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Abstract During the antigen-dependant activation process
several subsets CD8+ T cells appear with diVerent pheno-
typic and functional characteristics. Recent studies indicate
that the state of T cell diVerentiation radically aVects their
ability to eVectively respond to tumor challenge, with early
eVector CD8+ T (CD62Lhigh) cells having better anti-tumor
activity. Thus strategies aimed at optimizing the generation
of such subpopulations could signiWcantly enhance the
eVectiveness of adoptive cell therapy (ACT) for cancer. In
this study, we show that priming of naïve CD8+ T cells in
the presence of IL-12 selectively rescued early CD8+

CD62Lhi from activation induced cell death and resulted in
the increased accumulation of this subset of CD8+ T cells.
Furthermore, we demonstrated that IL-12 directly modu-
lated the expression of CD62L on activated CD8+ T cells.
When used for ACT, naïve CD8+ T cells primed in vitro in
the presence of IL-12 showed superior anti-tumor activity
toward B16 melanoma. Importantly, using the Pmel-1
model, priming pmel-1 cells in vitro with IL-12 reduced the
state of functional tolerance associated with the non-mutated
“self” tumor antigen gp100, as demonstrated by signiWcant

tumor responses in the absence of vaccination. Together, our
results suggest that in vitro conditioning of naïve CD8+ T
cells with IL-12 prior to ACT could signiWcantly enhance
their anti-tumor activity.

Keywords IL-12 · L-selectin · CD62L · CD8+ T cells · 
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Introduction

The success of adoptive cell transfer (ACT) as anti-cancer
treatment depends on the functional quality of the cells
transferred [11]. Ideal cells for ACT must show high activ-
ity and tumor speciWcity. Because cytokines are known to
play fundamental roles in the diVerentiation and maturation
of antigen reactive T cells, cytokine conditioning prior to
cell transfer has been considered as a means to increase the
proliferation and function of tumor reactive T cells. Perhaps
the most studied cytokines are those that share the receptors
of the common cytokine-receptor �-chain family, such as
interleukin-2 (IL-2), IL-4, IL-7, IL-15 and IL-21, given
their requirement for the development or maintenance of
memory T cells [28]. Of signiWcant interest has also been
the role of inXammatory cytokines such as IL-12. In addi-
tion to its role in polarizing Th1 responses and in the matu-
ration of cytotoxic functions of CTLs and NK cells [38],
IL-12 acts as a third signal along with antigen and IL-2 on
naive CD8+ T cells increasing the pool of eVector and
memory cells [6, 35, 36]: two crucial components of a suc-
cessful ACT approach. Evidence for this has been provided
in recent reports demonstrating increased anti-tumor capa-
bilities of CD8+ T cells after ex vivo culture in the presence
of IL-12 [8, 18]. However, the phenotypic and functional
characteristics of the resulting population have not been
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described. Understanding this is of particular importance
since the intrinsic characteristics associated with each stage
of CD8+ T cell diVerentiation ultimately determine their
anti-tumor activity. It has been suggested that the more
diVerentiated eVector CD8+ T cells are less eYcient at kill-
ing tumors after adoptive transfer [10]. Early eVector CD8+

T cells are characterized by the expression of high levels
of the lymphoid homing molecule CD62L or L-selectin.
Expression of CD62L decreases as activation progresses,
with re-expression almost restricted to central memory cells
(TCM) [14, 26]. It is believed that the enhanced anti-tumor
activity associated with T cells expressing high levels of
CD62L relates to their ability to home to secondary lymph
nodes, where eVective stimulation can take place [31]. Thus,
approaches aimed at the generation and maintenance of early
eVector populations could prove valuable in the develop-
ment of eVective ACT-based immunotherapies for cancer.

In this study, we report that in vitro priming of naïve cells
in the presence of IL-12 results in decreased activation
induced cell death, and that such IL-12-mediated anti-apopto-
tic eVects resulted in the accumulation of a subpopulation
of CD8+ T cells expressing high levels of CD62L with supe-
rior anti-tumor capabilities. This represents the Wrst report to
link enhanced anti-tumor activity to increased expression of
CD62L in an IL-12 preconditioned CD8+ T cell subpopulation.

