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Interleukin-10 (IL-10) is a potent anti-inflammatory cytokine that regulates immune responses. IL-10 has also been
shown to enhance antitumor CD8C T-cell responses in tumor models although the underlying mechanisms are not fully
understood. In this study, we used a series of genetic mouse models and the mouse plasmacytoma J558 model to
investigate this issue. J558 tumors grew significantly faster in IL-10¡/¡ mice than in wild type (WT) mice, but similarly in
IL-10¡/¡Rag2¡/¡ and Rag2¡/¡ mice. Tumors from IL-10¡/¡ mice contained fewer IFN-g-producing CD8C and CD4C T
cells than tumors from WT mice. Strikingly, depletion of total CD4C T cells, but not CD25C cells, resulted in tumor
eradication in IL-10¡/¡ mice. Adoptive transfer studies revealed that CD4C T cells from IL-10¡/¡ mice exhibited more
potent suppression of cytotoxic T lymphocyte (CTL)-mediated tumor rejection than their WT counterparts, and IL-10–
deficient tumor-infiltrating CD4C T cells expressed higher levels of PD-L1 and CTLA-4 inhibitory molecules. Although
IL-10–deficient CD8C T cells are not defective in activation and initial rejection of tumors, adoptive transfer studies
using IL-10–deficient P1CTL transgenic T cells that recognize the tumor rejection antigen P1A reveal that IL-10 is
required for long-term persistence of CTLs and control of tumor growth. Thus, we have found that IL-10 enhances
antitumor CTL responses by inhibiting highly suppressive CD4C T cells and promoting CTL persistence. These data have
important implications for the design of immunotherapy for human cancer.

Introduction

Although spontaneous CD8C T-cell responses against human
cancer have long been observed,1 those responses rarely lead to
tumor rejection because of a suppressive network in established
tumors that not only inhibits functions of cytotoxic T lympho-
cytes (CTLs) but also permits tumor progression.2-4 This
immune suppressive network involves a number of cellular com-
ponents such as Foxp3CCD4CCD25C T regulatory cells (Tregs)5

and myeloid-derived suppressor cells (MDSCs).6,7 More
recently, inflammatory CD4C T cells (Th17) have also been
implicated in the tumor microenvironment,8,9 consistent with
the reported functions of IL-17 in promoting tumor growth.10-15

Interleukin 10 (IL-10) is an anti-inflammatory cytokine that is
produced by a variety of cells including T lymphocytes, B lym-
phocytes, and cells of the myeloid lineage.16,17 IL-10 reduces the
expression of major histocompatibility complex (MHC) and co-
stimulatory molecules on antigen-presenting cells and inhibits

antigen-specific activation of T cells, and is therefore essential in
maintaining T-cell tolerance.16 Although the anti-inflammatory
effect of IL-10 is well characterized,18,19 reports on the role of
IL-10 in tumor immunity are often controversial and suggest a
context-dependent effect.20-22 For example, expression of IL-10
in FoxP3C Treg cells was shown to inhibit inflammation-driven
tumorigenesis and antitumor immunity.23,24 Our recent studies
suggest that IL-10 derived from tumor-associated myeloid cells
can inhibit CD8C T-cell activation and effector function in a
model devoid of CD4C T cells.25,26 However, increasing evi-
dence also suggests that IL-10 has a potent effect on the induc-
tion of antitumor CTL responses in a number of tumor models.
IL-10–deficient mice exhibit reduced antitumor CTL responses27

and increased numbers of FoxP3C Treg cells,28 whereas in IL-10
transgenic mice antitumor CTL responses are primed and were
shown to be responsible for tumor rejection.27,29 Expression of
IL-10 in tumor cells or systemic administration of IL-10 resulted
in inhibition of tumor growth 30-35 and the induction of CD8C
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T-cell responses.27,30,34,35 Administration of IL-10 in combina-
tion with antitumor vaccines resulted in significantly enhanced
tumor-specific CTL responses and therapeutic effectiveness of
the vaccines.36,37

Although it has long been observed that IL-10 can enhance
antitumor CTL responses in a number of tumor models, the
underlying mechanisms are less clearly understood. IL-10 has
been shown to directly stimulate in situ CTL expansion through
the IL-10 receptor on CD8C T cells.35 CTL-produced IL-10 has
also been shown to be related to better effector functions.38,39

