heterozygotes were backcrossed to TNFR2�/� mice to generate OT-I
TNFR2�/� mice. Mice 6 to 10 wk of age were used for all experiments.
Animal studies were performed according to guidelines established by the
Canadian Council of Animal Care and approved by our institutional review
board.

Cells

CD4�CD8� (CD8) T cells were purified from lymph nodes using mini-
MACS microbeads (Miltenyi Biotec). Cells were cultured at 37°C and 5%
CO2 in Iscove’s DMEM (Life Technologies) supplemented with 10% (v/v)
FBS (Life Technologies), 5 � 10�5 M 2-ME, and antibiotics (I-media).

Western blot

MACS-purified CD8� T cells were cultured in a flat-bottom 24-well plate
coated with 10 �g/ml anti-CD3� (2C11) alone or with 20 U/ml exogenous
IL-2 for various periods of time. Whole cell lysates were prepared as pre-
viously described. In brief, cells were harvested, washed with PBS, and
treated with lysis buffer (1% Triton X-100, TNE (50 mM Tris-Hcl (pH
8.0), 150 mM NaCl, 2 mM EDTA), 1 mM sodium orthovanadate, 1 mM
sodium molybdate, and complete protease inhibitor mix; Roche Diagnos-
tic) and 10% glycerol for 20 min on ice. Total protein was quantified using
DC Protein Assay (Bio-Rad), equivalent amounts were resolved by SDS-
PAGE, and then transferred to Immobilin-P membrane (Millipore). The
following Abs (all from Cell Signaling Technology) were used: rabbit anti-
cleaved-caspase-3 mAb (8G10), rabbit anti-caspase-8 mAb, and rabbit
anti-phospho-I�B (Ser32) mAb (14D4).

Abs and flow cytometry

MACS-purified CD8� T cells were activated with 10 �g/ml anti-CD3�
(2C11) alone or with 20 U/ml exogenous IL-2, subsequently harvested at
various time points, and cell surface and intracellular molecules were an-
alyzed by flow cytometry. Abs against CD4, CD8, CD25, and CD127 were
from eBioscience, anti-survivin (NB500–201) was from Novus Biologi-
cals, and anti-Bcl-2 and anti-Ki-67 (B56) were from BD Biosciences. Cell
staining and flow cytometry were performed according to standard proce-

dures. For intracellular cytokine staining, cells were incubated in a fixation/
permeabilization solution (2% paraformaldehyde, 0.2% Tween 20 in PBS).
Specific Abs against the indicated intracellular molecule and cell surface
Ags were added to cells in PBS containing 0.2% Tween 20. The CellQuest
software program (BD Biosciences) and FACScan was used for data ac-
quisition and analysis.

CTL, Ki-67, and AICD assays

CD4�CD8�CD44� T cells from OT-I and OT-I TNFR2�/� mice were
purified by staining spleen cells with anti-CD8 PE-Cy5, anti-CD4 PE,
and anti-CD44 FITC and sorting for CD4�CD8�CD44� cells using the
FACSAria (BD Biosciences). A total of 1 � 105 sorted CD4�CD8�

CD44� T cells from either OT-I or OT-I TNFR2�/� mice were cultured in
triplicates with 2 � 106 mitomycin-treated B6 spleen cells plus 1 �M of
OVA peptide plus 20 U/ml IL-2 in a volume of 2 ml in 24-well plates. It
was necessary to use spleen cells depleted of CD8�CD44high cells since
these cells could proliferate in response to IL-2 and give rise to CTLs of
unknown Ag specificity (24–26). After 3 days of culture, each well was
split into two in medium containing 20 U/ml IL-2. The next day, the per-
centage of proliferating cells in these cultures was determined by staining
for the proliferation-associated nuclear Ag Ki-67 (27). These cultured cells
were also assayed for cytotoxicity against 1 � 104 51Cr-labeled EL4 or
E.G7 tumor target cells in a 3 h assay at the indicated E:T ratios. Percent-
specific lysis was calculated as 100% � [(cpm (experimental well) � cpm
(spontaneous release)/[cpm (maximum release � cpm (spontaneous re-
lease)]. Maximum release was determined by freezing and thawing the
target cells three times and counting 51Cr released into the culture super-
natants. Spontaneous release was �10% of the maximum release counts.
The CTL assays were performed in triplicates.