Materials and methods

Mice and cell lines

B6.SJL (Ly5.1), and C57BL/6 (Ly5.2) mice were pur-
chased from Jackson Laboratory (Bar Harbor, ME, USA).
OT-1 TCR transgenic (V�2/V�5) mice (Jackson) were bred
with B6.SJL mice to generate Ly5.1+/Ly5.1+ mice hetero-
zygous for the OT-1 TCR transgene. Transgene status was
conWrmed by Xow cytometry with monoclonal antibodies
(mAbs) speciWc for V�2 after 7 rounds of back crosses.
Pmel-1 transgenic (Ly5.2) mice (Jackson) were bred with
Ly5.2 wild type mice (both are on C57BL/6 background) to
generate Ly5.2+/Ly5.2+ mice heterozygous for the pmel-1
TCR (V�1/V�13) transgene. Transgene status was con-
Wrmed by PCR analysis. All animals were housed under
speciWc pathogen-free conditions in accordance with insti-
tutional and federal guidelines at the Medical University of
South Carolina. B16 (H-2Kb) cells, derived from a gp100+

spontaneous murine melanoma cell line, were obtained
from the American Type Culture Collection (ATCC)
(Manassas, VA, USA). The OVA-transfected B16 cell line
(B16–OVA) was kindly provided by Dr. R. Dutton (Tru-
deau Institute, Saranab Lake, NY, USA). Cells were
cultured in complete RPMI medium (RPMI 1640, 0.1%
penicillin/streptomycin, 0.2% L-glutamine, 0.05% 2-mer-

captoethanol, 0.01% sodium pyruvate, 0.1% HEPES, and
0.1% nonessential amino acids). B16-OVA cells were cul-
tured in complete RPMI medium containing 0.5 mg/ml
G418 antibiotic during in vitro propagation.

Monoclonal antibodies and reagents

Anti-CD16/CD32, and FITC, PE, APC, and cychrome-conju-
gated monoclonal antibodies were purchased from BD Pharm-
ingen (San Diego, CA, USA). Gp10025–33 (EGSRNQDWL
and KVPRNQDWL) melanoma peptides and SIINFEKL
OVA peptide (all are from American Peptide Company, Inc.,
Sunnyvale, CA, USA) were dissolved in 10% DMSO (Sigma,
St. Louis, MO, USA) and diluted in PBS. Recombinant mouse
IL-12 and IL-2 were purchased from R and D Systems (Min-
neapolis, MN, USA). Cytokines were stored as a lyophilized
powder at ¡20°C, and reconstituted immediately prior to use
in 0.1% bovine serum albumin in PBS. CTX (Sigma) was
reconstituted in PBS and stored at 4°C until used.

In vitro T cell activation

Spleen, peripheral and mesenteric lymph nodes (LNs) from
OT-1 or Pmel-1 transgenic mice were harvested and homog-
enized. Single cell suspensions of OT-1 or pmel-1 cells were
cultured at a density of 1 £ 106 cells/ml with 1 �g/ml
SIINFEKL or gp10025–33, respectively, for 3 days (unless
speciWed otherwise) in the presence or absence of 10 ng/ml
IL-12 or IL-2. When indicated, cells were washed and recul-
tured in fresh complete RPMI at a density of 1 £ 106 cells/
ml with or without addition of 10 ng/ml IL-12.

Surface staining, Xow cytometry and cell sorting

At the indicated time points, cells were harvested and
washed in FACS buVer (0.5% BSA, 0.02% sodium azide in
PBS). Cultured cells were incubated with the indicated
Xurochrome-conjugated mAbs for 30 min. Stained cells
were washed and resuspended in 300 �l of FACS buVer.
Cells were acquired and analyzed by Xow cytometry using
CellQuest™ software (BD Biosciences). For sorting
CD62Llow and CD62Lhigh OT-1 cells, cells were harvested
in 0.1% BSA in PBS and stained with mAbs against Va2,
CD8, and CD62L. After staining cells were washed twice
with 0.1% BSA in PBS and passed through a cell strainer
(40 �M diameter). Cells were acquired and sorted using a
FACSAria™ instrument (BD Biosciences).

Detection of apoptotic death

Apoptosis of in vitro activated OT-1 cells was determined
by annexin-V binding following manufacture’s instructions
(BD Pharmingen). At the indicated time points, cells were
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harvested and stained for surface markers V�2 and CD62L.
After staining, cells were washed in annexin-V binding
buVer (BD Pharmingen) and resuspended in 100 �l of ann-
exin buVer containing 5 �l of annexin V-FITC. Cells were
incubated at room temperature for 15 min. After incubation,
200 �l of annexin binding buVer was added to each sample.
Cells were analyzed by Xow cytometry and data were ana-
lyzed using CellQuest™ software (BD Biosciences).