However, it is unclear whether the poor CD8C T cell responses
observed in IL-10¡/¡ mice was caused by defects of the CD8C T
cell itself or by IL-10 deficiency resulting from dysregulation of
other immune cell types. To address these issues, we have gener-
ated IL-10 and Rag2 double-deficient mice and IL-10–deficient
P1CTL transgenic mice, whose T-cell receptor (TCR) recognizes
the classic tumor antigen P1A.40-42 Using these genetic models,
we have found that IL-10 enhances antitumor CTL responses by
inhibiting the priming of highly suppressive CD4C T cells and
by promoting long-term persistence of CTLs.

Results

Accelerated tumor growth in IL-10¡/¡ mice
To investigate the roles of IL-10 in tumor immunity, we

injected J558 tumor cells into wild-type and IL-10-deficient
BALB/c mice. As shown in Fig. 1A, tumors started to establish
in IL-10¡/¡ mice within 1 week and grew progressively thereaf-
ter; by 3 weeks after tumor cell injection all mice had large estab-
lished tumors. In wild-type mice, tumors started to establish at
approximately 2 weeks and tumors grew much more slowly such
that the tumor volumes were significantly smaller than in
IL-10¡/¡ mice within the same time frame. To investigate
whether the adaptive immune response was responsible for the
slower tumor growth in wild-type mice, we generated Rag2 and

IL-10 double-deficient mice (IL-10¡/

¡Rag2¡/¡). When IL-10¡/¡Rag2¡/¡

mice and IL-10C/CRag2¡/¡ mice were
challenged with the same J558 tumor
cells, we found that J558 tumors had
similar tumor establishment and
growth rate in both types of mice
(Fig. 1B). Thus, the adaptive immune
response caused the slower tumor
growth in wild-type mice.

Diminished CD8C T-cell
responses in tumors from IL-10¡/¡

mice
To determine the cellular compo-

nents that caused the delay in tumor
growth in wild-type mice versus
IL-10¡/¡ mice, established J558
tumors from wild type and IL-10¡/¡

Figure 1. Tumor growth kinetics in IL-10–deficient mice. Plasmacytoma J558 cells were injected into
each mouse subcutaneously at a dose of 5 £ 106/mouse. Tumor growth was monitored by measuring
tumor size in 2 cross directions. Tumor volume was calculated using the formula: volume D (L £ W2)/2,
where LD length and WD width. (A) Tumor growth in BALB/c (nD 7) and IL-10¡/¡ BALB/c mice (nD 8).
**P< 0.01 by Student t test. (B) Tumor growth in Rag2¡/¡ BALB/c (Rag2 KO, nD 5) and IL-10¡/¡Rag2¡/¡

(DKO, nD 5) mice. Data shown are representative of 5 (A) and 3 (B) experiments with similar results.

Figure 2. Diminished antitumor T-cell responses in IL-10¡/¡ mice. (A)
Established J558 tumors from WT and IL-10¡/¡ mice were harvested and
single-cell suspensions were prepared and stained for CD4 and CD8, fol-
lowed by flow cytometry analysis. The percentage of CD4C and CD8C T
lymphocytes in tumors from WT and IL-10¡/¡ mice are summarized
(n D 9 per group). Data shown are representative of 3 experiments with
similar results. (B) IFN-g producing CD8C and CD4C T cells in tumors
from WT and IL-10¡/¡ mice were analyzed and quantified by flow cytom-
etry. The percentage of IFN-g–producing CD4C and CD8C T lymphocytes
in tumors from WT and IL-10¡/¡ mice is summarized (n D 7 per group).
Data shown are representative of 3 experiments with similar results.
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mice were harvested and single-cell suspensions were prepared.
The cells were stained with various fluorescence-conjugated anti-
bodies followed by flow cytometry analysis. As shown in Fig. 2A,

