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Abstract Successful immunotherapy of solid tumors has
proven diYcult to achieve. The aim of the current study was
to further investigate the eVects of peripheral CD80-mediated
co-stimulation on the eYcacy of polyclonal anti-tumor eVector
CTL in an adoptive transfer model. Splenocytes obtained
from wild-type mice immunized with CD80-transduced
EL4 tumor cells were expanded in vitro in the presence
of either IL-12 or IL-15 and irradiated CD80-transduced
EL4 tumor cells. Polyclonal CD8 T cells were the major
subset in the eVector population. Primed eVector cells were
adoptively transferred into immuno-deWcient Rag-1-deWcient
mice which were then challenged with syngeneic vector-
control or CD80-transduced EL4 tumor cells. Expression
of CD80 enhanced the elimination of EL4 tumors and
mouse survival. Both IL-12 and IL-15 cultured cells had
enhanced cytotoxicity. Importantly, anti-tumor memory was
maintained without tumor evasion following re-challenge
with either CD80-transduced and vector-control EL4 cells.
We also show, using antibody-mediated depletion, that

endogenous NK cells present in Rag-1-deWcent mice exert
anti-EL4 tumor activity that is enhanced by CD80 expression.
Collectively these data show that peripheral co-stimulation
by tumor expression of CD80 results in enhanced anti-tumor
eYcacy of NK and polyclonal eVector T cells, and suggest
that TCR repertoire diversity helps protect against tumor
escape and provides memory with resultant robust immu-
nity to subsequent tumor challenge irrespective of CD80
status.
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Introduction

The complex activating and inhibitory eVects of co-stimu-
latory signals on T cell phenotype, both early and late after
antigen stimulation, is an area of great interest and appears
to play a role in DC, APC and tissue regulation of T cell
function [18, 29, 33]. Among the increasing number of co-
stimulatory molecules identiWed, members of the B7 fam-
ily, CD80 and CD86, are best characterized. They were Wrst
recognized for their capacity to bind CD28 on the surface
of naïve T cells and, in concert with antigen-dependent sig-
naling via the TCR, activate T cells to proliferate and
secrete cytokines [9, 23, 25]. Inherent in this two signal
model of lymphocyte activation was the notion that the
absence of co-stimulatory signals in the periphery might
contribute to peripheral tolerance [32]. In a logical exten-
sion of this notion, it was hypothesized that the frequent
failure of the immune system to respond to tumor-associ-
ated antigens might be overcome by the expression of
co-stimulatory molecules on tumor cells [11, 12, 24, 36].
Subsequent studies conWrmed that exogenous expression of
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CD80 or CD86 did indeed enhance the immunogenicity of
tumor cells [4, 20, 24]. The evidence that the priming of
naïve CD8 T cells to become eVector T cells occurs in the
lymph-node and is a function of DC cross-priming suggests
that expression of CD80 by the tumor peripherally may
work directly on the eVector T cell at the site of the tumor
rather than in the initial priming stage [19].

Evidence supporting this possibility includes preferential
lysis of B7+ tumor cells in in vitro CTL assays [40] and the
failure, in some instances, of B7+ murine tumors to induce
cross-protection against tumor challenge with B7¡ cells
[40]. Very few studies; however, have been conWgured to
speciWcally examine the eVect of co-stimulatory molecules
on the eVector phase of the anti-tumor immune response
in vivo. To this end, Bai et al. [2] performed tumor chal-
lenge studies in Rag-2-deWcent mice and concluded that
tumor expression of B7.1 (CD80) increased the anti-tumor
eYcacy of adoptively transferred tumor-antigen-speciWc
TCR transgenic CTL. This enhancement of eVector func-
tion; however, was limited to CD80-expressing tumor cells.
TCR transgenic CTLs slowed but did not halt tumor pro-
gression, and failed to produce signiWcant cross-protection
against CD80¡ tumor cells even when mixed with CD80+

tumors. The lack of repertoire diversity within the TCR
transgenic T cell population may have contributed to failure
to control CD80¡ tumors.

The aim of the current study was to further investigate
the eVects on peripheral CD80-mediated co-stimulation
on polyclonal eVector CTL with demonstrable repertoire
diversity. We exploited a syngeneic model of Rag-1-deW-
cient mice (H-2b), adoptive transfer of cytokine-primed
polyclonal anti-tumor eVector T cell populations, and chal-
lenge with either CD80-transduced or vector-control synge-
neic EL4 tumor cells (H-2b) to examine the eVect of forced
tumor co-stimulatory molecule expression on the eVector
phase of adaptive anti-tumor responses. The results
obtained conWrm that tumor expression of CD80 acts to
enhance the anti-tumor eYcacy of eVector T cells [2, 3] but,
in contrast to earlier studies, further demonstrate that
peripheral co-stimulation of polyclonal eVector cells by
CD80-expressing tumor cells acts to enhance the induction
of memory with resultant robust immunity to subsequent
tumor challenge irrespective of CD80 status.