The susceptibility of the activated OVA-specific CD8 T cells to AICD
was determined by transferring cells that had been cultured for 3 days to
0.2 ml flat-bottom wells that have been precoated with 10 �g/ml anti-CD3�
(2C11). The cells were cultured for an additional 16 h in medium contain-
ing 20 U/ml IL-2. AICD was determined by staining the cells with 7-ami-
noactinomycin D (7-AAD), fixed with 4% paraformaldehyde, and analyzed
by flow cytometry using the FACSCan.

Recombinant Listeria monocytogenes (LM) that expressing OVA
(rLM-OVA) immunization

Mice were immunized with rLM-OVA (28) by i.v. injection of the tail vein
with the indicated number of colony forming units (CFU) in 0.2 ml of PBS.
Bacterial doses were determined by plating the injected stock on brain-
heart infusion agar. In memory experiments, the number of OVA-specific
memory CD8 T cells at �40 days after rLM-OVA immunization was de-
termined by staining the spleen cells with anti-CD8 PE-Cy5, anti-CD4
FITC, and the OVA peptide (SIINKEKL)-Kb PE tetramer (Beckman
Coulter) at 106 cells per well for 1 h at 4°C in a volume of 50 �l. At the
end of the incubation, the cells were washed twice with staining buffer
before analysis using the CellQuest software program (BD Biosciences).
For determination of secondary responses to rLM-OVA immunization,
mice that were immunized with rLM-OVA for �40 days were re-infected
with 3 � 104 CFU of rLM-OVA and analyzed in a similar manner 5 days
after secondary rLM-OVA challenge.

E.G7 growth assay

Unimmunized or rLM-OVA-immunized B6 or TNFR2�/� mice were in-
oculated (i.p. route) with 5 � 106 E.G7 cells (20). At the indicated time
points, the peritoneal cavity was washed multiple times with PBS (a total
volume of 15 ml) until the wash was clear of tumor cells. The total number
of E.G7 cells recovered from the peritoneal cavity was determined by
counting a suitably diluted aliquot under the light microscope. Tumor and
nontumor cells were distinguished based on the difference in cell size be-
tween E.G7 and normal lymphocytes.

Results
Activated TNFR2�/� CD8 T cells are resistant to AICD and
express prosurvival molecules and receptors

We have previously shown that mitogen-activated TNFR2�/�

CD8 T cells are highly resistant to AICD (19). In this study, we
show that TNFR2�/� CD8 T cells activated with anti-CD3 plus
IL-2 are also highly resistant to AICD relative to similarly acti-
vated WT CD8 T cells, as indicated by the much higher proportion
of live cells revealed by staining with 7-AAD (Fig. 1). We
determined whether this resistance to AICD was due to defects

6052 SUPERIOR PROTECTION BY TNFR2�/� MEMORY T CELLS
D

ow
nloaded from

 http://journals.aai.org/jim
m

unol/article-pdf/183/10/6051/1281623/zim
02209006051.pdf by guest on 19 April 2024



in the expression and processing of death-inducing caspases.
We found that caspase-3 and caspase-8 were expressed and pro-
cessed in AICD-resistant TNFR2�/� CD8 T cells to a similar
level as WT CD8 T cells (Fig. 2). However, AICD-resistant
TNFR2�/� CD8 T cells expressed elevated levels of phosphor-
ylated I�B�, suggesting that prosurvival signaling pathways are
preferentially activated in these cells (Fig. 2). The elevated
level of phosphorylated I�B� was associated with persistently
high expression of Bcl-2, CD25 (IL-2R�), survivin, and CD127

(IL-7R�) in AICD-resistant TNFR2�/� CD8 T cells (Fig. 3).
Collectively, these data indicate that AICD-resistant TNFR2�/� CD8
T cells express molecules and cell surface receptors that favor sur-
vival. We speculated that this resistance of activated TNFR2�/� CD8
T cells to AICD might contribute to more effective immune protection
against tumor cell growth.