IL-10¡/¡ and wild-type mice had simi-
lar numbers of CD4C and CD8C T cells
in the spleen. However, the number of
CD4C and CD8C T cells was signifi-
cantly reduced in the tumors from
IL-10¡/¡ mice compared to tumors
from wild-type mice (Fig. 3A). In addi-
tion, we found that a much higher num-
ber of CD8C T cells produce IFN-g in
wild-type tumors than in IL-10–defi-
cient tumors (Fig. 2B). CD4C T cells in
both types of tumors largely failed to
produce IFN-g. Depletion of CD8C T
cells in wild-type mice dramatically
enhanced tumor growth (Fig. 3A),
whereas CD8C T cell depletion had a
limited effect on tumor growth in IL-
10¡/¡ mice (Fig. 3B). Thus, diminished
CD8C T-cell responses in IL-10¡/¡

mice were responsible for the enhanced
growth of J558 tumors.

CD4C T cells in IL-10¡/¡ mice
strongly suppress CTL-mediated
tumor rejection

Since CD4C T cells in the IL-10–
deficient and sufficient tumors did not
produce much IFN-g, we asked whether
these CD4C T cells were suppressors
and, if so, whether depletion of CD4C

T cells in WT and IL-10¡/¡ mice would
affect tumor growth. As demonstrated in Fig. 3C, depletion of
CD4C T cells did not enhance, but rather slightly reduced,
tumor growth in WT mice. Strikingly, depletion of CD4C T

Figure 3. Depletion of CD4C T cells in IL-10¡/¡ mice facilitates tumor rejection. Four doses of anti-CD8
(53-6.72), anti-CD4 (GK1.5), or control antibodies (2A3 or LTF-2) were injected intraperitoneally into
WT (A, C) and IL-10¡/¡ mice (B, D) at a dose of 400 mg/per mouse at 4-day intervals beginning on
day 1 after J558 tumor cell injection. Four to 5 mice were used per group. Data shown are representa-
tive of 2 to 3 experiments with similar results. **P < 0.01 by Student t test.

Figure 4. IL-10-deficient CD4C T cells suppress antitumor CTL responses. (A) Depletion of CD4C T cells in IL-10¡/¡ mice led to CTL infiltration into tumors.
Four tumors were analyzed from each group. Data are representative of 2 experiments with similar results. **P< 0.01 by Student t test. (B) J558 cells (5£
106 cells) were injected subcutaneously into each IL-10¡/¡Rag2¡/¡ mouse. At 7 days after tumor cell injection, IL-10¡/¡P1CTL cells (5 £ 106) were
injected intravenously into each mouse. Each mouse also received 5 £ 106 CD4C T cells from WT (nD 5) or IL-10¡/¡ mice (nD 5) on day 7. Tumor growth
was observed. Data shown are representative of 2 experiments with similar results. *P < 0.05 by Student t test. (C) J558 cells (5 £ 106 cells) were injected
subcutaneously into each IL-10¡/¡ (nD 4) or WT BALB/c (nD 4) mouse. At 2 weeks after tumor cell injection, tumor-infiltrating lymphocytes were stained
for CD4 in combination with PD-1, PD-L1 or CTLA-4 followed by flow cytometry analysis. MFI, mean fluorescence intensity; **P < 0.01 by Student t test.
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cells in IL-10¡/¡ mice caused nearly complete rejection of J558
tumors (Fig. 3D). We detected much higher numbers of CD8C

T cells in tumors from IL-10¡/¡ mice treated with anti-CD4
antibody compared to those treated with control antibody
(Fig. 4A). To determine whether CD4C T cells from IL-10–defi-
cient mice are more suppressive than CD4C T cells from WT
mice, we injected IL-10¡/¡Rag2¡/¡ mice with J558 cells. When
tumors were established, we co-injected tumor-bearing mice with
IL-10-deficient P1CTL cells and IL-10-deficient or sufficient
CD4C T cells. As shown in Fig. 4B, significantly more efficient
tumor rejection was observed in mice receiving WT CD4C T
cells than in mice receiving IL-10–deficient CD4C T cells. Thus,
CD4C T cells from IL-10–deficient mice strongly suppress CTL-
mediated tumor rejection. Consistent with their more immuno-
suppressive functions, we found that tumor-infiltrating CD4C T
cells expressed higher levels of inhibitory molecules including
PD-L1 and CTLA-4 (Fig. 4C).