Materials and methods

Tumor cell lines and cell culture

Generation of the vector-control (LXSN-EL4) and CD80-
expressing (Lm80SN-EL4) EL4 cell lines, have been previ-
ously described [26]. The Lm80SN-EL4 cell line is
polyclonal and heterogeneous with respect to cell surface

CD80 expression. For the current study a population of
cells with uniformly high levels of CD80 expression was
puriWed using immunomagnetic bead technology [26]. Cell
surface CD80 expression was routinely monitored by Xow
cytometry and consistently exceeded 95% (Fig. 1). Cell
lines were cultured in RPMI 1640 media (Life Technolo-
gies, Grand Island, NY, USA) supplemented with 10% fetal
calf serum (CSL Biosciences, Parkville, VIC, Australia),
2 mM L-glutamine, 100 U/mL penicillin, 100 �g/mL strep-
tomycin (Life Technologies) and 50 �M 2-mercaptoethanol
(Sigma-Aldrich, St Louis, MO, USA), and maintained at
37°C in a humidiWed 5% CO2-air atmosphere. Under condi-
tions of continuous exponential growth Lm80SN-EL4 and
LXSN-EL4 cells exhibited essentially equivalent doubling
times of 12.8 (SEM; §0.28) and 13.1 (SEM; §0.68) hours,
respectively.

Animal studies

Female C57BL/6/J, B6.129S7-Rag1tm1Mom (Rag-1-deW-
cient; H-2b), and BALB/c mice (H-2d) aged 6–10 weeks
(ARC, Perth, WA, Australia) were maintained under spe-
ciWc pathogen-free conditions with food and water supplied
ad libitum. For adoptive transfer into Rag-1-deWcient recip-
ients, 4 £ 106 naïve splenocytes or cultured lymphocytes
were injected intravenously via the tail vein in 0.2–0.3 mL
of PBS. Persistence of adoptively transferred lymphocytes

Fig. 1 Expression of CD80 on transduced EL4 tumor cell lines. Cell
surface expression of murine CD80 was detected by antibody labeling
and FACScan analysis. Panel shows histogram plots of vector control
LXSN-EL4 cells labeled with isotype control mAb (shaded grey), or
anti-mouse CD80 mAb (grey line), and CD80-transduced Lm80SN-
EL4 cells labeled with anti-mouse CD80 mAb (black line). Percent-
ages of LXSN-EL4 and Lm80SN-EL4 cells expressing CD80, as deW-
ned by the indicated gate (MI), are 8 and 99%, respectively
123



Cancer Immunol Immunother (2007) 56:1955–1965 1957
in recipient mice was conWrmed by tail-bleeds and FAC-
Scan analysis. For tumor challenge experiments, mice
were injected subcutaneously into the shaved Xank with
either CD80-expressing (Lm80SN-EL4) or vector-control
(LXSN-EL4) EL4 cells in 0.1 mL to establish minimum
tumorigenic doses (MTDs). Successful tumor challenge
was conWrmed by the appearance of a palpable tumor at the
injection site within 15 days. Tumor growth was monitored
on alternate days by caliper measurement of two perpendic-
ular diameters. Mice were sacriWced when tumor sizes
reached a perpendicular diameter of 1.5–2.0 cm or sooner if
ulceration or bleeding became evident. For NK cell deple-
tion, NK1.1mAb (BioExpress, West Lebanon, New Hamp-
shire) was injected intraperitoneally (100�g/mouse) 2 days
prior to tumor inoculation and every 6 days thereafter. All
studies involving mice were approved by an appropriately
constituted Institutional animal ethics committee and per-
formed under veterinary supervision.