Vaccination of TNFR2�/� mice with rLM-OVA protects against
growth of E.G7 tumor cells

To determine whether the resistance of activated TNFR2�/� CD8
T cells to AICD confer an advantage in the protection of
TNFR2�/� mice against the growth of tumor cells, we inoculated
naive or mutant mice with E.G7 tumor cells (5 � 106 i.p.) and
determined the numbers of E.G7 cells recovered from the perito-
neal cavity at various time points following tumor challenge. As
shown in Fig. 4a, E.G7 grew more rapidly in TNFR2�/� mice
relative to WT mice on day 8, consistent with the requirement for
TNFR2 in the optimal activation of naive T cells. However, on day
15, comparable numbers of E.G7 cells were recovered from the
peritoneal cavity of TNFR2�/� and WT mice. Interestingly, on
day 20, significantly less E.G7 cells were recovered from the peri-
toneal cavity of TNFR2�/� mice relative to WT mice. This result
is consistent with the hypothesis that although fewer effector CD8
T cells specific for E.G7 is expected to be produced in TNFR2�/�

mice due to the dependence of naive CD8 T cells on TNFR2 for
initial activation (16–18), persistent antigenic stimulation in the
context of tumor challenge overcame this dependence, and there-
after these activated TNFR2�/� CD8 T cells, by virtue of their
resistance to AICD, are able to more effectively control E.G7 cell
growth at later time points.

We next determined whether vaccination of TNFR2�/� mice
with rLM-OVA confers more effective protection against tumor
growth relative to similarly vaccinated WT mice. To determine the
resistance of rLM-OVA-immunized mice to growth of E.G7 tumor

FIGURE 1. Activation-induced cell death of CD8 T cells is dependent
on TNFR2. Purified CD8 T cells (1 � 106) from lymph nodes of WT (B6)
or TNFR2�/� mice were stimulated with plate-bound anti-CD3 (10 �g/ml)
plus IL-2 (20 U/ml) in a volume of 0.2 ml in a 96-well plate in triplicates.
After 48 h, the cells were transferred to new wells for restimulation with
either anti-CD3 alone, anti-CD3 plus IL2, or IL-2 alone, respectively. Re-
stimulated cells were stained with 7-AAD and analyzed by flow cytometry
at 72 h. Dying and dead cells were preferentially stained by 7-AAD. The
data shown are representative of three independent experiments.

FIGURE 2. AICD-resistant TNFR2�/� CD8 T cells exhibit normal
caspase-3 and �8 expression and processing, but elevated levels of phos-
phorylated I�B�. Purified CD8 T cells (3 � 10�6) from lymph nodes of
WT (B6) and TNFR2�/� mice were stimulated with plate-bound anti-CD3
(10 �g/ml) plus IL-2 (20 U/ml) in quadruplicates in a volume of 2.0 ml in
a 24-well plate and harvested at days 2 and 3. Whole cell lysates were
prepared and Western blot was performed for the indicated proteins. The
data shown are representative of three independent experiments.

