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a b s t r a c t
Vitamin C has been found to stimulate dendritic cells (DCs) to secrete more IL-12 and thereby drive naïve
CD4+ T cells to differentiate into Th1 cells. In the present study, we evaluated the effect of these vitamin
C-treated DCs on CD8+ T cell differentiation both in vitro and in vivo. Mouse bone marrow-derived DCs
were prepared in the presence of GM-CSF and IL-15. With vitamin C treatment, these DCs, when LPSstimulated, secreted more IL-12p70 and IL-15 than did untreated DCs. And when co-cultured with T cells,
they yielded a higher frequency of IFN-␥+ CD8+ T cells. Moreover, we found that administering vitamin
C-treated and tumor lysate-loaded DCs into mice yielded a higher frequency of CD44high CD62Llow CD8+
effector and effector memory T cells, which showed an increased ex vivo killing effect of the tumor cells.
These DCs also elicited enhanced protective effects against inoculated tumor cells, most probably by way
of the increased cytotoxic T cells, as was revealed by the decreased growth of the inoculated tumor cells
in these mice. This ex vivo vitamin C treatment effect on DCs can be considered as a strategy for boosting
DC vaccination potency against tumors.
© 2014 Elsevier GmbH. All rights reserved.

Introduction
It has long been claimed that vitamin C, an essential
water-soluble micro-nutrient known to be involved in collagen
biosynthesis (Peterkofsky 1991), modulates immune responses.
Signiﬁcantly in this regard, there is growing evidence that vitamin
C skews the direction of immune responses toward Th1. By administration of mega-dose vitamin C at the time of antigen challenge in
mice, the serum titers of antigen-speciﬁc antibodies of Th2 isotypes
such as IgG1 and IgE have been decreased. And notably, when T cells
from these same mice were re-stimulated ex vivo, they secreted
more of the Th1 cytokines (IFN-␥ and TNF-␣) and less Th2 cytokine
(IL-4) than T cells from control mice (Noh et al. 2005). Similarly, in
an ovalbumin-induced mouse asthma model (Chang et al. 2009),
mega-dose vitamin C supplementation increased the ratio of IFN␥/IL-5 secretion in bronchoalveolar lavage ﬂuid. Consistently with
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these results, in Helicobacter pylori infected mouse (Lee et al. 2008),
vitamin C deﬁciency gave rise to a decrease in the serum titer of
antigen-speciﬁc IgG2c antibodies, the Th1-driven isotype, and lowered gastric mRNA levels of IFN-␥ and TNF-␣. Meanwhile, in vitro
application of vitamin C to T cells (Maeng et al. 2009) or B cells (Woo
et al. 2010) did not show any evidence suggesting a Th1-shifting
effect of vitamin C. This raises the possibility that the above-noted
effects of in vivo-administered vitamin C are not exerted directly
on B cells or T cells but indirectly, by way of dendritic cells (DCs).
In our previous study, in vitro treatment of mouse bone
marrow-derived DCs with vitamin C resulted in additional IL-12p70
secretion by increasing p38 phosphorylation and NF-B activation
(Jeong et al. 2011). When these DCs were co-cultured with T cells,
enhanced Th1 cell activation with modestly increased IL-2 secretion and markedly increased IFN-␥ secretion was observed. That
is, vitamin C exerts its effects on DCs ﬁrst, and these DCs then
skew activated CD4+ T cells toward Th1 cells, which, in turn, help
B cells make Th1-type antibodies upon immunization. However,
the effects of these vitamin C-treated DCs (hereafter vcDCs) on
CD8+ T cells, a representative effector of the cell-mediated immune
response, have not been evaluated.
For CD8+ T cell activation, TCR ligation and co-stimulation by
DCs are pre-requisite as the ﬁrst and second signals, respectively.
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Additionally, IL-12p70 and type I IFNs are the third signals necessary for activated T cells to expand, survive, and differentiate
into effector cells (Mescher et al. 2006; Whitmire et al. 2007).
Also required by for activated CD8+ T cells, speciﬁcally to enable
escape from activation-induced non-responsiveness, is IL-2, without which they do not clonally expand, and lose functional capacity,
over time (D’Souza et al. 2002; Mitchell et al. 2010). These cytokines
also affect the generation of CD8+ memory T cells (Chang et al. 2004;
Feau et al. 2011; Williams et al. 2006). CD4+ T cells, furthermore,
by way of CD40 ligation on DCs, help CD8+ T cells to activate and
perform cell-mediated immune responses, thereby licensing them
to better activate cytotoxic T cells; CD4+ T cells facilitate CD8+ T cell
functioning also by secreting Th1 cytokines such as IL-2 and IFN-␥
(Shedlock and Shen 2003; Zhang et al. 2009). Without CD4 help,
CD8+ memory T cells show deﬁcits in long-term survival and recall
capacity (Obar and Lefrançois 2010b).
Considering that vcDCs secrete more IL-12p70 and stimulate Th
cells to secrete more IL-2 and IFN-␥, which are the cytokines needed
for sufﬁcient activation and functioning of CD8+ T cells, we assume
that vcDCs can augment CD8+ T cell responses.
In this study, we determined whether vcDCs can augment CD8+
T cell responses, both in vitro and in vivo. Our results showed
increased in vitro proliferation of CD8+ T cells and enhanced in vivo
CD8+ memory responses with protective effects on inoculated
tumor cells by vcDCs.