Immuno-phenotyping and assessment of depletion by Xow 
cytometry

Flow cytometric analyses were performed on a FACScan
cytometer using CellQuest software (Becton Dickinson,
Mountain View, CA, USA), according to manufacturer
instructions. Pre-conjugated mouse-speciWc monoclonal
antibodies CD80 (16–10A1), CD49b/Pan-NK (DX5), CD3
(17A2), CD4-L3T4 (RM4-5), CD8-Ly-2 (53-6.7), CD45R/
B220 (RA3-6B2), CD69 (H1.2F3), CD11b/Mac-1 (M1/70),
�� TCR (GL3) and relevant isotype controls (BD Pharmin-
gen, San Diego, CA, USA) were used to monitor either
CD80 expression levels on Lm80SN-EL4 cell lines or to
immunophenotype naïve and eVector lymphocyte popula-
tions. Labeling of cells with antibodies for Xow cytometry
was carried out according to manufacturer instructions.

NK cell depletion was assessed using FITC-conjugated
anti-CD49b/Pan-NK (DX5) antibody and isotype controls
on peripheral blood isolated from mice treated with anti-
NK 1.1 mAb. Detection of Rae-1, MULT-1 and H60 was
carried out using primary un-conjugated antibodies (R & D
Systems, Gymea, Australia). FITC-conjugated Rat IgG2a
(BD Pharmingen) was used to detect these antibodies by
Xow cytometry.

Generation of CTL for adoptive transfer 

To generate lymphocytes with anti-EL4 activity for adop-
tive transfer into Rag-1 deWcient recipients, C57BL/6 mice
were primed by subcutaneous inoculation with 105

Lm80SN-EL4 cells, and animals remaining tumor-free
boosted by re-inoculation at 2- to 3-week intervals for two
cycles. After a further 2 weeks, spleens were harvested, sin-
gle cell suspensions prepared and bulk splenocytes isolated

from contaminating RBC by using a Ficoll-Paque gradient
(Amersham Pharmacia Biotech, Piscataway, NJ, USA).
Splenocytes were then co-cultured with �-irradiated
(10,000 rads) Lm80SN-EL4 cells at a ratio of 50:1 and den-
sity of 2.5 £ 106 cells/mL (2 mL/well) in complete RPMI
supplemented with either IL-12 (10 ng/mL) or low dose IL-
15 (5 ng/mL) in 24-well plates (Corning Costar, Corning,
NY, USA). These doses were chosen to maximize expan-
sion of CD8+ cells, and minimize NK cell expansion seen at
higher doses of IL-15. Expansion in IL-2 was also evalu-
ated, but apoptosis induced cell death, presumably due to
activation, limited this approach [15, 30]. Cultures were
maintained for 5–7 days in vitro prior to adoptive transfer
into Rag-1 deWcient mice. Allogeneic cultures with Balb/c
splenocytes (H-2d haplotype) and Lm80SN-EL4 cells (H-2b

haplotype) were also initiated in parallel to serve as a posi-
tive control eVector population.

Cytotoxicity assay

The anti-EL4 cytolytic activity of lymphocyte populations
following culture was examined by a standard 51Cr release
assay. Target LXSN-EL4 cells (1.5 £ 106) were re-sus-
pended in 50 �L FCS and incubated with 100 �L of
1.1 mCi/mL 51Cr (Amersham) for 90 min at 37°C. Labelled
target cells were co-incubated for 4 h with eVector cells at
the indicated eVector to target ratios. Spontaneous 51Cr
release was consistently <15%. Maximum release was
determined by lysing cells in SDS (3% w/v). SpeciWc release
was calculated as [100 £ (experimental release ¡ spontaneous
release)/(maximum release ¡ spontaneous release)]. Radio-
activity was measured on a TopCount NXT Microplate
Scintillation and Luminescence Counter (Packard Bio-
sciences, Meriden, CT, USA). In this assay we observed no
in vitro enhancement of IL-2 expanded CTL activity by
target tumor expression of CD80 (not shown).

T-cell repertoire analysis

T-cell receptor V� repertoire analysis was performed
using real-time PCR on RNA samples isolated from naive
C57BL/6 splenocytes, cultured lymphocytes and tumor
tissue. RNA was isolated from splenocytes/lymphocytes
by using TRI Reagent (Molecular Research Center, Inc.,
Cincinatti, OH, USA) and from tumor tissue by using
RNeasy (Qiagen, Hilden, Germany) according to manu-
facturer protocols. Reverse transcription and PCR analy-
sis was performed as previously described [39] with
mouse speciWc primers for V� 1 to 8, 8.1, 8.2, 8.3 and 9 to
20 (primers sequences available on request). Highly
expressed V� family PCR products were then subjected to
spectratyping of CDR3 length by using an ABI prism 373
Sequencer.
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Statistical analysis

The statistical signiWcance of diVerences between treatment
groups in tumor growth were determined by the Student’s t
test and, in Kaplan–Meier plots of survival, by the Log Rank
test using Graphpad Prism V4.0 (San Diego, CA, USA). A
P value < 0.05 was considered statistically signiWcant.