FIGURE 3. AICD-resistant CD8 T cells from TNFR2�/� mice persis-
tently express high levels of Bcl-2, CD25 (IL2R�), survivin, and CD127
(IL-7�). Purified CD8 T cells (1 � 10�6) from lymph nodes of WT (B6)
and TNFR2�/� mice were stimulated with plate-bound anti-CD3 (10 �g/
ml) plus IL-2 (20 U/ml) for 72 h in quadruplicates in a volume of 0.2 ml
in a 96-well plate. The expression levels of indicated proteins were ana-
lyzed by flow cytometry. The data shown are representative of three inde-
pendent experiments.
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cells, we inoculated the rLM-OVA immunized mice with E.G7
cells (5 � 106 i.p.) at 42 days post rLM-OVA infection and de-
termined the growth rate of E.G7 cells in the immunized mice.
Interestingly, rLM-OVA-vaccinated TNFR2�/� mice were much
more efficient in resisting the growth of E.G7 cells. We found very
few E.G7 cells were recovered from the peritoneal cavity of rLM-
OVA-immunized TNFR2�/� mice on days 10, 15, and 20 after
E.G7 inoculation. By contrast, greatly increased numbers of E.G7
cells were recovered from the peritoneal cavity of vaccinated WT
mice at all three time points (Fig. 4b). These results indicate that
rLM-OVA-vaccinated TNFR2�/� mice provided more effective
protection against E.G7 growth in rLM-OVA-immunized mice.

The more effective protection of TNFR2�/� mice against the
growth of E.G7 tumor cells could be due to one or more of the
following mechanisms: 1) more effective secondary expansion of
Ag-specific memory TNFR2�/� CD8 cells, 2) more effective kill-
ing of tumor cells by Ag-specific TNFR2�/� CTLs, 3) higher rate
of proliferation, and/or 4) higher resistance to AICD, resulting
in the persistence of higher numbers of activated Ag-specific

TNFR2�/� CTLs at the tumor site. We tested the first possi-
bility by vaccinating TNFR2�/� and WT mice with rLM-OVA
(3 � 104 CFU) to induce the production of OVA-specific mem-
ory CD8 T cells. The number of splenic OVA-specific CD8
memory T cells at 50 days post rLM-OVA immunization was
quantified by determining the total number of CD8� cells that
stained positive with the Kb-OVA peptide tetramer. We found
that the spleens of rLM-OVA immunized TNFR2�/� mice pos-
sess fairly similar number of OVA-specific memory CD8 T
cells (�1 � 106) compared with WT mice at this time point
(Fig. 5a). To determine the extent of proliferation of Ag-spe-
cific memory CD8 T cells in vaccinated WT or TNFR2�/�

mice, we injected vaccinated mice on day 50 with rLM-OVA
(3 � 104 CFU) to activate the memory cells and analyzed the
mice 5 days later (day 55). The results in Fig. 5b indicate that
there is an �1.9-fold less expansion of OVA-specific memory
TNFR2�/� CD8 T cells relative to WT memory CD8 T cells in
vaccinated mice, though this difference was not statistically sig-
nificant. Thus, more effective protection against the growth of
E.G7 cells is not due to the preferential expansion of OVA-
specific memory TNFR2�/� CD8 T cells.

We next compared the cytolytic activity of activated wild-type
or TNFR2�/� CD8 T cells. This was done by activating naive
CD8 T cells from wild-type or TNFR2�/� mice with OVA peptide
plus IL-2 and determining their cytolytic activity against parental
tumor cells (EL-4) and OVA-expressing tumor cells (E.G7). The
results in Fig. 6 indicate that OVA-activated TNFR2�/� CD8 T
cells killed only E.G7 but not EL4 tumor cells, indicating that they
are indeed OVA-specific. However, this Ag-specific CTL activity
was only slightly higher than similarly activated WT CD8 T cells.
Thus, it is unlikely that the more effective elimination of E.G7
tumor cells by OVA-activated TNFR2�/� CD8 T cells is due to
more potent CTL activity of OVA-activated TNFR2�/� CD8 T
cells against E.G7 tumor cells.