Since Treg cells (CD4CCD25CFoxp3C) from IL-10–deficient
mice had been demonstrated to have diminished suppressive
activity against T cells,23 and depletion of CD4C T cells in wild
type mice did not result in dramatic tumor rejection (Fig. 3C),
the severe tumor rejection in CD4-depleted IL-10¡/¡ mice was
unlikely to be due to Treg depletion. Indeed, tumors from WT
and IL-10¡/¡ mice contained similar numbers of CD4CCD25C

T cells (Fig. 5A), and treatment of WT (Fig. 5B) and IL-10-defi-
cient mice (Fig. 5C) with anti-CD25 antibody or a control anti-
body did not affect the growth of J558 tumors.

Tumors from IL-10¡/¡ mice have an inflammatory
environment that promotes Th17 responses

To understand why depletion of CD4C T cells resulted in
dramatic tumor rejection in IL-10–deficient mice, we analyzed
the expression of a number of factors in IL-10–deficient and
wild-type tumors. As shown in Fig. 6A, real-time PCR analysis
revealed significantly elevated levels of IL-17 and IL-6 transcripts

in IL-10–deficient J558 tumors, whereas TGF-b1 gene expres-
sion was not significantly different between IL-10–deficient and
wild-type mice. In IL-10–deficient tumors, a larger number of
CD4C T cells produced IL-17, which was therefore present at a
significantly higher level than in WT tumors (Fig. 6B). Increased
expression of IL-6 was detected in tumor lysates from IL-10¡/¡

mice (Fig. 6C).
IL-6 is known to drive Th17 differentiation43 and stimulate

tumor growth, therefore we tested whether IL-6 neutralization
would affect J558 tumor growth in IL-10–deficient mice. As
shown in Fig. 6D, anti–IL-6 treatment only slightly delayed the
growth of J558 tumors in IL-10¡/¡ mice. Moreover, combined
anti–IL-6 and anti–IL-17A treatment failed to affect J558 tumor
growth in IL-10¡/¡ mice. Thus, increased activity of the IL-6–
Th17 axis is not solely responsible for the accelerated tumor
growth in IL-10¡/¡ mice.

CTL-derived IL-10 is required for CTL long-term survival
Since CD8C T cells infiltrated into tumors in CD4C T cell-

depleted IL-10¡/¡ mice and caused tumor rejection (Figs. 3D
and 4A), IL-10–deficient CD8C T cells appeared to have normal
functions. Indeed, as demonstrated in Fig. 7, IL-10–deficient
P1CTL cells proliferated similarly to their wild type counterparts
in response to P1A antigen stimulation (Fig. 7A). Similar
amounts of IL-2 (Fig. 7B) and IFN-g (Fig. 7C) were produced
after peptide-mediated activation. Moreover, upon activation the
IL-10–deficient P1CTLs were equally effective as their wild type
counterparts in killing P1A antigen-positive targets (Fig. 7D).

To test whether IL-10–deficient P1CTL cells could effectively
destroy established tumors and mediate tumor rejection, we
injected J558 tumor cells into Rag2¡/¡ BALB/c mice. When
tumors were established (day 9 after tumor cell injection),
5 £ 106 CD8C T cells from either IL-10¡/¡ P1CTL or IL-10C/C

P1CTL mice were injected into each tumor-bearing mouse. As
shown in Fig. 8A, similar tumor rejection was initially observed.

Figure 5. Anti-CD25 antibody treatment does not affect tumor growth. The percentage of tumor-infiltrating CD4CCD25C T cells was quantified (n D 7
per group) based on flow cytometry analysis (A). Four doses of anti-CD25 (PC-61.5.3) or control antibody (HRPN) were injected intraperitoneally into WT
(B) or IL-10¡/¡ mice (C) at a dose of 400 mg/per mouse at 4-day intervals beginning on day 1 after J558 tumor cell challenge (n D 4 per group). Data
shown are representative of 2 experiments with similar results.
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However, mice receiving IL-10¡/¡ P1CTL cells had a greater
frequency of tumor recurrence. Our previous studies44 estab-
lished that tumor recurrence after P1CTL therapy was due to
P1A antigen mutation41,42 or T cell exhaustion.42 Indeed, we
found that by 40 days after injection of T cells, mice receiving
IL-10¡/¡ P1CTL cell treatment had significantly reduced num-
bers of P1CTL cells in their spleens compared to mice receiving
IL-10C/C P1CTL cells. Thus, IL-10–deficient CD8C T cells
failed to persist in tumor-bearing mice.