Results 

CD80 expression reduces the tumorigenicity of EL4 cells 
and enhances NK cell-mediated inhibition of tumor growth 
in Rag-1-deWcient mice

Minimum tumorigenic doses for vector-control and CD80-
transduced EL4 cells in Rag-1-deWcient mice following
subcutaneous inoculation were evaluated and doses required
for consistent tumor formation found to be 5 £ 103 and
5 £ 104 for vector-control and CD80-transduced EL4 cells,
respectively (data not shown). Additionally, at the lower MTD
(5 £ 103) reduced tumorigenicity of CD80-transduced EL4
cells was observed in both Rag-1 deWcient and immuno-

competent C57BL/6 mice (data not shown). Although
Rag-1-deWcient mice lack T and B lymphocytes, and exhibit
a severe combined immuno-deWcient phenotype, they retain
functional NK cells [17, 27]. We therefore next examined
whether the reduced tumorigenicity of CD80-transduced EL4
cells in Rag-1-deWcent mice might be NK cell-mediated.
Mice were inoculated with 5 £ 103 vector-control or CD80-
transduced EL4 cells in the absence or presence of NK1.1
monoclonal antibody-mediated NK cell depletion. EVective
NK cell depletion was conWrmed by serial Xow cytometry
of peripheral blood obtained from antibody-treated mice
(Fig. 2a, b). Following NK cell depletion, CD80-transduced
tumors grew more rapidly at a rate equivalent to vector-
control tumors in mice that had not undergone NK cell deple-
tion (Fig. 2c). Interestingly, NK cell depletion also increased
the growth rate of vector-control EL4 tumors (Fig. 2c).

Functional and immuno-phenotypic characterization of 
anti-EL4 CTL cultured in the presence of IL-12 and IL-15 

Lymphocyte cultures, initially established from EL4-
immune C57BL/6 mice (H-2b) and maintained in the pres-
ence of �-irradiated CD80-transduced EL4 cells (H-2b), and

Fig. 2 EVects of NK cell deple-
tion on CD80-transduced and 
vector-control EL4 tumors in 
Rag-1-deWcient mice. NK cell 
numbers were assessed in 
peripheral blood obtained from 
a control (M1 = 46%) and b 
NK1.1 mAb injected Rag-
1-deWcient mice on day 6 
(M1 = 8%). Depletion assessed 
at other time points was simi-
larly eVective. Flow cytometric 
analysis was performed every 
6 days, prior to re-injection of 
the NK1.1 mAb. c NK cell-de-
pleted (circles) and non-depleted 
(squares) Rag-1-deWcient mice 
were inoculated with 5 £ 103 
vector-control (open symbols) or 
CD80-transduced (black sym-
bols) cells. Error bars indicate 
mean § SE (n = 6). The diVer-
ences in size of CD80+ tumors in 
NK-depleted versus non-deplet-
ed Rag-1-deWcent mice 
(§P = 0.00001) and vector-
control tumors in NK-depleted 
versus non-depleted RAG-1¡/¡ 
mice (9P = 0.005) at day 18 were 
signiWcant
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either IL-12 or IL-15, were analyzed for immuno-pheno-
type by Xow cytometry (Fig. 3) and anti-EL4 cytolytic
activity by standard 51Cr release assays (Fig. 4) prior to

adoptive transfer into Rag-1-deWcent mice. Under these
culture conditions there was a relative increase in the
proportion of CD3+CD8+ cells in the presence of each

Fig. 3 Immuno-phenotypic 
characterization of eVector lym-
phocytes populations. EVector 
lymphocyte populations expand-
ed in the presence of IL-12 
(middle column) or IL-15 (right 
column), or freshly isolated 
C57BL/6 splenocytes (left 
column) were labeled with either 
FITC or PE pre-conjugated 
mAbs to the indicated cell sur-
face markers or with the relevant 
isotype control and subjected to 
FACS analysis. Gates were set 
on lymphocytes by forward and 
side scatter proWles. Data shown 
are representative of at least 
three independent experiments
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cytokine, although the CD3+CD4+ population was well
maintained, and the proportion of B cells declined (Fig. 3).
The proportion of CD3+CD69+ lymphocytes increased,
consistent with acquisition of an activated phenotype,
and was higher after culture in IL-15. A population of
B220+CD3+ cells was also observed after culture in IL-15,
possibly representing terminal eVectors [5]. Anti-EL4 cyto-
lytic activity was detected at equivalent high levels after
culture in either cytokine, and was comparable to levels
obtained using control allogeneic Balb/c splenocytes as
eVectors and was signiWcantly greater than primed spleno-

cytes that had not been cultured in vitro (Fig. 4). The same
cultures exhibited minimal cytolytic activity against synge-
neic Wbroblasts (Fig. 4c). The absolute number of cells sur-
viving in culture declined to a similar extent in the presence
of either cytokine over the 5- to 7-day culture period from
108 cells to approximately 3 £ 107 cells.