FIGURE 4. Primary and secondary responses of TNFR2�/� mice
against E.G7. a, More efficient control of E.G7 growth by TNFR2�/� mice
at a later time point of a primary challenge. B6 or TNFR2�/� mice were
inoculated i.p. with 5 � 106 E.G7 cells on day 0. At the indicated times
post inoculation the number of E.G7 cells recovered from the peritoneal
cavity of the mice was determined. The data indicate means � SD of four
mice per group. Differences between the two groups on days 8 and 20 are
statistically significant (p � 0.01; Student t test). The data shown are rep-
resentative of three independent experiments. b, Vaccination with rLM-OVA
provides better protection against growth of E.G7 cells in TNFR2�/� mice.
B6 or TNFR2�/� mice were inoculated with 1 � 104 CFU of rLM-OVA
i.v. on day 0. The rLM-OVA vaccinated mice were inoculated with 5 �
106 E.G7 cells i.p. 42 days after rLM-OVA infection. The numbers of E.G7
cells recovered from the peritoneal cavity of mice at the indicated times
after secondary E.G7 challenge are indicated. The numbers are means �
SD of four mice per group. Less than 1 � 106 E.G7 cells were recovered
from vaccinated TNFR2�/� mice at day 10. The data shown are represen-
tative of three independent experiments.

FIGURE 5. Secondary responses of TNFR2�/� mice to rLM-OVA im-
munization. B6 and TNFR2�/� mice were immunized with rLM-OVA
(3 � 104 CFU i.v.) on day 0. On day 50 the numbers of OVA-specific
memory CD8 T cells in immunized mice were determined by staining with
anti-CD4 FITC, anti-CD8-PE-Cy5 and PE-labeled OVA/Kb tetramer. The
results indicate that �1 � 106 OVA-specific memory CD8 T cells were
recovered from the spleens of immunized B6 and TNFR2�/� mice on day
50. At this time point, four rLM-OVA immunized B6 and TNFR2�/� mice
were reinfected with rLM-OVA (3 � 104 CFU i.v.). The numbers of OVA-
specific CD8 T cells present in the spleen as a result of secondary rLM-
OVA challenge were determined 5 days later (day 55) using the same
staining protocol. The results indicate that rLM-OVA immunized
TNFR2�/� mice possess slightly fewer OVA-specific CD8 T cells (7.0 �
3.3 � 10�6) than similarly vaccinated WT mice (13.3 � 4.6 � 10�6).
However, this difference is not statistically significant (p � 0.075; Student
t test). The data shown are representative of three independent experiments.
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We also determine whether activated TNFR2�/� CD8 cells
have a growth advantage over similarly activated WT CD8 T cells.
We found that OVA peptide plus IL-2 activated CD8 T cells from
OT-I and OT-I TNFR2�/� mice proliferated at about the same rate
as revealed by Ki-67 staining (Fig. 7a). It is therefore unlikely that
more effective immunity toward E.G7 cells is due to a higher rate
of proliferation by OVA-activated TNFR2�/� CD8 T cells. How-
ever, OVA-activated CD8 T cells are highly resistant to AICD as
indicated by the low percentage of cells that stained positive with
7-AAD in the AICD assay (Fig. 7b). Because activated TNFR2�/�

CD8 T cells are more resistant to AICD, it is likely that the OVA-
specific TNFR2�/� CD8 T cells that are recruited to the tumor
sites will have an advantage in survival. Because OVA-activated
TNFR2�/� CD8 T cells possess similar cytolytic activity against
E.G7 tumor cells as OVA-activated WT CD8 T cells, their pro-
longed survival likely contributes toward the more effective elim-
ination of E.G7 tumor cells in TNFR2�/� mice.

Discussion
We have previously shown that TNFR2 plays a critical role in
lowering the activation threshold of naive CD8 T cells and few
TNFR2�/� CD8 T cells are recruited into the dividing population
after stimulation by either anti-TCR Abs (16) or cognate Ag (17).
We analyzed additional contributions by TNFR2 in regulating im-
mune responses by CD8 T cells. Although TNFR2 is required for
the optimal activation of CD8 T cells by anti-TCR Abs (16), we
found that optimally activated TNFR2�/� CD8 T cells express
high levels of prosurvival molecules such as Bcl-2 and survivin.
The elevated expression levels of prosurvival molecules likely
contributed to the resistance of activated TNFR2�/� CD8 T cells