Discussion

In this study, we used a series of genetic mouse models and the
mouse plasmacytoma model to study the role of endogenous IL-
10 in antitumor CTL responses. We have made the following 2
notable observations: First, IL-10–deficient mice exhibited

significantly diminished antitumor CTL responses and acceler-
ated tumor growth. However, depletion of CD4C T cells in IL-
10–deficient mice restored CTL response and tumor rejection,
suggesting that IL-10–deficient tumor-infiltrating CD4C T cells
are highly immunosuppressive. Second, although initial CTL
proliferation, cytokine production, cytotoxicity, and tumor
destruction were not affected by IL-10 deficiency, IL-10–defi-
cient CTL cells have intrinsic defects in long-term persistence in
tumor-bearing mice.

There are controversial reports in the literature regarding the
roles of IL-10 in antitumor immunity.20,21 However, accumulat-
ing evidence30,34,36 supports a role of IL-10 in enhancing CTL
responses in tumor-bearing mice. In this study, we found that
plasmacytoma J558 tumors grew significantly faster in IL-10¡/¡

mice than in wild-type mice. The similar tumor growth kinetics
of J558 tumors in IL-10¡/¡Rag2¡/¡¡mice supports a role of
adaptive immunity in preventing tumor growth. Indeed, we

Figure 6. IL-6–Th17 axis in tumors from IL-10¡/¡ and WT mice. (A) Total RNA was isolated from established J558 tumors from IL-10¡/¡ (n D 3) or WT
(n D 3) mice, and real-time PCR was performed to detect the expression of different genes. Data shown are representative of 2 experiments with similar
results. (B) Intracellular IL-17 staining and flow cytometry analysis of tumor-infiltrating CD4C T cells. Data in the right panel summarize the percentage of
Th17 cells in tumors from IL-10¡/¡¡(n D 13) or WT (n D 10) mice. (C) IL-6 concentration in tumor lysates (n D 3 per group) were determined by ELISA.
(D) J558 cells (5 £ 106 cells) were injected subcutaneously into IL-10¡/¡ mice. Four doses (day 1, 4, 7, and 10) of anti–IL-6 (MP5-20F3, n D 5) or control
antibody (HRPN, n D 5) were injected into IL-10¡/¡mice at a dose of 400 mg/mouse and tumor size was measured over time. *P < 0.05 by Student t test.
(E) J558 cells (5 £ 106 cells) were injected subcutaneously into IL-10¡/¡ mice. Five doses (day 1, 4, 7, 10, and 14) of anti–IL-6 plus anti–IL-17A (MP5-
20F3C17F3, n D 5) or control antibodies (HRPN plus MOPC-21, nD5) were injected into IL-10¡/¡ mice at a dose of 400 mg/mouse/antibody and tumor
size was measured over time.
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found that high numbers of IFN-g–producing CD8C T cells
infiltrated into tumors from wild type but not IL-10¡/¡ mice.
Depletion of CD8C T cells dramatically enhanced tumor growth

in WT mice but had limited effect on
tumor growth in IL-10¡/¡ mice
(Fig. 3). Thus, the difference in tumor
growth difference between wild type
and IL-10¡/¡ mice reflected differences
in the CTL response.

The significantly reduced numbers of
IFN-g–producing CD8C T cells in
tumors from IL-10¡/¡ mice suggests
that CTL responses were inhibited in
the IL-10–deficient tumor microenvi-
ronment. Our data indicate that sup-
pression of CTL responses was
mediated by tumor-infiltrating CD4C

T cells since depletion of CD4C T
cells restored CTL infiltration into
tumors and caused tumor regression in
IL-10¡/¡ mice (Figs. 3D and 4A). An
adoptive transfer study confirmed that
CD4C T cells from IL-10¡/¡ mice were
more suppressive toward CTL-mediated
tumor rejection than CD4C T cells
from WT mice (Fig. 4B). Importantly,
tumor-infiltrating CD4C T cells
expressed significantly higher levels of
PD-L1 and CTLA-4 (Fig. 4C),
consistent with their immunosuppres-
sive functions. Although increased
FoxP3C Treg responses in tumors from
IL-10¡/¡ mice were previously
reported,28 other studies suggest that