PBS) and antibody cocktail for 10 min; then, after addition of
microbeads, they were further incubated for 15 min. The cells
were washed with MACS buffer and applied to LS column for
negative selection. The purity of the isolated cells was over 95%,
as was revealed by ﬂow cytometric analysis for CD3 using antiCD3 antibody-PE (BD Pharmingen) (data not shown). If necessary,
CD4+ T cells were negatively isolated using the mouse CD4+ T
cell Isolation Kit (Miltenyi Biotec). Isolated C57BL/6 T cells were
co-cultured with bone marrow-derived Balb/c DCs at a ratio of
1:80 (DC:T) in a U-bottom 96-well plate, the number of T cells
being 2 × 105 cells/well. Before mixing with the T cells, the DCs
were activated with LPS and washed with PBS. These cultures
were maintained for 72 h. If needed, IL-12p70 (20 ng/ml, Invitrogen,
Carlsbad, CA), IL-15 (20 ng/ml, Invitrogen, Carlsbad, CA), anti-IL12 antibody (20 ng/ml, e-Bioscience, San Diego, CA), or anti-IL-15
antibody (50 ng/ml, e-Bioscience, San Diego, CA) was added in the
culture media. Preparatory to an evaluation of in vitro T cell proliferation, the DCs were treated for 30 min with 25 g/ml mitomycin
C (Sigma–Aldrich). After co-culturing, the cells were cultured with
1 Ci/well of [3 H]-thymidine for 18 h, and then harvested using
the INOTECH cell harvester (Dietikon, Switzerland), after which the
radioactivity was measured using a scintillation ␤-counter (MicroBeta Trilux, PerkinElmer, Boston, MA).

Materials and methods

Mouse melanoma B16F10 cells were grown in a 75 Tﬂask (Nunc) with RPMI1640 containing 100 units/ml penicillin,
100 units/ml streptomycin (Gibco-Invitrogen), and 10% FBS (GibcoInvitrogen). The cells were harvested, lysed by repeated freezing
and thawing, and centrifuged at 14,000 rpm (Tomy, MX-160) for
10 min. The protein contents in the supernatants were quantiﬁed
by the bicinchonimic acid assay method (Smith et al. 1985). Balb/c
DCs were loaded with 100 g of the B16F10 lysate per well for 24 h
and inoculated into mice, 1 × 106 cells per mouse, three times at
ﬁve-day-intervals.

Mice
Male C57BL/6 and BALB/c mice between seven and nine weeks of
age were purchased from Koatech (Seoul, Korea) and kept in Seoul
National University College of Medicine’s animal facility under a
12 h light–dark controlled cycle. Mice chow and water were fed ad
libitum. The planned animal experimentation was approved by the
Institute of Laboratory Animal Resources Seoul National University
(permission number: SNU-101228-5).

DC vaccination

Tumor cell inoculation
Generation and activation of bone marrow-derived DCs
Bone marrow-derived DCs were generated from C57BL/6 or
Balb/c mice as previously described (Jeong et al. 2011). Brieﬂy,
bone marrow cells obtained from the tibia and ﬁbula were seeded
in a 6-well plate at a density of 1 × 106 cells/well after RBC lysis.
The culture medium utilized was RPMI1640 (Life Technologies,
NY) supplemented with 100 units/ml penicillin (Welgene, Daegu,
Korea), 100 units/ml streptomycin (Gibco-Invitrogen), 10% FBS
(Gibco-Invitrogen), 50 M mercaptoethanol (Gibco-Invitrogen),
0.1 mM non-essential amino acid (Gibco-Invitrogen), 1 mM sodium
pyruvate (JBI, Daegu, Korea), 10 ng/well GM-CSF, and 10 ng/well
IL-15 (Biosource, Camarillo, CA). Two ml of fresh medium and
5 ng/well GM-CSF and IL-15 were added on day 3; half of the
medium was replaced with fresh medium and GM-CSF on day 6;
cells were harvested on day 7. DCs were activated with 1 g/ml LPS
(Sigma–Aldrich, St. Louis, MO) for 24 h. If necessary, they were pretreated with various concentrations of vitamin C (Sigma–Aldrich)
2 h prior to activation.

Mice were subcutaneously inoculated with 1 × 105 B16F10
melanoma cells in the ﬂank, ﬁve days after the ﬁnal DC vaccination. Tumor size was estimated intermittently before death. The
largest and smallest diameters, perpendicular to each other, were
measured in mm, and the diameter of the mass was calculated
√
accordingly, as diameter of mass = (largest diameter × smallest
diameter). The survival rate up to day 40 also was obtained.
Evaluation of in vivo generation of CD8+ memory T cells after DC
vaccination
Mice immunized with DCs were sacriﬁced on day 60, and the
splenic T cells were isolated. These cells were co-cultured with syngeneic DCs loaded with B16F10 lysate for 72 h, and then separated
again using the MACS CD8+ T cell Isolation Kit (Miltenyi Biotec).
Memory T cells were identiﬁed by staining with 1 g of anti-CD44
(BD Pharmingen) and 1 g of anti-CD62L (BD Pharmingen) antibodies, and the proportion was analyzed by ﬂow cytometric analysis
using FACScalibur (BD Biosciences, San Diego, CA).