Adoptive transfer and in vivo anti-tumor activity

OT-1 or Pmel-1 cells were activated in vitro with the rele-
vant peptide and treated with or without 10 ng/ml IL-12
as described above. Naïve C57BL/6 Ly5.2 mice received
1 £ 106 or when indicated 5 £ 106 cells by lateral tail-vein
injection. In vivo survival of the transferred OT-1 cells was
determined by Xow cytometry analysis of V�2 and Ly5.1
expression on OT-1 cells in PBL samples at the indicated
time points. For anti-tumor activity mice were challenged
with 5 £ 105 B16-OVA or 2.5 £ 105 B16 cells by subcuta-
neous injection. One week after tumor challenge, mice
received 1 or 5 £ 106 OT-1 or Pmel-1 cells treated as indi-
cated. Mice were monitored frequently for tumor growth.
Mice with tumors exceeding 300 mm2 were humanely
euthanized.

Results

Antiapoptotic eVects of in vitro priming with IL-12 resulted 
in an increased frequency of OT-1+CD62Lhi T-cells

It has been reported that addition of IL-12 during antigen
priming rescues cells from activation induced cell death
[4, 15, 30, 36]. Because anti-tumor eYcacy varies signiW-
cantly with the state of T cell diVerentiation [10, 13, 17], it
is important to determine the phenotypic and functional
characteristics of the resultant population. Since expression
of CD62L on activated CD8+ T cells has been associated
with superior anti-tumor eYcacy [10, 13], we determined
the sate of diVerentiation of the resulting population based
on the expression of CD62L. Spleen and LN suspensions
from OT-1 mice were primed with SIINFEKL. To deter-
mine the optimal timing of IL-12 eVect on naïve CD8+ T
cells, cell suspensions were either: (1) pre-treated overnight
with 10 ng/ml of IL-12 then washed and primed with anti-
gen (IL-12!antigen), (2) primed with antigen and IL-12
simultaneously (IL-12 + antigen), (3) primed with antigen
overnight and then treated with IL-12 (antigen!IL-12), or
(4) primed with antigen alone. On day 3 after priming,
approximately 95% of cells were both CD8+ and OVA spe-
ciWc as determined by the expression of V�2 (data not
shown). Cells were washed to remove other factors that

might inXuence the resulting population generated in
response to IL-12 treatment. Expression of CD62L was
determined by Xow cytometry gating on viable antigen
experienced CD8+ T cells (Fig. 1a, upper panel) on day 4, 5
and 6 post-priming (Fig. 1b). As previously described, anti-
gen priming resulted in the gradual down-regulation of
CD62L as cells became more activated. In contrast, addi-
tion of IL-12, either before or during antigen priming,
resulted in the accumulation (approximately 80%) of cells
expressing high levels of CD62L (Fig. 1a, lower panel).
This accumulation of CD62LhiOT-1+ T cells was sustained
for at least 6 days after priming. By sharp contrast, there
was a marked decrease in both CD62Llow and CD62Lhi OT-1

Fig. 1 Expression of CD62L on CD8+ T cells primed in the presence
of IL-12. Spleen and LN suspensions (1 £ 106 cells/ml) from OT-1
mice were primed with 1 ug/ml SIINFEKL. Cell suspensions were
either: (1) pretreated overnight with 10 ng/ml of IL-12 and then
washed and primed with antigen (IL-12!antigen), (2) primed with
antigen and IL-12 simultaneously (IL-12 + antigen), (3) primed with
antigen overnight and then treated with IL-12 (antigen!IL-12), or (4)
primed with antigen alone. Three days after priming cells were re-cul-
tured at a density of 1 £ 106 cells/ml. Cells were harvested and expres-
sion of CD62L was determined by Xow cytometry on V�2 (antigen
speciWc transgenic cells) on days 4, 5, and 6 after priming (a). Absolute
numbers were calculated for each experimental group (b) and were
expressed as total cell number
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cells primed in the absence of IL-12, presumably secondary
to activation induced cell death (Fig. 1b). As far as timing
is concerned, addition of IL-12 either before or during anti-
gen priming, and to a lesser extent after priming, resulted
in signiWcant increases in the percentages of viable
CD62LhiOT-1+ T cells when compared with the cells
primed with antigen alone. Thus, the inXuence of IL-12 on
activated CD8+ T cells resulted in the accumulation of cells
expressing high levels of CD62L.