FIGURE 6. Efficient killing of E.G7 cells by optimally activated OVA-
specific TNFR2�/� CD8 T cells. Spleen cells from either OT-I or OT-I
TNFR2�/� mice were stained with anti-CD4 PE, anti-CD8 PE-Cy5, and
anti-CD44 FITC. CD4�CD8�CD44� T cells from these mice were puri-
fied by cell sorting with the FACSAria. The purified CD8�CD44� T cells
(1 � 105) were cultured with 2 � 106 mitomycin treated B6 spleen cells
plus 1 �M OVA peptide plus 20 U/ml IL-2 in a volume of 2 ml in 24-well
flat-bottom plates. After 3 days of culture, each well was split into two with
medium containing 20 U/ml IL-2. The cultured cells were all OVA/Kb

tetramer positive (data not shown) and were assayed for cytotoxicity
against EL4 and E.G7 tumor cells on day 4 at the indicated E:T ratios in
triplicates in a 3 h 51Cr-release assay. OT-I (E.G7) and TNFR2�/� OT-I
(E.G7) indicate cytotoxic activity of activated OT-I and TNFR2�/� OT-I
effector CD8 T cells against the E.G7 target cells, respectively. The data
shown are representative of three independent experiments.

FIGURE 7. Optimally activated
OVA-specific TNFR2�/� OT-I CD8 T
cells proliferate at the same rate as WT
OT-I CD8 T cells but are highly resis-
tant to AICD. Purified CD8�CD44� T
cells from OT-I or TNFR2�/� OT-I
mice were cultured as described in Fig.
6. a, Ki-67 assay: after 3 days of cul-
ture, each well was split into two with
medium containing 20 U/ml IL-2. The
following day the cultured cells were
stained with anti-CD8 FITC, fixed, per-
meabilized, and stained with PE labeled
Ki-67. The dotted histograms indicate
base level staining with an isotype con-
trol Ab. b, 7-AAD assay: After 3 days
of culture, the cultured cells (1 � 105)
were transferred to 0.2 ml wells that
were precoated with anti-CD3 Abs
(2C11, 10 �g/ml). The cells were
stained with anti-CD8 FITC and
7-AAD after 16 h of culture. The data
shown are representative of three inde-
pendent experiments.
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to AICD. In this study, we provide support for the hypothesis that
the resistance of activated TNFR2�/� CD8 T cells to AICD con-
fers more effective protection against the growth of syngeneic tu-
mor cells.

We found that TNFR2�/� mice were initially less able to con-
trol the growth of E.G7 tumor cells. This is consistent with our
earlier studies that TNFR2 is required for the efficient priming of
T cells by Ag (17, 18) and also supports the recent observation that
TNFR2 plays a critical role for the effective priming, proliferation,
and recruitment of tumor-specific CD8 T cells (15). However, we
have also observed that sufficient stimulation can overcome the
dependence of naive CD8 T cells on TNFR2 for activation and
proliferation, reflected in the differences observed between differ-
ent model Ag systems (e.g., responses by TNFR2�/� mice to
rLM-OVA challenge herein vs rLM-SIY challenge; Ref. 17, 18).
When this dependence is overcome, we observed a striking resis-
tance to AICD by activated CD8 T cells. The resistance of Ag-
activated TNFR2�/� CD8 T cells to AICD provides an explana-
tion for our observation that TNFR2�/� mice were more effective
than WT mice in controlling the growth of E.G7 tumor cells over
time. According to this model, although fewer numbers of tumor-
specific effector TNFR2�/� CD8 T cells were generated at early
time points, correlating with greater tumor growth on day 8
(Fig. 4), the persistence of OVA Ag in the context of tumor
challenge eventually overcame the dependence of Ag-specific
CD8 T cells on TNFR2. The resistance of the activated OVA-
specific TNFR2�/� CD8 T cells to AICD renders them more ef-
fective in controlling tumor growth at day 20 (Fig. 4).