Splenic T cell isolation and DC:T cell co-culture
Measurement of cytokine secretion
Splenocytes were obtained from C57BL/6 mice and incubated
in a humidiﬁed CO2 incubator at 37◦ C. Non-adherent cells were
gathered 1 h after incubation and subjected to T cell isolation
using the MACS pan T cell Isolation Kit (Miltenyi Biotec, Germany)
following the manufacturer’s instructions. Brieﬂy, non-adherent
cells were incubated in MACS buffer (0.05% BSA, 2 mM EDTA in

Bone marrow-derived DCs were activated by addition of 1 g/ml
LPS to the culture media, with or without vitamin C pre-treatment,
for 24 h, and the culture supernatants were obtained. The concentrations of IL-12p70, IFN-␥, and IL-15/IL-15R␣ complex in the
supernatants were measured by ELISA using the commercial kit for
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each cytokine (IL12p70: Invitrogen, Life Technologies; IFN-␥: Invitrogen Life Technologies; IL-15/IL-15R␣ complex: R&D Systems,
Minneapolis, MN). The cytokines secreted by T cells stimulated by
DCs also were evaluated. Brieﬂy, T cells (4 × 105 cells) were cocultured with 5 × 103 bone marrow-derived DCs in a U-bottom
96-well plate. DCs were pre-treated with 25 g/ml mitomycin C at
37 ◦ C for 30 min before use. After 72 h of co-culturing, T cells were
re-activated with 5 g/ml concanavalin A (ConA, Sigma–Aldrich)
for 24 h, and the supernatants were obtained. ELISA for IFN␣, IFN-␥, IL-2 (R&D System M1000), and TNF-␣ (Invitrogen Life
Technologies) were performed according to the manufacturers’
instructions.

Flow cytometric analysis
T cells and bone marrow-derived DCs were analyzed for their
surface molecule expression. Preparatory to the staining of IL15R␣, 1 × 106 DCs were incubated with 0.5 g/100 l of anti-mouse
IL-15R␣ antibody (R&D Systems, Minneapolis, MN) for 30 min at
4 ◦ C. After washing with PBS, the cells were secondarily incubated with 1 g/100 l of FITC-conjugated anti-goat IgG antibody
(Bethyl, Montgomery, TX) for 30 min. For the staining of CD8, CD44,
CD62L, and CD69, anti-mouse CD8 antibody-PE (BD Biosciences),
anti-mouse CD44 antibody-PE (BD Biosciences), anti-mouse CD62L
antibody-APC (BD Biosciences), and anti-mouse CD69 antibodyPE (BD Biosciences), respectively, were used, at a concentration
of 1 g/100 l. The stained cells were washed twice, after which
they were subjected to ﬂow cytometric analysis (FACSCalibur; BD
Biosciences).
The presence of intracellular cytokines in T cells was evaluated by ﬂow cytometric analysis using the Cytoﬁx/Cytoperm
kit (BD Biosciences). Obtained T cells were re-stimulated with
100 ng/ml PMA and 500 ng/ml ionomycin (i.e., PMA/I) in a 24well plate (Nunc) at a density of 1 × 106 cells/well for 6 h in the
presence of 2 l GolgiStop (Monensin; BD Biosciences). The cells
were washed twice with PBS containing 0.1% FBS, re-suspended
in 250 l Fixation/Permeabilization solution, and incubated again
for 20 min. Then, they were washed twice with Perm wash solution, and stained with 0.5 g of anti-mouse IFN-␥ antibody-FITC
(BD Pharmingen), or anti-mouse IL-5 antibody-PE (BD Pharmingen)
at 4 ◦ C for 30 min. Finally, the cells were analyzed by FACSCalibur.

Just Another Method (JAM) assay
To evaluate the ability of the CD8+ T cells developed by
melanoma lysate-loaded DC vaccination to kill tumor cells, we performed a JAM assay as follows. First, 60 days after vaccination,
splenic CD3+ T cells were isolated and then co-cultured with syngeneic DCs loaded with tumor lysates for three days, after which
CD8+ T cells were isolated. B16F10 melanoma cells were prepared
for use as target cells. They were plated in a 6-well plate at a density
of 1 × 105 cells/2 ml media/well and cultured for 48 h in the presence of 4 Ci/ml [3 H]-thymidine. They were subsequently plated
in a 96-well plate (Nunc) at a density of 1 × 104 cells/well, and
1 × 104 –1 × 106 cells/well of isolated CD8+ T cells were added to
the wells. After 24 h-incubation, 50 l/well of 0.05% Trypsin-EDTA
(Life Technologies) was added to each well for 5 min, and cells were
harvested using the INOTECH cell harvester (Dietikon). The cells not
killed by CD8+ T cells, which is to say, those attached to a glass ﬁber
ﬁlter (Printed Filtermat A; Wallac Oy, Turku, Finland) were subjected to a radioactivity count by scintillation ␤-counter (MicroBeta
Trilux, PerkinElmer).
The percentage (%) cytotoxicity was calculated as
((CPMsp − CPMexp)/CPMsp) × 100, where CPMsp represents

the CPM values for the wells without CD8+ T cells, and CPMexp
represents those with CD8+ T cells.
Statistical analysis
Statistical signiﬁcance was analyzed using the Mann–Whitney
U test (SPSS software version 11). Statistical signiﬁcance was set at
p < 0.05.