Adoptively transferred splenocytes preferentially reject 
CD80+ tumors on primary challenge

Following immuno-phenotypic characterization and analy-
sis of anti-EL4 cytolytic activity, lymphocytes cultured in
the presence of IL-12 or IL-15, or freshly isolated naïve
splenocytes were adoptively transferred via tail-vein injec-
tion into syngeneic Rag-1-deWcient recipients at a dose of
4 £ 106 cells/mouse. Mice were challenged 6 or 7 days
later by subcutaneous injection with either CD80-trans-
duced or vector-control EL4 cells at the previously estab-
lished MTDs. Palpable tumors appeared within 15 days,
and in the absence of adoptively transferred lymphocytes
continued to increase in size (Fig. 5a, b). In distinct con-
trast, mice bearing adoptively transferred lymphocytes with
anti-EL4 cytolytic activity, expanded in the presence of
either IL-12 or IL-15, consistently rejected CD80+ tumors
after this initial period of growth. Expansion in vitro using
IL-2 was unsuccessful due to induction of apoptosis in the
cultured cells, most likely due to activation induced cell
death (data not shown). In the most striking instance, one
CD80+ tumor reached 1.7 cm in diameter at 19 days in the
presence of IL-12-expanded lymphocytes before undergo-
ing regression (Fig. 5b). This tumor was subsequently har-
vested on day 67 when 0.4 cm in diameter for repertoire
analysis of inWltrating lymphocytes.

Among CD80¡ tumors established from vector-control
EL4 cells one in three were rejected under the same experi-
mental conditions, and survival rates were not signiWcantly
diVerent to mice receiving vector-control tumor cells alone
(IL-12, P = 0.22; IL-15, P = 0.17 by the Log Rank test)
(Fig. 5c, d). Mice receiving naïve splenocytes and vector-
control tumor cells showed reduced survival compared to
equivalent mice receiving cytokine expanded CTLs (IL-12,
P = 0.0016; IL-15, P = 0.046 by the Log Rank test) (Fig. 5c,
d). In the absence of CD80 expression the presence of cyto-
kine expanded CTL did not signiWcantly aVect tumor size
when compared with mice receiving tumor alone (IL-12,
P = 0.38; IL-15, P = 0.41) or tumor plus naïve syngeneic
splenocytes (IL-12, P = 0.18; IL-15, P = 0.18) (Fig. 5c, d).

Mice receiving re-challenge reject tumors independently 
of CD80 status

The cohort of mice surviving primary challenge with
CD80-transduced or vector-control EL4 cells were

Fig. 4 Anti-EL4 CTL activity of eVector lymphocytes populations.
The CTL activity against vector-control EL4 cells of eVector lympho-
cyte populations (closed circle) expanded in the presence of a IL-12 or
b IL-15 were determined in standard 4 h 51Chromium-release assays.
Cultured allogeneic Balb/c (H-2d) (closed square) and freshly isolated
naïïe syngeneic C57BL/6 (H-2b) splenocytes (open circle) were used
to provide positive and negative control eVector cells, respectively. c
The CTL activity against C57BL/6 Wbroblasts of eVector lymphocyte
populations expanded in the presence of IL-12 are shown. Data are the
mean of triplicate analyses and representative of two independent
experiments 
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followed for 100 days (Fig. 5c, d) during which time each
mouse was simultaneously re-challenged on day 50 with
the MTDs of CD80-transduced or vector-control EL4 cells
on the right and left Xank, respectively. Without exception
all animals bearing cytokine expanded anti-EL4 lympho-
cytes survived this re-challenge irrespective of tumor CD80
status, thereby conWrming the acquisition of anti-EL4
tumor immunity. Indeed following this second challenge, in
contrast to primary challenge, neither CD80+ nor CD80¡

vector-control tumors became palpable in mice bearing
cytokine expanded anti-EL4 lymphocytes, consistent with
even more vigorous anti-EL4 immunity than initially
observed.