IL-10–deficient Treg cells have diminished suppressive activ-
ity.23,45 In our tumor model, Treg numbers were not signifi-
cantly different between IL-10–deficient and WT tumors. More

importantly, anti-CD25 antibody treat-
ment did not cause a difference in
tumor growth between WT and
IL-10¡/¡ mice (Fig. 5). Thus, the CTL
response and tumor rejection induced
by CD4 depletion in IL-10¡/¡ mice was
unlikely to be mediated by depletion of
Treg cells. We found that a significant
population of CD4C T cells in tumors
from IL-10¡/¡ mice was of the Th17
phenotype, which was present at signifi-
cantly higher levels than among CD4C

T cells from WT tumors. This observa-
tion is consistent with previous reports
that IL-10 signaling can directly inhibit
Th17 cells24,46,47 or indirectly inhibit
the production of inflammatory cyto-
kines such as IL-6,48,49 a key differentia-
tion cytokine for Th17 cells.43 Th17
cells have been implicated in suppres-
sion of tumor immunity and promotion
of tumor growth.10–15 However, our

Figure 8. IL-10-deficient CTL cells are defective in long-term persistence. (A) Purified CD8C cells from
IL-10¡/¡ P1CTL or IL-10C/C P1CTL mice were injected intravenously into Rag2¡/¡mice with estab-
lished J558 tumors at a dose of 5 £ 106/mouse. Tumor growth was monitored every 2–3 d (B). At 40 d
after T cell therapy, mice were sacrificed and P1CTL cells (CD8CVa8.3C) in spleens were analyzed by
flow cytometry and quantified (n D 5 mice/group). ***P < 0.0001 by Student t test. Data shown are
representative of 2 experiments with similar results.

Figure 7. IL-10–deficient P1CTL cells have similar activation and effector functions to their wild type
counterparts. Splenocytes from IL-10¡/¡P1CTL and IL-10C/C P1CTL mice were cultured in the presence
of different concentrations of P1A35-43 in U-bottomed 96-well plates or 6-well plates. (A) After 48 h,
3H-tritium was added and the plates were incubated for a further 12 h before harvesting and counting
on a scintillation counter. (B, C) Release of IL-2 (B) and IFNg (C) into the culture supernatants over time
was measured by ELISA. (D) P815 cells were used as targets in a 51Cr-release assay. Day 5 stimulated
cultured splenocytes of IL-10¡/¡P1CTL and IL-10C/CP1CTL mice were used as effectors. Data shown
are representative of 3–5 experiments with similar results.
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IL-6 and IL-6/IL-17 blockade experiments suggest that inhibi-
tion of the
IL-6–IL-17 axis does not affect tumor growth (Fig. 6). Thus, it
seems likely that the CD4C T cell-mediated suppression of CTL
responses in IL-10–deficient tumors is mediated through the tra-
ditional immunosuppressive pathways such as PD-1 and CTLA-
4. How IL-10-deficiency leads to upregulation of PD-L1 and
CTLA-4 remains to be investigated.

A notable observation in this study is that depletion of CD4C

T cells resulted in more significant tumor rejection in IL-10¡/¡

mice than in wild type mice (Fig. 3). There are 2 possible reasons
for the more efficient tumor rejection in IL-10¡/¡ mice in the
absence of CD4C T cells. First, IL-10 is known to inhibit antigen
presentation and activation of T cells.16 We have recently shown
that IL-10 deficiency also reduced the suppressive activity of mye-
loid-derived suppressor cells against CD8C T cells.25 These
effects could lead to better activation of CD8C T cells in the
absence of suppressive CD4C T cells. Second, we have recently
shown that IL-10 deficiency results in increased production of
cytokines such as TNF-a by tumor-associated myeloid cells and
turns these cells into killer cells.25 Together, these effects would
result in enhanced tumor eradication.