Results
vcDCs increased number of IFN- secreting CD4+ and CD8+ T cells
in vitro.
Naïve T cells were co-cultured with vcDCs for 72 h, after which
supernatant was obtained. The applied vitamin C concentrations,
which were within the 0–2 mM range, were chosen based on our
previous study (Jeong et al. 2011). Within this range, the DC viability was not at all affected (data not shown). When Th1 cytokines
such as IL-2, IFN-␥, and TNF-␣ were measured in the culture supernatant, it was found that the T cells co-cultured with the vcDCs
had secreted more of them (Fig. 1A) than the T cells co-cultured
with untreated DCs. Also, the CD4+ T cells co-cultured with vcDCs
showed an approximately 2.5-fold-increased frequency of IFN␥+ T cells, even though this increment was not dose-dependent
(Fig. 1B). In contrast to the IFN-␥-secreting cells, the IL-5+ CD4+
T cells were only minimally observed, and their frequency was
not changed by co-culturing with vcDCs. This indicated that the
vcDCs yielded more Th1 cells in vitro, regardless of the vitamin C
concentration.
Next, it was determined whether the ratio of IFN-␥+ CD8+ T cells
also was increased in this in vitro system. To that end, T cells after
DC co-culturing were isolated and analyzed. As Fig. 1C indicates,
the frequency of these cells was increased by about 50% when the T
cells were stimulated with vcDCs, relative to those stimulated with
untreated DCs. As was the case with the Th1 cells, no vitamin C
dose-dependency was observed.
Vitamin C treatment altered cytokine secretion proﬁle in DCs
In addition to TCR ligation, signals from co-stimulatory
molecules presented by antigen-presenting cells (APC) are essential for activation of CD8+ T cells (Jenkins and Johnson 1993). Since
the frequencies of both IFN-␥-secreting CD4+ and CD8+ T cells were
increased by vcDCs, the question of whether, upon LPS stimulation, vitamin C pre-treatment augmented the expression of surface
molecules such as CD40, CD80, and CD86, and of MHC I and II
molecules was tested. Unexpectedly, no discernible changes of surface expression were observed (Supplementary Figure 1).
Another factor in DC involvement in CD8+ T cell activation are
cytokines, such as IL-12 and/or type I IFNs (Mescher et al. 2006).
Previously, we reported increased secretion of IL-12p70 by vitamin
C treatment in mouse bone marrow-derived DCs induced by GMCSF (Jeong et al. 2011). In the present study, to conﬁrm whether
vitamin C elevated the secretion of this cytokine in IL-15-induced
DCs, these cells were pretreated with increasing concentrations of
vitamin C and activated with LPS, after which the supernatant was
obtained. ELISA revealed an approximately 5-fold increase of IL12p70 secretion with pretreatment of 0.08 mM vitamin C, relative
to the untreated DCs (Fig. 2A, left panel). Interestingly, the IL-12p70
secretion attained its peak level with 0.08 mM of vitamin C. IFN-␣
was not detected in our DC system, whereas IFN-␥ was detected
at the same level in both the vitamin C-treated and -untreated DCs
(data now shown).
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Fig. 1. Splenic T cells isolated from C57BL/6 mice were co-cultured for 72 h with mitomycin-treated, bone marrow-derived Balb/c DCs pre-treated with various concentrations
of vitamin C before activation with LPS. (A) After co-culturing, the cytokine concentrations in the supernatants were measured by ELISA. The asterisks represent statistical
signiﬁcance at a p < 0.05 level relative to the 0 mM treated group. The vcDCs elicited more Th1 cytokine secretions, regardless of concentration. (B) CD4+ T cells were isolated
after co-culture and analyzed for cytokine secretion by intracellular ﬂow cytometry. T cells co-cultured with vcDCs showed elevated ratios of IFN-␥ secreting cells among CD4+
T cells. Dose-dependency was not observed. (C) T cells co-cultured with DCs were subjected to double staining for CD8 and intracellular IFN-␥. The ratios of IFN-␥-secreting
CD8+ T cells were increased in T cells co-cultured with vcDCs. Each of the results is a representative proﬁle of more than three independent experiments. R: resting (DCs not
activated with LPS); VC: vitamin C.