Analysis of peripheral blood at 100 days revealed that
CD4+ and CD8+ T cells were well maintained in the periph-
eral circulation of all surviving mice (not shown). Spleno-
cytes were harvested and pooled from surviving mice in
each treatment group with suYcient cells being obtained to
demonstrate retention of vigorous anti-EL4 cytolytic activ-
ity in mice that had received adoptively transferred lym-
phocytes expanded in the presence of either IL-12 or IL-15
and subsequent primary challenge with CD80-transduced
EL4 cells (Fig. 6).

Maintenance of TCR V� repertoire diversity during in vitro 
culture and after tumor inWltration, albeit with increasing 
restriction

The harvesting of a CD80+ tumor undergoing regression
in the presence of adoptively transferred lymphocytes
expanded in the presence of IL-12 oVered the opportunity
to assess the repertoire diversity and clonality of tumor
inWltrating lymphocytes. The expression of 22 V� families
was analyzed by semi-quantitative RT-PCR of RNA sam-
ples extracted from control C57BL/6 splenocytes, from
these same lymphocytes expanded in the presence of IL-12
prior to adoptive transfer, and subsequently from the
regressing tumor after adoptive transfer (Fig. 7). Most of
the 22 V� families assessed were detectable, 18 in spleno-
cytes, 19 in cultured lymphocytes and 18 in the tumor inWl-
trating lymphocytes (data not shown). Three representative
V� families clearly detected in each sample, V�4, 13 and
16, were assessed by V� family speciWc spectratyping of
CDR3 length for repertoire diversity and clonality. All
three families showed a diverse spectrotype in the spleno-
cyte sample. The cultured lymphocyte sample (Fig. 7b)
showed a greater degree of oligoclonality and the tumor

Fig. 5 Preferential rejection of CD80+ EL4 tumors by adoptively
transferred anti-EL4 eVector lymphocytes in Rag-1-deWcient mice.
Rag-1-deWcient mice were challenged with CD80-transduced (closed
circle) or vector-control (open circle) EL4 tumor cells by subcutaneous
injection on the right Xank 6 or 7 days after receipt of adoptively trans-
ferred lymphocytes with anti-EL4 CTL activity expanded in the pres-
ence of IL-12 (a, c) or IL-15 (b, d). Control groups included mice
receiving CD80-transduced (closed square) and vector-control (open
square) tumor cells alone and mice receiving CD80-transduced (closed
triangle) and vector-control (open triangle) tumor cells after adoptive
transfer of naïve syngeneic C57BL/6 splenocytes (n = 6 mice per treat-

ment group). Panels A and B show tumor size and panels C and D
show corresponding Kaplan–Meier survival curves. For tumor growth
data point is mean § SE and statistical analyses were performed on
data at day 21 as beyond this point increasing tumor burden necessi-
tated sacriWce of control experimental groups. SigniWcance values for
the indicated diVerences in tumor size were 9P = 0.047, §P = 0.041 (a)
and 9P = 0.012, §P = 0.019 (b) calculated using the Student’s t test. All
mice surviving to 50 days were re-challenged as described (dotted
line). SigniWcance values for the indicated diVerences in survival be-
tween treatment groups were §P = 0.003 (c) and §P = 0.009 (d) calcu-
lated using the Log Rank test
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inWltrating lymphocyte sample showed further restriction,
but with multiple clones still present (Fig. 7c).

Discussion

The current study was conWgured to speciWcally address
the eVect of peripheral co-stimulation on the anti-tumor

eYcacy polyclonal eVector CTL. Anti-EL4 eVector popula-
tions, initially harvested from the spleens of immune
C57BL/6 mice (H-2b), were expanded in the presence
of either IL-12 or IL-15. Both eVector populations were
shown to preferentially reject a primary tumorigenic chal-
lenge with CD80-transduced EL4 cells after an initial
period of tumor growth in Rag-1-deWcient mice. Mice sur-
viving primary challenge were shown to be resistant to re-
challenge with EL4 cells irrespective of tumor CD80
expression status, a result consistent with both enhanced
tumor immunity and the development of memory. TCR
repertoire studies, performed to assess the clonality of the
eVector T cell population, showed that cultured anti-EL4
eVector cells analyzed prior to adoptive transfer and after
tumor inWltration exhibited increased oligoclonality, con-
sistent with selection of tumor-speciWc T cell clones while
retaining suYcient diversity to prevent tumor evasion.
Endogenous NK cells present in Rag-1-deWcient mice were
also shown to exert anti-EL4 tumor eVector activity that is
enhanced by CD80 expression.