IL-12 selectively rescued OT-1+CD62Lhi cells 
from activation induced apoptosis

It has been reported that IL-12 enhances CD8+ T cell pri-
mary expansion by reducing death rather than by promoting
cell division [4]. To determine whether the anti-apoptotic
eVect of IL-12 was selective for CD8+ T cells expressing
high levels of CD62L spleen and LN cell suspensions from
OT-1 mice were primed with 1 �g/ml of SIINFEKL with or
without 1 ng/ml of IL-12. Cells were harvested on days 5
and 7 after priming and stained with a mixture of mAbs
against V�2, CD62L and then cell death was analyzed by
annexin-V staining. Cells positive for V�2 were assayed for
expression of CD62L and annexin-V binding. As expected,
the vast majority of cells activated with antigen only were
annexin V positive, indicative of activation induced cell
death (Fig. 2a upper panels). By sharp contrast, activated
cells in the presence of IL-12 were more resistant to activa-
tion induced cell death (Fig. 2a lower panels). The surviv-
ing population after 5 (61%) or 7 (41%) days of priming
was mainly composed of cells expressing high levels of
CD62L. Approximately 50% of total cells by day 5 and
30% by day 7, which in both cases represent about 80% of
the surviving population. To conWrm these Wndings, OT-1
spleen suspensions primed in the presence of IL-12 were
sorted on day 3 post-priming into two populations: V�2+

CD62Llo and V�2+CD62Lhi (Fig. 2a). Cells were re-cul-
tured at a density of 1 £ 106 cells/ml and harvested 5 days
after priming. Expression of pro-apoptotic mediators such
as caspase 3 and 8, Bax and Bad was determined by real
time RTPCR. Levels of expression of all four mediators
tested was found to be increased in OT-1 cells expressing
low levels of CD62L (Fig. 2b). Thus, conWrming that the
anti-apoptotic eVect of IL-12 is speciWc for activated CD8+

T cells expressing high levels of CD62L and is associated
with down-regulation of pro-apoptotic mediators.

IL-12 modulated the expression of CD62L in antigen 
primed CD8 T cells

It is known that IL-12 modulates the expression of CD62L
on CD4+ T cells [37]. To determine whether IL-12 also reg-
ulates the expression of CD62L on activated CD8+ T cells,

spleen and LN cell suspensions from OT-1 mice were
primed with SIINFEKL with or without IL-12. Three days
after priming, IL-12 or sham treated cells were sorted into
CD62LloV�2+ or CD62LhiV�2+ populations and recultured
in the presence or absence of 10 ng/ml IL-12 and harvested
2 and 4 days later. Consistent with the results shown in
Fig. 1, in vitro priming in the presence of IL-12 resulted in
an increased frequency of OT-1+ CD62Lhi cells when com-
pared with cells primed with antigen alone (Fig. 3a). Sorted
OT-1+ CD62Llo/sham or OT-1+ CD62Lhi/sham (Fig. 3a) were
re-cultured in the presence or absence of IL-12. Re-culture
of OT-1+ CD62Llo/sham in the presence of IL-12 resulted in
enhanced expression of CD62L that occurred at day 7 after
priming rather than at day 5 (Fig. 3b upper panels). OT-1+

CD62Lhi/sham re-cultured in the absence of IL-12 resulted in
the loss of CD62L expression. Interestingly addition of IL-
12 to the same cell fraction was able to maintain a higher
frequency of OT-1+ CD62Lhi cells (Fig. 3b lower panels).

Fig. 2 In vitro anti-apoptotic eVect of IL-12 on CD8+ CD62Lhi cells.
OT-1 cells were primed with or without 10 ng/ml of IL-12. Cells were
harvested at day 5 and 7 after priming and stained with a mixture of
mAbs against V�2, CD62L and Annexin-V. Cells positive for V�2
were assayed for CD62L and annexin-V binding (a). Expression of
caspase-3, caspase-8, Bax, and Bad was determined on sorted OT-
1+CD62Llo/IL-12 or OT-1+CD62Lhi/IL-12 at day-5 after priming by real-
time PCR (b). Results are presented as the mean normalized expression
which is the number of transcripts per 103 copies of �-actin § SEM
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These Wndings suggest that IL-12 not only selectively res-
cues CD8+ CD62Lhi cells from apoptosis, but is also able to
induce the expression of CD62L on CD8+ CD62Llo cells.
Interestingly, the timing of IL-12 exposure aVected the tim-
ing of CD62L upregulation, perhaps as the result of the
kinetics of CD62L expression during the diVerentiation of
CD8+ cells to a memory phenotype. Because the sorted
population was very pure (t90%), these Wndings also sug-
gest that the eVects of IL-12 are likely exerted directly on
CD8+ cells. To corroborate these Wndings OT-1 cells
primed in the presence of IL-12 were also sorted into
CD62LloV�2+ or CD62LhiV�2+ populations. As in Fig. 3b,
sorted populations were re-cultured with or without IL-12,
and expression of CD62L was analyzed at days 5 and 7
after priming. Surprisingly, a signiWcant fraction of OT-1+

CD62Llo/IL-12 cells regained expression of CD62L, which
was maintained until day 7 regardless of the addition of IL-
12 during re-culturing (Fig. 3c upper panels). In contrast,
only 25% of OT-1+ CD62Lhi/IL-12 cells maintained high lev-
els of CD62L expression when recultured without IL-12.
Interestingly, the addition of IL-12 at the time of re-culture
induced CD62L expression in all OT-1 cells (Fig. 3c lower
panels). Together, these Wndings suggest that that IL-12
modulates the expression of CD62L.