IL-15 production by DCs also was evaluated, as it is critical to the
development of CD8+ effector T cells and to generation and homeostatic maintenance of CD8+ memory T cells (Kennedy et al. 2000;
Mitchell et al. 2010; Schluns et al. 2002). This cytokine is known
to act through trans-presentation to IL-15R␣ on the cell surface
(Burkett et al. 2004; Musso et al. 1999) or as a soluble complex of IL15/IL-15R␣ detached from the cell surface (Bergamaschi et al. 2012;
Stoklasek et al. 2006; Stonier et al. 2008). Correspondingly, we evaluated IL-15 production in two ways; by ELISA determination of
the soluble IL-15/IL-15R␣ concentration in the culture supernatant,
and by ﬂow cytometric analysis of the expression level on the cell
surface. We found that vcDCs increased IL-15 secretion, regardless
of the concentration (Fig. 2A, right panel). Correspondingly too, the
cell surface expression of both IL-15 (Fig. 2B, upper panels) and IL15R␣ (Fig. 2B, lower panels) were modestly elevated in the vcDCs.
No vitamin C dose-dependency was observed.

Addition and blocking of IL-12 changed the frequency of
IFN--secreting T cells in the DC:T cell co-culture
To ﬁgure out whether the increased secretion of IL-12 and/or
IL-15 by vcDCs promote the generation of IFN-␥-secreting effector
T cells in vitro as is shown in Fig. 1, we performed DC:T cell coculture in the presence of the cytokines or antibodies against each
cytokine. We ﬁrst added the cytokines in the co-culture with vitamin C-untreated DCs. LPS-activated DCs rendered T cells to secrete
IFN-␥, and the addition of IL-12p70 increased the frequency, especially that of CD8+ T cells from 17.2% to 30.4% (Fig. 3A). However,
against the expectation, the addition of IL-15 did not change the
frequency of IFN-␥-secreting cells, both in CD4+ and CD8+ populations. When we added both of the cytokines (Fig. 3A, right-most
panel), the change of the frequency was similar to that with IL12p70 addition. Next, we added antibody against the cytokines in
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Fig. 2. Bone marrow-derived DCs activated with 1 g/ml LPS for 24 h, with or without vitamin C pre-treatment. (A) Cytokine concentrations in supernatants after 24 hactivation were measured by ELISA. The asterisks represent statistical signiﬁcance at a p < 0.05 level relative to the 0 mM treated group. (B) Expression levels of IL-15 (upper
panels) and IL-15R␣ (lower panels) on cell surface after 24 h activation. The vcDCs shows higher mean ﬂuorescence intensities of both IL-15 and IL-15R␣ than the untreated
DCs. The data are representative of more than three independent experiments. VC: vitamin C.

the co-culture with DCs treated and un-treated with vitamin C.
Without antibody addition (Fig. 3B, left column), vcDCs (VC 0.08)
yielded more frequent IFN-␥-secreting cells, especially remarkably
within CD8+ populations, than DCs not pre-treated with vitamin C
(VC 0) did. The addition of anti-IL-12 antibody (Fig. 3B, the second
column from the left) suppressed the production of IFN-␥-secreting
CD4+ and CD8+ T cells both in VC 0 and 0.08 groups, making the frequencies of IFN-␥+ CD4+ and CD8+ T cells equal in both groups. The
addition of antibody against IL-15 (the third column from the left)
did not affect the result. Again, the addition of the both antibodies
(the right-most column) yielded a similar proﬁle to that of the antiIL-12 antibody-added group. Thus, IL-12p70 critically affected the
production of IFN-␥-secreting effector T cells, but IL-15 did not.
vcDCs augmented in vivo CD8+ memory T cell generation after
vaccination
To determine whether vcDCs augmented CD8+ memory T cell
generation, as well as the effector cells, in vivo experiment was performed. C57BL/6 mice were immunized with syngeneic DCs loaded
with B16F10 melanoma lysates, with or without vitamin C pretreatment. For in vivo study, 0.08 mM of vitamin C was used, based both
on the above data and the fact that this concentration is within the
physiological plasma level (Dubick et al. 1983).
Sixty days after immunization, splenic T cells were isolated.
Without re-stimulation, IFN-␥+ CD8+ T cells were scarcely observed