In the course of deWning MTDs for EL4 cells in Rag-1-
deWcient mice, in advance of CTL adoptive transfer studies,
we found that reliable tumor formation required a tenfold
higher dose of EL4 cells when modiWed to express CD80.
Since Rag-1-deWcent mice retain endogenous NK cells,
we postulated that the reduced tumorigenicity of CD80-
expressing EL4 cells might be, at least in part, NK cell-
mediated. In support of this possibility we found that
following monoclonal antibody-mediated depletion of NK
cells, CD80-expressing tumor grew as rapidly as vector-
control tumors in non-depleted mice. Interestingly, how-
ever, we also found that vector-control tumors grew more
rapidly in NK cell-depleted mice, suggesting that while
tumor CD80-expression appears to enhance NK cell anti-
tumor activity, CD80-independent mechanisms are also
likely to be involved. Although enhanced NK cell-mediated
killing of tumor cells as a consequence of CD80 expression
has previously been reported in vitro [1] and in vivo [21,
41], this has not previously been documented in a synge-
neic context in the absence of T and B lymphocytes. Possi-
ble mechanisms include signaling through CD28 or other
NK cell receptors, or “inside-out” signaling whereby CD80
expression induces changes in the target cell. These
changes could include induction of expression of NKG2D
ligands, which overcome the inhibitory eVect of tumor
expression of syngeneic MHC class I [12]. To explore the
possible involvement of known ligands for the NKG2D
receptor in this eVect, we excluded the presence of Rae-1,
H60 and MULT-1 on both vector-control and CD80-trans-
duced EL4 cells by Xow cytometry (data not shown) [6,
16].

To further investigate the eVect of tumor expression
of CD80 on anti-tumor eVector T cell responses, we

Fig. 6 Persistence of anti-EL4 cytotoxicity of splenocytes isolated
from recipient mice surviving tumor challenge with CD80-transduced
EL4 cells. Splenocytes were harvested and pooled (n = 3) for analysis
of anti-EL4 CTL activity in a standard 4 h 51chromium-release assay
100 days after primary challenge with CD80-transduced EL4 tumor
cells (50 days after secondary challenge) from mice that had received
adoptive transfer of eVector lymphocytes expanded in the presence of
IL-12 (closed circle) or IL-15 (open circle). Naïve syngeneic C57BL/
6 splenocytes (closed square) where used as a negative control. Data
are the mean of triplicate analyses in a single experiment

Fig. 7 Repertoire diversity and clonality of representative V� families
in adoptively transferred lymphocytes inWltrating a CD80+ tumor
undergoing regression. Three highly expressed representative V� fam-
ilies (V� 4, 13 and 16) were analyzed by V� family-speciWc spectra-
typing of CDR3 length in control C57BL/6 splenocytes (a), in the same
anti-EL4 eVector lymphocytes after in vitro expansion in the presence
of IL-12 (b), after adoptive transfer and after inWltration of a regressing
CD80+ tumor (c)
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performed in vivo experiments using adoptively transferred
cytokine driven polyconal anti-tumor eVector lymphocyte
populations and tumor challenge with syngeneic CD80-
transduced and vector-control EL4 tumor cells. The results
obtained showed that CD80+ tumors initially established in
the presence of adoptively transferred anti-tumor eVector
lymphocyte populations underwent complete regression,
and recipient mice survived re-challenge after 50 days with
both CD80-transduced and vector-control tumor cells. This
observation is indicative of the generation of potent
immune memory against tumor antigens, which did not
require further CD80 costimulation by the tumor target. In
vivo expansion of the adoptively transferred lymphocyte
population was precluded as an explanation by analysis of
peripheral blood by Xow cytometry.

The greater potency and memory of the polyclonal adop-
tively transferred lymphocyte eVector population, com-
pared to the previously reported TCR transgenic population
[2], may be a consequence of greater diversity and the role
of the conditioning cytokines. This eVector population,
expanded in vitro in the presence of either IL-12 or IL-15,
retained both CD4+ and CD8+ T cell subsets and repertoire
diversity. These cytokines have a number of potentially rel-
evant activities including the capacity of IL-12 to increase
expression of perforin and granzyme in the eVector popula-
tion [14], and of IL-15 to drive development of CD8+ mem-
ory [28], respectively. Interleukin 15 has also been shown
to enhance the expression of the innate activating receptor,
NKG2D, on CD8+ T cells [31] allowing non-TCR
restricted target cell recognition. Similar mechanisms may
also operate in tumor recognition where NKG2D expres-
sion has been shown to be important [7, 22]. Despite these
diVerences, however, eVector lymphocyte populations
expanded in the presence of either cytokine exhibited
equivalent anti-tumor eYcacy following adoptive transfer
into recipient Rag-1-deWcient mice. The presence of CD4+