OT-1+CD62Lhi/IL-12 showed an “early eVector/TCM-like” 
phenotype

To further understand the eVect of antigen priming in the
presence of IL-12 on the phenotypic characteristics of the
resulting population, OT-1IL-12 or OT-1sham cells were gen-
erated as described above, and on day 7 after antigen prim-
ing the expression of CD127 (IL-7R �-chain) and CD44
was determined by Xow cytometry. CD127 expression has
been described as a marker for memory cells because of the
requirement for IL-7 in the homoeostatic maintenance of
memory cells in the absence of antigen [27]. Although
CD127 is also expressed in naïve CD8+ T cells, the kinetics
of its expression follows that of CD62L, with that being a
downregulation as activation progresses, with the subse-
quent upregulation only in memory cells [2]. Phenotypic
polarization by IL-12 was compared to untreated and CD8+

T cells primed in the presence of IL-2. Culture of activated
CD8+ T cells in the presence of IL-2 is known to result in
polarization to an eVector memory (TEM)-like phenotype,
which is characterized by low expression levels of
CD62L[16, 39]. Figure 4a shows that all OT-1 splenocytes
expressed high levels of CD44, indicating that the cells had
become antigen experienced (Fig. 4a). OT-1 cells primed in

Fig. 3 IL-12 modulated the expression of CD62L on in vitro activated
OT-1 cells. OT-1 cells primed with or without 10 ng/ml of IL-12
were cultured for 3 days and sorted into CD8+ CD62Llo/sham, CD8+

CD62Lhi/sham, CD8+ CD62Llo/IL-12 or CD8+ CD62Lhi/IL-12 (a). Sham-

treated (b) or IL-12-treated (c) cells were re-cultured with or without
IL-12 at a cell density of 1 £ 106/ml. Expression of CD62L was
analyzed by Xow cytometry at days 5 and 7 after priming (days 2 and
4 after reculture)
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the presence of IL-12 showed greater frequency of cells
expressing both CD62L and CD127 than cells primed in the
presence of IL-2 (Fig. 4a). This polarization towards “early
eVector/TCM-like” phenotype was more evident after deter-
mining the absolute number of cells. Priming in the pres-
ence of IL-12, resulted in a 6 and 7 fold increase in
CD62LhiCD127+ and in CD62LhiCD44+, respectively, rela-
tive to priming in the presence of IL-2 (Fig. 4b).

OT-1+CD62Lhi/IL-12 cells had greater in vivo survival 
and recall response than OT-1+CD62Lhi/sham

To determine whether expression of CD62L was the
only requirement for in vivo survival, a model for
homeostatic proliferation was utilized. Sorted OT-
1+CD62Lhi/IL-12 and OT-1+CD62Lhi/sham cells were adop-
tively transferred to mice previously treated with 100 �g
of cyclophosphamide. The presence of donor cells
(Ly5.1+) was monitored in the peripheral blood at sev-
eral time points. Frequencies of OT-1+CD62Lhi/sham cells
were less that 1% at day 5 after adoptive transfer, and
were almost undetectable by day 22 (Fig. 5a). By sharp
contrast, the frequencies of OT-1+CD62Lhi/IL-12 cells
were signiWcantly higher, reaching a maximum level by
day 10 after adoptive transfer (Fig. 5a). To determine
whether the recall capabilities were also aVected by
priming in the presence of IL-12, the same mice were
vaccinated with 100 �g of SIINFEKL at day 22 post-
adoptive transfer. The percentages of donor cells in
peripheral blood were determined 3 days after vaccination.
Figure 5b shows a striking diVerence in the recall capa-
bility between OT-1+CD62Lhi/IL-12 and OT-1+CD62Lhi/sham

cells. About 25% of the total circulating lymphocytes
were donor OT-1+CD62Lhi/IL-12 cells, in contrast to
about 1% of OT-1+CD62Lhi/sham cells. These results
suggest that expression of CD62L alone at the time of
transfer is not suYcient to ensure survival and hence Ag
recall responses.