As some studies have suggested,50,26 the acute functions of CTL
cells, including proliferation, production of cytokines, and cytotoxic-
ity (Fig. 7) and initial rejection of tumors in vivo (Figs. 3D and 8)
were not affected by IL-10 deficiency. However, we found that adop-
tively transferred IL-10–deficient P1CTL cells are less efficient at con-
trolling tumor recurrence and fail to persist in tumor-bearing hosts
compared to their WT counterparts (Fig. 8). These data suggest that
CTL-derived IL-10 is required for long-term CTL persistence. IL-
10–producing CD8C T cells are usually considered to be suppressor
cells that downregulate T-cell responses.51 However, some studies
have shown that IL-10–producing CTLs are more highly activated
and cytolytic than IL-10–deficient CTLs.27,38,52 In our recent study,
we found that IL-27–stimulated IL-10–deficientCTLs expressed sim-
ilar levels of IFN-g, Granzyme B, and perforin, and exhibited similar
levels of cytotoxicity toward target cells compared to their WT coun-
terparts. However, IL-10 deficiency significantly reduced the expres-
sion of IL-27–induced survival molecules, including SOCS3, Bcl-2,
andBcl-6, inCTLs.39Thus, failure of IL-10–deficient P1CTL cells to
persist in a tumor-bearing host is probably due to their poor survival
potential. The current study has demonstrated the intrinsic defects of
IL-10–deficient CTLs in long-term persistence/survival in a tumor-
bearing host. This observation is in line with the previous observation
that IL-10 is critical forCTLmemory.53

In summary, we have identified 2 novel mechanisms by which
IL-10 enhances the antitumor CTL responses—by inhibiting the
expansion of highly suppressive CD4C T cells and by promoting
CTL long-term survival/persistence in the plasmacytoma J558
tumor model. We believe that these mechanisms apply to many
different tumor types in which IL-10 has been shown to play pos-
itive roles in promoting antitumor T-cell responses.21 Our results
also suggest that amplification of IL-10 signaling may enhance
the expansion of CTLs and inhibit regulatory T cells in the
tumor microenvironment. Since IL-10 inhibits antigen presenta-
tion,54 it is likely that cancer types with pre-existing tumor-

infiltrating T cells will respond positively to IL-10 therapy. In
this regard, tumor infiltration of CTL and immunoregulatory T
cells has been shown to be a feature of many types of human can-
cer,55,56 for which IL-10 therapy should be applicable.

Materials and Methods

Experimental animals
IL-10–deficient BALB/c mice were purchased from the Jack-

son Laboratory. Transgenic mice expressing a TCR specific for
the tumor rejection antigen H-2Ld:P1A35-43 complex (P1CTL)
have been described previously.40 P1CTL TCR transgenic mice
were backcrossed with BALB/c mice for at least 15 generations
before use in this study. BALB/c mice with a targeted mutation
of the Rag2 gene were purchased from Taconic Farms (German-
town, New York, USA). Through breeding P1CTL TCR
transgenic mice with Rag2¡/¡ BALB/c mice we have generated
Rag2-deficient P1CTL TCR transgenic mice (Rag2¡/¡P1CTL).
IL-10–deficient P1CTL TCR transgenic mice (IL-10¡/¡P1CTL)
were generated by breeding P1CTL TCR transgenic mice with
IL-10–deficient BALB/c mice. Through breeding IL-10¡/¡

BALB/c mice with Rag2¡/¡ BALB/c mice we have generated
Rag2 and IL-10 double-deficient mice (Rag2¡/¡IL-10¡/¡). IL-10
deficiency was confirmed by PCR genotyping using the primers
mIL-10.G: 50-ATAGACTTGC TCTTGCACTA CCAAAG-30

(forward) and 50-CTCATGGCTT TCCCTAGGAC TCTCTA-
30 (reverse). All mice were maintained in OSU laboratory animal
facilities that were fully accredited by the Institutional Animal
Care and Use Committee.