T cells may also be a signiWcant component of the robust
anti-tumor immunity observed, as this subset has the capac-
ity to modulate anti-tumor eVector functions via multiple
mechanisms [35, 37]. The induction of a tumor protective
response through regulatory mechanisms may explain the
worse survival of mice receiving naïve splenocytes when
challenged with vector-control tumor cells. Regulatory T
cells require IL-2 and TGF-� in culture, and thus may have
been selected against by our in vitro culture conditions,
thereby enhancing the cytotoxic response [38]. The adop-
tively transferred cells also contained a residual B cell
population as deWned by a B220+CD3¡ phenotype. Inter-
estingly, B220+ has also been described on a subset of
DC that have been shown to have anti-tumor activity [34],
and it is possible that such cells were present at low levels
in our eVector populations. These cells, however, express
NK cell-surface molecules, and the eVector populations

used were negative for PanNK marker. Finally, the demon-
strated repertoire diversity in the polyclonal anti-tumor
eVector population would have contributed to reducing the
risk of tumor escape variants with alterations in target epi-
topes [3]. This is a major point of diVerence with an earlier
study examining the anti-tumor eYcacy of tumor-speciWc
TCR transgenic T-cells [2]. In that study genetic instability
in target tumors may have contributed to inconsistent tumor
rejection. In our study persistence of TCR diversity was
accompanied by increased TCR restriction in tumor inWl-
trating lymphocytes, possibly indicative of selection for
tumor speciWc antigens. The observed inability of tumors to
escape immune surveillance in the face of anti-tumor TCR
diversity is likely to reXect both targeting of a greater num-
ber of tumor antigens and diversity among eVectors target-
ing individual tumor antigens.

Relatively immunogenic tumors, such as those estab-
lished from EL4 cells in the current study, when modiWed
to express CD80 have been shown to induce cross-protec-
tion against wild-type tumor cells [12], but whether this
cross-protection is achieved through enhanced induction of
the anti-tumor response and/or enhancement of the eVector
phase of the anti-tumor response has not been deWnitively
established. Failure to observe cross-protection in the Bai
et al. [2] study, conWgured to examine the eVect of tumor
expression of CD80 on eVector T cell responses, may sim-
ply reXect the use of a less immunogenic tumor cell line.
The enhanced killing of both CD80-transduced and vector-
control tumor cells observed in our study, while encom-
passing this possibility, provides strong evidence that
exposure to CD80, expressed peripherally by the tumor,
enhances the eYcacy of anti-tumor eVector T cell
responses and leads to eVective induction of memory
against vector-control tumor cells. Potentially, this
enhancement is either a direct consequence of CD80 sig-
nalling through CD28 on eVector T cells, or due to CD80
exerting a more indirect eVect by priming other cells, such
as NK cells [8, 21]. NK cells have been shown to be
primed by CD28, express the T-cell co-stimulatory mole-
cule CD134 and more recently to be recruited to lymph-
nodes by dendritic cells [42]. Our observations provide
in vivo evidence supporting a physiological function for
CD80 in the modulation of eVector T cell functions in the
periphery in the context of both innate and adaptive
immune responses. This possibility is consistent with
peripheral tissue expression of novel co-stimulatory and
inhibitory molecules recently identiWed and implicated in
the modulation of eVector and memory T cell responses.
These include several members of the tumor-necrosis fac-
tor receptor (TNFR) super-family expressed on APC [13],
and members of the extended B7 family (B7-H1, B7-DC,
B7-H3 and B7-H4), several of which are expressed on
peripheral tissues and endothelium [10].
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Finally, while the preventive rather than therapeutic
model used in the current study is not directly applicable to
anti-cancer immunotherapy, the results obtained never-the-
less provide potentially useful information for the develop-
ment of adoptive immuno-therapeutic strategies. Most
notably that an in vitro cytokine-primed eVector T cell pop-
ulation with a diverse anti-tumor TCR repertoire combined
with peripheral co-stimulation in a lymphopenic host has
real potential to provide therapeutic anti-tumor immunity
and memory. Future animal studies pursing this approach
will need to be conWgured to examine therapeutic immu-
nity. A key challenge is to devise logistically feasible
approaches for the provision of peripheral co-stimulation to
anti-tumor eVector cells.
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