Antigen priming in the presence of IL-12 resulted 
in enhanced eradication of previously established 
solid tumors

To better understand which subpopulation had better anti-
tumor activity in vivo, sorted OT-1+CD62Lhi/IL-12, OT-
1+CD62Llo/IL-12, OT-1+CD62Lhi/sham, OT-1+CD62Llo/sham

cells were adoptively transferred to recipient mice bearing
tumors from B16-OVA cells. At day 7 after transfer, partial
responses were observed in mice injected with both
CD62Lhi or CD62Llo sham treated OT-1 cells. Near com-
plete and complete tumor responses were observed in the
groups that received CD62Llo/IL-12 or CD62Lhi/IL-12 OT-1
cells, respectively (Fig. 5c). At day 14 after transfer, dis-
ease progression was observed in both groups that received
OT-1 sham treated cells. In contrast, groups that received
OT-1 cells primed in the presence of IL-12 maintained
their complete response (Fig. 5d). Interestingly, the com-
plete responses observed after OT-1IL-12 cell transfer were
independent of the expression of CD62L at the time of
transfer. However, this does not diminish the importance
of CD62L expression, since treatment with IL-12 at the
time of priming results in late upregulation (day 5 after
priming) of CD62L among OT-1+CD62Llo/IL-12 cells (Fig. 3c,
upper panels). Furthermore, the fact that disease progres-
sion was observed in mice that received OT-1+CD62Lhi/sham

corroborates that increased levels of CD62L expression are
not suYcient to confer long-lasting anti-tumor protection.

Adoptively transferred Pmel-1IL-12 cells exhibited 
anti-tumor activity in the absence of vaccination

To determine whether the enhanced anti-tumor activity of
OT-1IL-12 cells was also observed in a self tumor antigen
model, Pmel-1IL-12 cells were generated. CD8+ T cells from
Pmel-1 T cell receptor transgenic mice show speciWcity for
a Db-restricted epitope from the non-mutated self tumor
antigen gp10025–33 [20]. Pmel-1IL-12 cells were generated by

Fig. 4 In vitro IL-12 conditioning induces “Early eVector/TCM-like”
phenotype of OT-1+CD62Lhi/IL-12 cells. OT-1 cells were primed
in vitro with 1 �g/ml SIINFEKL. Ten ng/ml of IL-2 or IL-12 was add-
ed at the time of priming. Cells were cultured for 3 days, harvested,

washed and recultured at a density of 1 £ 106 cells/ml. At day-7 after
priming cells were harvested and stained with mAbs against V�2,
CD62L, CD127 and CD44. Percentages (a) and absolute number (b) of
CD62LhiCD127+ and CD62LhiCD44+ cells were determined
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incubating spleen and lymph node suspensions with 1 �g/
ml gp10025–23 peptide and 10 ng/ml of IL-12. On day 3
after priming, cells were washed and recultured at a density
of 1 £ 106 cells/ml. Expression of CD62L and Annexin-V
binding of antigen primed Pmel-1sham or Pmel-1IL-12 was
performed on re-cultured cells at day 5 after antigen prim-
ing. As seen in OT-1 cells, antigen priming of Pmel-1 cells
in the presence of IL-12 resulted in decreased activation
induced apoptosis of Pmel-1 cells expressing high levels of
CD62L (Fig. 6a). To determine the eVect on in vivo anti-
tumor responses, 5 £ 106 in vitro-generated Pmel-1IL-12

cells were harvested on day 3 and adoptively transferred
into mice bearing 7-day old B16 melanoma tumors.
Untreated group did not receive adoptive transfer. As indi-
cated, adoptive transfer was followed by diVerent vaccina-
tion regimens. Complete responses were observed in all
animals treated regardless whether vaccination took place
(Fig. 6b). These Wndings are remarkable because of the
self-nature of the gp100 antigen. Objective responses seen
with the Pmel-1 model require a vaccination regimen that is
usually comprised of peptide and systemic IL-2. Our Wnd-
ings suggest that in vitro preconditioning with IL-12 at the
time of antigen priming can signiWcantly enhance the rever-
sal of functional tolerance associated with non-mutated
“self antigens” resulting in eYcient anti-tumor activity.