We also used a vaccination vehicle system to directly assess
whether sufficiently activated Ag-specific TNFR2�/� CD8 T cells
that formed a memory pool (i.e., �40 days post vaccination) could
provide superior protection against subsequent tumor challenge
bearing the immunizing Ag. Antitumor immune responses can be
elicited by LM-expressing Ags from tumor-inducing viruses, such
as papillomavirus, as well as tumor associated antigens such as
tyrosinase-related protein-2 (TRP2), which is expressed in its na-
tive form by the murine melanoma B16 cell line (29). It was shown
that LM engineered to express TRP2 (rLM-TRP2) efficiently in-
duces the activation of TRP2-specific T cells, as demonstrated by
cytolytic activity against B16 tumors in vitro that correlated with
s.c. tumor protection in vivo (29). Therefore, LM can be used as a
vaccination vehicle for inducing effective antitumor T cell re-
sponses. Interestingly, we found that TNFR2�/� mice that were
vaccinated with rLM-OVA were superior in controlling the growth
of E.G7 tumor cells than similarly vaccinated WT mice. Although
secondary expansion of OVA-specific TNFR2�/� CD8 effector
memory T cells was similar to WT memory CD8 T cells, TNFR2-
deficiency conferred resistance of activated TNFR2�/� CD8 mem-
ory cells to AICD upon restimulation. It is likely that this resis-
tance to AICD contributes to the more effective control of growth
of E.G7 tumor cells in rLM-OVA-vaccinated TNFR2�/� mice.

We propose the following speculative model to explain the re-
sistance of Ag-activated TNFR2�/� CD8 T cells to AICD. Al-
though TNFR1 contains a death domain, previous studies have
shown that TNFR1 activation can lead to the induction of apopto-
sis and/or activation of NF�B (1). Furthermore, translocation of
TNFR1 to lipid rafts is essential for TNF-mediated NF�B activa-
tion (30). We propose that TNF-induced signaling via TNFR2 re-
sults in either the degradation or sequestration of TRAF2, thereby
changing the nature of the signaling complexes that are recruited
by TNFR1. Under normal conditions, TNFR2 limits the amount of
TRAF2 that is available to TNFR1, and the net result is that
TNFR1 promotes the formation of death-inducing complexes com-
prising TRADD, FADD, and caspase 8 and 10 (1, 31). However,

in the absence of TNFR2, we propose that higher recruitment of
TRAF2 to TNFR1 facilitates their translocation to lipid rafts,
thereby favoring activation of the prosurvival NF-�B pathway,
leading to greater resistance of activated TNFR2�/� CD8 T cells
to AICD. Our preliminary data provide support for this hypothesis.
We found that 2C11 plus IL-2 activated WT CD8 T cells prefer-
entially degrade TRAF2 after TNF-� stimulation relative to sim-
ilarly activated TNFR2�/� CD8 T cells (our unpublished data).
Furthermore, the high susceptibility of 2C11 plus IL-2 activated
WT CD8 T cells to AICD correlates with TNFR2-induced degra-
dation of TRAF2 (our unpublished data). Thus, TNFR2 may play
a critical role in regulating AICD in activated CD8 T cells by
titrating the amount of TRAF2 that is available for binding
TNFR1. Alternatively, because studies have demonstrated that T
cell growth lymphokines cause the entry of T cells into the S phase
of the cell cycle where receptor ligation causes apoptosis (32), the
reduced levels of endogenously produced IL-2 by TNFR2�/� CD8
T cells during initial T cell activation may selectively keep the
activated T cells in the G1 phase of the cell cycle where they are
protected from AICD. Consistent with this explanation, IL-2 has
been shown to predispose mature T lymphocytes to undergo apo-
ptosis after Ag-receptor stimulation, a process which is blocked
when T cells are prevented from entering into IL-2-induced S
phase by rapamycin (33, 34). Regardless of which hypothesis is
correct, our findings reveal a novel mechanism for enhancing sec-
ondary responses to tumor-associated Ags by influencing the sus-
ceptibility of activated CD8 T cells to AICD.
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