Tumor establishment and T-cell adoptive transfer therapy
of mice with established tumors

For tumor establishment in vivo, 5 £ 106 J558 cells were
injected into each mouse subcutaneously. Tumors were measured
for length (L) and width (W) every 2 to 3 d and tumor volumes
were calculated as LW2/2.57 For CTL therapy of mice with estab-
lished tumors, pools of spleen and lymph node cells from
P1CTL transgenic mice were incubated with a cocktail of mono-
clonal Abs (mAbs; anti-CD4 mAb GK1.5, anti-FcR mAb
2.4G2, and anti-CD11c mAb N418). After removal of unbound
mAbs, the cells were incubated with anti-IgG coated magnetic
beads (Dynal Biotech). The antibody-coated cells were removed
using a magnet. Unbound cells consisted of more than 90%
CD8C T cells with no detectable CD4C T cells. Purified CD8C

T cells (5 £ 106/mouse) were injected intravenously (i.v.) into
mice bearing established tumors.

In vivo treatment of mice with tumors using antibodies
Monoclonal antibodies to mouse CD4 (GK1.5), CD8

(53-6.72), CD25 (PC-61.5.3), IL-6 (MP5-20F3), IL-17A
(17F3) and their relative isotype control antibodies HRPN (rat
IgG1), 2A3 (rat IgG2a), LTF2 (rat IgG2b), and MOPC-21
(mouse IgG1) were all purchased from BioXCell (West Lebanon,
NH). The treatment protocols for experiments are specifically
indicated in the relevant figure legends.
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Antibodies and flow cytometry
FITC-, PE-, APC- or Percp-labeled antibodies to CD4,

CD8a, CD25, PD-1, PD-L1, CTLA4, Va8.3, IL-17, IFN-g,
and isotype control antibodies were purchased from BD Bio-
sciences (San Diego, CA). For staining of cell surface markers,
cells (splenocytes and single-cell suspensions of tumors) were
stained with various antibodies in staining buffer (PBS with 1%
FCS) on ice for 30 min, washed with staining buffer, and fixed
in 1% paraformaldehyde in PBS. Cells were analyzed on a FACS-
Calibur flow cytometer. Intracellular cytokine staining procedure
as described previously.25 Data were analyzed using Flowjo soft-
ware (Tree Star, Inc., OR).

Reverse transcription and real-time PCR
Total RNA was isolated from each tumor using the Trizol

method (Invitrogen). First strand cDNA of each sample was syn-
thesized using a reverse transcription kit (Invitrogen). Quantita-
tive real-time PCR was performed using an ABI 7900-HT
sequence system (PE Applied Biosystems) with the QuantiTect
SYBR Green PCR kit (Qiagen) in accordance with the man-
ufacturer’s instructions. PCR was performed using previously
determined conditions41 with the following primers to amplify
specific genes: mIL-6: 50-ACTTCACAAG TCGGAGGCTT-30

(forward) and 50-TCTGCAAGTG CATCATCGT-30 (reverse);
mIL-17: 50-CCTCCAGAAT GTGAAGGTCA-30 (forward) and
50-CTATCAGGGT CTTCATTGCG-30; mIFN-g: 50-
AGCTCTTCCT CATGGCTGTT-30 (forward) and
50-TTTGCCAGTT CCTCCAGATA-30 (reverse). The HPRT
gene was simultaneously amplified as the endogenous control
using the primers 50-AGCCTAAGAT GAGCGCAAGT-30 (for-
ward) and 50-TTACTAGGCA GATGGCCACA-30 (reverse).
Each sample was assayed in triplicate, and the experiments were

repeated twice. The relative amount of mRNA was calculated by
plotting the Ct (cycle number) and the average relative expression
for each group was determined using the comparative method
(2¡DDCt).

Cytokine ELISA
ELISA kits for the detection of IL-2, IFN-g, and IL-6 were

obtained from BD Biosciences. Standard procedures were followed
to detect the release of cytokines into culture supernatants in a vari-
ety of settings as detailed in figure legends for each experiment.

Cytotoxicity assay
Splenocytes from P1CTL TCR transgenic mice were stimu-

lated with P1A peptide (0.1 mg/mL) for 5 d and used as effec-
tors.50 Cr-labeled P815 tumor cells were used as targets. The
effector T cells and the targets were incubated together for 6 h,
and the percentage of specific lysis was calculated based on the
following formula: specific lysis % D 100 £ (cpmsample-cpmme-

dium)/(cpmmax-cpmmedium).

Statistics
The Student t-test was used to compare differences in tumor size

between 2 groups. A p value less than 0.05 was considered significant.
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