Discussion

In this study, we demonstrate that priming of naïve CD8+ T
cells in the presence of IL-12 results in the persistence of a
subpopulation that exhibits superior anti-tumor capabilities
when adoptively transferred to tumor-bearing hosts. IL-12
is well documented as a potent modulator of immune
responses [22, 29, 38]. In vitro or in vivo treatment with IL-
12 results in enhanced activity of T and NK cells which is
characterized by increased secretion of IFN-� [34]. Such
enhanced immune responses are in part the result of the
direct stimulation of antigen presenting cells. A previous
study by our group has shown that paracrine administration
of IL-12 was capable of increasing the frequencies of
dendritic cells in both spleen and peripheral blood, and
enhanced the functional capability of spleen dendritic cells
to present peptide to naïve CD8+ T cells [25]. IL-12 can
also directly aVect the development of CD8+ T cell-medi-
ated responses. It is known that optimal clonal expansion
and acquisition of eVector function requires a third signal
that can be provided by IL-12, and that in the absence of
third signal, tolerance can occur [6, 7, 29, 30, 35, 36]. In
support of these Wndings, Chang et al. reported that IL-12
priming at the time of antigenic stimulation increased the
primary expansion of CD8+ T cells by reducing cell death,

Fig. 5 In vivo survival, recall potential and anti-tumor activity of OT-
1 cells primed in vitro in the presence of IL-12. OT-1+Ly5.1+ cells
were primed with 1 �g/ml of SIINFEKL with or without 10 ng/ml of
IL-12 and cultured for 3 days. After culture cells were sorted into
CD62Lhi/sham or CD62Lhi/IL-12 cells and adoptively transferred (1 £ 106

cells/mice) into recipient wild type Ly5.2 mice (n = 4 mice) previously
treated with CTX. The percentage of Ly5.1+ cells in the peripheral
blood was determined at the indicated time points (a). The same mice

were vaccinated at day-22 post-transfer and frequency of donor cells
(Ly5.1+) in the periphery was determined 3 days after vaccination
(b). Wild type C57BL/6 mice were injected s.c with 5 £ 105 B16-OVA
cells. Tumors were allowed to grow for 7 days. Mice received
sorted CD8+CD62Lhi/IL-12, CD8+CD62Llo/IL-12, CD8+CD62Lhi/sham,
CD8+CD62Llo/sham or saline. Tumor size was determined at days 7 (C)
and 14 (D) after transfer. Tumor size is shown as the surface area in
mm2
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rather that by increasing cell proliferation, resulting in a
larger CD8+ T cell memory pool [4]. The ability of IL-12 to
enhance proliferation of activated CD8+ T cells has been
recently associated with enhanced expression of IL-2R� in
response to IL-12R engagement [35]. IL-12R expression is
upregulated upon TCR activation [9], however low levels
of expression have been reported in resting NK cells, den-
dritic cells and B cell lines [1, 12]. Historically, the expres-
sion of IL-12R was conWned to activated Th1 cells [23, 32],
however the pivotal role of IL-12 in providing third signal
for the clonal expansion of naïve CD8+ T cells, demon-
strates a similar pattern of expression on activated CD8+ T
cells [15, 19, 35, 36].

Altogether, it appears that the anti-tumor eVects of IL-
12 directly stem from its immune-enhancing eVects. How-
ever, the clinical application of systemic IL-12 has been
hindered by considerable toxicities [3, 5]. Several
approaches to circumvent IL-12-related toxicities include
the use of viral, plasmid, polymer or liposome-based deliv-
ery systems [24]. In vitro conditioning of isolated T cells
with IL-12 would potentially oVer an additional alternative
approach. In fact, it has been reported that culture of CD8+

T cells in the presence of IL-12 improved their anti-tumor
capability in murine models for leukemia and CEA-
expressing malignancies [8, 18]. However the phenotypic
characteristics of the resulting populations were not

addressed. To our knowledge, this is the Wrst report to link
the enhanced antitumor activity of IL-12-preconditioned
CD8+ T cell subpopulation to increased levels of CD62L
expression. A similar eVect has been reported for IL-15 in
which a polarization towards a less diVerentiated pheno-
type expressing high levels of CD62L occurs after in vitro
priming, such polarization resulted in superior anti-tumor
activity [10].

We also showed evidence for a direct eVect of IL-12 on
the expression of CD62L on activated CD8+ T cells. Sorted
OT-1+ CD62Llo/sham cells re-cultured in the presence of IL-
12 upregulated the expression of CD62L, and sorted OT-1+

CD62Llo/IL-12 re-cultured in the absence of IL-12 regained
CD62L expression (Fig. 1). Thus it seems that the program-
ming signaling triggered by IL-12 at the time of priming
aVects the expression of CD62L. Although higher levels of
CD62L expression can be obtained by continuous exposure
to IL-12, initial exposure during priming or even after
priming is suYcient to enhance the expression of CD62L
among activated CD8+ T cells (Fig. 1). Thus direct modula-
tion of CD62L could represent a mechanism by which
IL-12 enhances the activity of CD8+ T cells.