(Supplementary Fig. 2A). When CD8+ T cells were isolated and
analyzed for the presence of effector memory cells, the proportions of CD44high CD62Llow T cells were similar in all three groups
(Supplementary Fig. 2B), indicating complete contraction of activated T cells after immunization. However, after T cells were
co-cultured with lysate-loaded syngeneic DCs for three days, and
evaluated for their thymidine uptake (Fig. 4A), those from mice
injected with lysate-loaded DCs were more proliferative than those
from PBS-injected mice (p < 0.05). And again, T cells from mice
injected with vcDCs were more proliferative than those from DCinjected mice (p < 0.05). After these T cells were re-stimulated
with PMA/I and analyzed by ﬂow cytometric analysis, IFN-␥+ CD8+
T cells were most abundant (44.2%) in vcDC-immunized mice
(Fig. 4B). The proportion of CD44high CD62Llow cells, now comprising both effector memory T cells and recently activated effector
T cells, after co-culturing with lysate-loaded DCs was higher in
the vcDC group (25.5%) than in the other two groups (8.9% and
14.7%). To conﬁrm the antigen-speciﬁcity of these T cells, they
were co-cultured with ovalbumin-loaded DCs following the same
experimental scheme as shown in Fig. 4B and C. In the results,
the T cells from the three groups did not manifest any differences with respect to the proportion of IFN-␥+ CD8+ T cells; the
values, at all around 5%, also were very low (Fig. 4D). The proportions of CD44high CD62Llow cells among the isolated CD8+ T
cells were at the 11–13% level, with no differences among the
groups (Fig. 4E). Taken together, these results indicate increased
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Fig. 3. (A) Splenic T cells from C57BL/6 mice were co-cultured for 72 h with mitomycin-treated, resting or LPS-stimulated bone marrow-derived Balb/c DCs in the presence
of IL-12p70 and/or IL-15 (2 ng/ml each). After then, they were subjected to double staining for CD8 and intracellular IFN-␥. The ratios of IFN-␥-secreting T cells, especially
within CD8+ T cell population, were increased with the addition of IL-12p70. However, addition of IL-15 did not affect the ratio of IFN-␥-secreting cells. (B) Same experiments
to (A) were performed, but adding antibodies against IL-12p70 and/or IL-15 this time, instead of the cytokines. vcDCs pre-treated with 0.08 mM vitamin C (VC 0.08) generated
more IFN-␥-secreting CD8+ T cells compared to DCs not treated with vitamin C (VC 0). Addition of anti-IL-12 antibody (20 ng/ml) in the culture media remarkably suppressed
the generation of IFN-␥+ CD4+ and CD8+ T cells both in VC 0 and VC 0.08 groups, the ratios of each cell fraction being very similar to each other. Meanwhile, the addition of
anti-IL-15 antibody (50 ng/ml) did not affect the generation of IFN-␥-secreting cells at all. The data are representative of repeated experiments. R: resting (DCs not activated
with LPS); VC: vitamin C.

generation of tumor-speciﬁc CD8+ memory T cells by vcDC
vaccination.
In vivo-administered vcDCs exerted an increased protective effect
on inoculated tumor cells
Next, the CD8+ memory T cells in their increased number were
tested to determine if they are as functionally effective as cytotoxic
T cells. A JAM assay was performed as described in Section “Materials and methods”, using the CD8+ cells indicated in Fig. 4C as effector
cells. As Fig. 5 indicates, CD8+ T cells from vcDC-vaccinated mice

yielded high in vitro cytotoxicity (approximately 70% at E:T ratio of
100:1) to melanoma cells, whereas those from DC-vaccinated mice
were only about 20% cytotoxic.
Based on the above result, we assumed an increased protection
by administered vcDCs against inoculated tumor cells, by way of
the increased tumor-speciﬁc CD8+ T cells. To this end, tumor inoculation experiments were performed. Balb/c mice were vaccinated
with B16F10 melanoma cell lysate-loaded DCs, with or without
vitamin C pretreatment, three times before inoculation of tumor
cells (Fig. 6A), and the survival rate and tumor mass were evaluated.
On day 40 after tumor inoculation, by which time all of the mice
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Fig. 4. Mice were vaccinated with tumor lysate-loaded DCs (DC), or vitamin C-pretreated and tumor lysate-loaded DCs (vcDC), or treated with PBS. Sixty days later, splenic
T cells were isolated and co-cultured with syngeneic DCs loaded with tumor lysate or ovalbumin for three days, and analyzed for proliferation, IFN-␥ secretion, and surface
markers. (A) T cells were subjected to thymidine uptake assay. The T cells from mice immunized with vcDCs showed a statistically signiﬁcant increase in proliferation
compared to both the DC group and the control group. *p < 0.05. (B) When T cells were co-cultured with tumor lysate-loaded DCs, those from mice immunized with DCs
showed increased ratio of CD8+ IFN-␥ T+ cells, and those from mice immunized with vcDCs showed a very signiﬁcantly increased ratio. (C) CD8+ T cells were isolated and
re-stimulated with syngeneic tumor lysate-loaded DCs. The ratio of CD44high CD62Llow cells in the vcDC group was nearly doubled relative to that in the DC group. (D and E)
When these T cells were re-stimulated with DCs loaded with an irrelevant antigen, ovalbumin, we could not ﬁnd any differences between the ratios of IFN-␥-secreting cells
and those of CD8+ CD44high CD62Llow T cells among the groups. The data are representative of more than three independent experiments.
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Fig. 5. Just Another Method (JAM) assay performed to evaluate cytotoxicity of CD8+
T cells from mice vaccinated with lysate-loaded DCs. Sixty days after vaccination,
splenic T cells were isolated, and re-stimulated with tumor lysate-loaded syngeneic
DCs. Three days later, CD8+ T cells were isolated and a JAM assay was performed as
described in Section “Materials and methods”. The % cytotoxicity was calculated for
each group of CD8+ T cells, the values of which are plotted in the graph. The data are
representative proﬁles of three independent experiments. *p < 0.05; PBS: group of
mice injected with PBS; DC: group of mice vaccinated with tumor lysate-loaded DC;
vcDC: group of mice vaccinated with vitamin C-pretreated and tumor lysate-loaded
DC.

of the PBS-treated control group had died, the survival rate of the
vcDC-vaccinated mice was 60% and that of the DC-vaccinated mice,
20% (Fig. 6B). The tumor size as measured on day 22, just before
the control mice began to die, was smallest in the vcDC-vaccinated
group, with statistical signiﬁcance (Fig. 6C). These results suggest
an improved vcDC-protective effect against tumor growth. Unexpectedly, the DC-treated group did not show any difference from
the PBS-treated group with respect to survival rate and tumor mass
size.