The physiological contributions of CD62L expression
on enhanced anti-tumor activity are thought to relate to
the ability of T cells to migrate to lymph nodes, where
further stimulation can take place. Tumor studies in mice

Fig. 6 Anti-tumor activity of Pmel-1IL-12 cells in the absence of vac-
cination. Spleen and LN suspensions from Pmel-1 mice were cultured
for 3 days with 1 �g/ml gp10025–33 peptide with or without 10 ng/ml of
IL-12. After culture cells were washed and recultured at a density of
1 £ 106 cells/ml (a) or transfused i.v. (1 or 5 £ 106 cells/mouse) to
mice bearing 10-day old B16 tumors (b). Recultured cells were har-
vested at day 5 after priming and stained with antibodies against V�13

and CD62L and Annexin-V. Annexin binding and CD62L expression
of V�13+ cells was analyzed by Xow cytometry. Percentages and abso-
lute number of non-apoptotic cells expressing high levels of CD62L
was determined (a). B16-bearing mice were adoptively transferred
(7 days after tumor challenge) with 1 £ 106 of Pmel-1IL12 cells and the
tumor size was determined at the indicated time points, and it is shown
as the surface area in mm2 (b)

0

05

001

051

002

052

8161412101

xT oN
1-lemP 21LI

1-lemP 21LI 001pg/
1-lemP 21LI CI:yloP/001pg/
1-lemP 21LI 2LI/CI:yloP/001pg/

refsnart evitpoda retfa syaD

T
um

or
 a

re
a 

(m
m

2 )

9.5 38.8

0

5

01

51

02

52

21-LI muideM

x 
10

5
ce

lls

L26DC ih V-nixennA gen

Annexin-V
C

D
62

L

A

B

123



Cancer Immunol Immunother (2008) 57:563–572 571
lacking peripheral lymphoid structures (LT�¡/¡ mice) or
CD62L showed sub-optimal anti-tumor responses after
ACT [10, 17]. Interestingly, in our study, adoptive trans-
fer of sorted OT-1sham cells expressing high levels of
CD62L resulted in tumor relapse, suggesting that the
mere capability of CD8+ T cells to home to lymph nodes
is not suYcient for long-lasting T-cell mediated anti-
tumor responses. As such, there must be additional phe-
notypic and functional characteristics induced by IL-12
priming which positively aVect the functional capability
of this T cell subset such as the modulation of regulators
of apoptosis. Thus, eVective strategies to generate com-
petent CD8+ T cells for adoptive transfer should promote
not only the generation of key subpopulations with supe-
rior anti-tumor activity, but also the maintenance of their
viability in vivo. Our results suggest that antigen priming
in the presence of IL-12 accomplishes both ends. It not
only directly modulates the expression of CD62L on acti-
vated CD8+ T cells, but also selectively promotes the sur-
vival of activated CD8+ T cells expressing high levels of
CD62L.

Enhancing the activity of anti-tumor CD8+ T cells
could contribute to the reversal of functional tolerance.
Under functional tolerance, both tumor-speciWc T cells
and tumor cells coexist. The Pmel-1 model closely mim-
ics functional tolerance to antigens from the gp100
enzyme [21]. In this model, the mere presence of an
overwhelming frequency of gp100 speciWc CD8+ T cells
(>95% of all CD8+ T cells) is not suYcient to delay
tumor growth [21]. Furthermore, in order to reverse
functional tolerance and obtain signiWcant anti-tumor
activity, adoptively transferred Pmel-1 cells, even in
high numbers, need to be further stimulated with vacci-
nation and systemic IL-2 [20]. Our results suggest that
priming in the presence of IL-12 signiWcantly reverses
the functional tolerance of Pmel-1 cells (Fig. 6b). Pmel-
1IL-12 cells were able to prevent the growth of B16
tumors even in the absence of vaccination and systemic
IL-2. These Wndings would suggest that functional toler-
ance could be reversed ex vivo, obviating the need for
systemic interventions that can result in adverse toxici-
ties. Teague, et al., have shown that in vitro IL-15-
induced proliferation abrogated tolerance of CD8+ T
cells, and that the rescued cells became eVective in treat-
ing leukemia [33].

In conclusion, in vitro conditioning with cytokines
prior to adoptive transfer could prove eVective in the pro-
gramming of CD8+ T cells for eVective immunotherapy
and warrant further investigation in human subjects. Par-
ticularly for IL-12, in vitro conditioning prior to ACT
is an attractive strategy to exploit its potent immune-
enhancing capabilities without the detrimental toxic side
eVects.
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