A

B

In this study, vitamin C treated-DCs (vcDCs), when stimulated
with LPS, secreted more IL-12 and IL-15 without changes to the
expression levels of surface MHC and co-stimulatory molecules.
These DCs yielded, when co-cultured with T cells, more IFN-␥+
CD8+ T cells and IFN-␥+ CD4+ Th1 cells, than did the un-treated
DCs (Fig. 1B). This in vitro effect of vcDCs was recapitulated in vivo,
as reﬂected by the increase of antigen-speciﬁc CD8+ effector memory T cells, which showed speciﬁc killing effects on tumor cells ex
vivo. Concomitantly, these vcDCs, when injected in mice, exerted a
protective effect against inoculated tumor cells.
In a previous report (Kim et al. 2012), high concentration of
vitamin C (1–2.5 mM) has been observed to dose-dependently upregulate surface molecules such as CD80, CD86, and MHC class II
on dendritic cell line, DC-1 cells. This seems to be contradictory
to the present results. However, Kim et al. treated the cells with
vitamin C only, without LPS stimulation, and the increase of MFI
values were moderate, which were far beyond that observed in the
present study. If vitamin C itself has a dose-dependent effect of
up-regulating surface molecules on bone marrow-derived DCs, it
would be masked by LPS treatment.
For activation of CD8+ T cells, three kinds of signals are needed;
signals through antigen peptide-MHC class I complex (signal 1),
co-stimulatory molecules (signal 2) on DCs, and third signals by
cytokines including IL-12p70, type I IFNs, and IL-2 (Williams and
Bevan 2007). In the present study, vitamin C did not alter the
expression levels of surface MHC or of co-stimulatory molecules
on the LPS-stimulated DCs (Supplementary data 1). Thus, the IFN␥+ CD8+ T cell-inducing capacity of vcDCs observed, both in vivo
and in vitro, seemingly is attributable either to an increase in third
signals or to any other putative, unknown factors. Consistent with
this assumption is the fact that vcDCs secreted more IL-12p70 and
IL-15, 5-fold more in the case of IL-12 (as previously reported of
GM-CSF-differentiated murine DCs (Jeong et al. 2011)), and approximately 3-fold more in the case of soluble IL-15/IL-15␣ (Fig. 2A), not
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to mention the enhanced surface expression of IL-15 and IL-15R␣
(Fig. 2B). In addition, T cells stimulated with vcDCs secreted near
2-fold more IL-2 (Fig. 1A). Thus, these cytokines can be third signal
candidates for activation of CD8+ T cells by vcDCs.
Long-term exposure to IL-12, up to 60 h after initial TCR ligation,
is needed in order for CD8+ T cells to be optimally activated and
become functional (Mescher et al. 2006). This promotes the proliferation of activated T cells during the primary response (Schmidt
and Mescher 1999). In the absence of IL-12, the amount of clonal
expansion and development of the cytolytic function of CD8+ T cells
decreases with low antigen concentrations (Curtsinger et al. 2003).
With higher antigen concentrations, cells proliferate, but, in the
absence of IL-12, fail to develop into cytotoxic T cells. In fact, our
DC:T cell co-culture data with the addition of IL-12 or anti-IL-12
antibody (Fig. 3) clearly showed that IL-12 was inevitable for generation of IFN-␥-secreting T cells, both in CD4+ and CD8+ populations.
Meanwhile, IL-12 has been reported to suppress the differentiation of memory CD8+ T cells by elevating T-bet expression (Pearce
and Shen 2007), which is correlated with effector function development at the initial stage of CD8+ T cell activation (Yeo and Fearon
2011), and by lowering eomes expression which counteract the
effect of T-bet (Takemoto et al. 2006). This contrasts with our in vivo
results showing increased production of memory cells (Fig. 4B–E).
Although we did not study in detail, we assume that this conﬂicting effect of IL-12 was counterbalanced by other cytokines or more
activated CD4+ T cells.
While IL-15 is well-known to be critical to the generation and
homeostatic maintenance of CD8+ memory T cells (Frasca et al.
2010; Mitchell et al. 2010; Stonier et al. 2008), little role has been
assigned for this cytokine during the primary response. Concomitantly, our results showed that the addition of IL-15 or anti-IL-15
antibody did not affect the generation of IFN-␥-secreting T cells in
DC:T cell co-culture at all (Fig. 3). However, in the absence of IL15 signals, such as in IL-15−/− or IL-15R␣−/− mice, the number of
antigen-speciﬁc CD8+ T cells has decreased on day 7 after infection with vesicular stomatitis virus (Schluns et al. 2002), and also,
after skin sensitization and challenge with picryl chloride (Rückert
et al. 2003). In the same context, treatment of T cells with IL-15
during their in vitro activation increased their proliferation after
in vivo transfer (Klebanoff et al. 2004). Even though IL-15 does
not promote the proliferation of naïve CD8+ T cells (Kennedy et al.
2000), they, when activated, themselves up-regulate IL-15R␣ and
become reacting to this cytokine and more proliferative (Schluns
et al. 2002). Considering that the primary burst size could determine the frequency of antigen-speciﬁc memory cells (Hou et al.
1994), IL-15 could contribute to the generation of memory cells in
this way.
CD4+ T cell help is another important factor in CD8+ T cell
responses, especially in their secondary expansion (Janssen et al.
2003). Through CD40/CD40L signaling, CD4+ T cells further stimulate DCs, thus preparing them for more effective antigen presentation (Bennett et al. 1998; Schoenberger et al. 1998). Additionally,
cytokines secreted by CD4+ T cells are known to promote CD8+ T
cell differentiation. IL-2, the secretion of which was elevated by T
cells stimulated with vcDCs in our experiment (Fig. 1A), is necessary
for clonal expansion and acquisition of effector functions (Mitchell
et al. 2010; Smith 1988), and for promotion of CD8+ T cell differentiation into secondary effector cells (Mitchell et al. 2010; Williams
et al. 2006). In the absence of IL-2, the primary response against
lymphocytic choriomeningitis virus infection occurred robust
enough, but the secondary response failed to occur (Williams et al.
2006). Thus, only CD8+ T cells helped by CD4+ T cells at the time of
initial priming can be expanded when re-stimulated later. IFN-␥,
which, in our experiment, also was increased in T cells co-cultured
with vcDCs (Fig. 1A), has been reported to enhance memory cell
production both in CD8+ and CD4+ T cells. In IFN-␥-deﬁcient mice,

the burst size was small after viral infection, and the contraction
phase occurred rapidly, with resultant decreases in the abundances
of CD4+ and CD8+ memory T cells (Whitmire et al. 2007).
Taken together, vitamin C-induced changes to the cytokine
secretions in DCs and T cells such as IL-12, IL-15, IL-2, and IFN-␥
seem to promote, in concert, both primary expansion and memory
cell differentiation of CD8+ T cells. Nonetheless, still other factors
known to be related to CD8+ T cell behavior, such as IL-7, 4-1BB,
and CD70-CD27, remain to be evaluated.
The important question is, how long can exogenously administered DCs can survive in vivo and support CD8+ T cell differentiation
into memory cells? The number of such antigen-loaded DCs was
abruptly decreased by post- administration day 7 (Janelsins et al.
2009); in the presence of antigen-speciﬁc T cells moreover, they
disappeared more quickly (Peng et al. 2005). After loading DCs
with tumor lysate and (at the same time) carboxyﬂuorescein (CFSE)
and injecting them into mice, we could ﬁnd, on post-injection day
5, almost no CFSE+ cells in the spleen or lung (data not shown).
Thus, we cannot expect the exogenously given DCs to have survived
long enough to support differentiation and homeostatic maintenance of CD8+ T cells. This implies that the difference in memory
cell production capacity between vitamin C-treated and untreated
DCs, depicted in Fig. 4, was determined during the early primary
responses. This is in line with a recent theory concerning CD8+ T cell
differentiation, which posits that the fate of CD8+ T cells, including
clonal expansion, contraction, and memory differentiation, is programmed and determined at the early stage of the primary response
(Kaech and Ahmed 2001; Mercado et al. 2000; Stemberger et al.
2007). Accordingly, we can discriminate memory cell precursors
based on surface markers such as CD127 (Kaech et al. 2003), killer
cell lectin-like receptor G1 (Sarkar et al. 2008), and CD62L (Obar and
Lefrançois 2010a) during this phase. Surely, this early fate determination is inﬂuenced by surroundings, especially cytokines such as
those noted above. For example, the time and duration of IL-12
exposure during the ﬁrst 60 h of CD8+ T cell stimulation determine
the magnitude of expansion and functional acquisition (Mescher
et al. 2006). During the priming of CD8+ T cells, the presence of
IL-15 inﬂuence their differentiation into central memory-like phenotype, whereas the presence of IL-2 leads to differentiation into
effector memory cells (Klebanoff et al. 2004). Accordingly, we can
suppose that the administered vcDCs made cytokine environments
that led activating CD8+ T cells to become memory cells prior to
their disappearance.
The characteristics of vcDCs demonstrated in this study can
be applied to cancer immunotherapy. DCs are frequently utilized
in vaccination studies on cancer prevention and/or treatment not
only in animal models (Kucera et al. 2009) but also in humans.
Most commonly, monocyte-derived DCs have been used in human
trials of anti-cancer vaccines (Ballestrero et al. 2008). The mechanism of vaccination with ex vivo-developed DCs is thought to be by
way of cytotoxic T cell generation (Banchereau and Palucka 2005;
Yamaguchi et al. 2008). However, DC vaccines do not always yield
satisfying results. Thus, many studies have been devoted to ﬁnding
a way to strengthen the efﬁcacy of DC vaccination, for example, the
route of DC administration (Lesterhuis et al. 2011) or the method of
DC maturation (Giermasz et al. 2009). One such effort entailed the
use of IL-15 to develop DCs from monocytes (Dubsky et al. 2007).
In this context, ex vivo vitamin C treatment might also be coupled
with other DC strategies.
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