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Abstract
Though TGF-β inhibition enhances anti-tumor immunity mediated by CD8+ T cells in several tumor
models, it is not always sufficient for rejection of tumors. In the present study, to maximize the anti-
tumor effect of TGF-β blockade, we tested the effect of anti-TGF-β combined with an irradiated
tumor vaccine in a subcutaneous CT26 colon carcinoma tumor model. The irradiated tumor cell
vaccine alone in prophylactic setting significant delayed tumor growth, whereas anti-TGF-β
antibodies alone did not show any anti-tumor effect. However, tumor growth was inhibited
significantly more in vaccinated mice treated with anti-TGF-β antibodies compared to vaccinated
mice without anti-TGF-β suggesting that anti-TGF-β synergistically enhanced irradiated tumor
vaccine efficacy. CD8+ T cell-depletion completely abrogated the vaccine efficacy, so protection
required CD8+ T cells. Depletion of CD25+ T regulatory cells led to the almost complete rejection
of tumors without the vaccine, whereas anti-TGF-β did not change the number of CD25+ T regulatory
cells in un-vaccinated and vaccinated mice. Though the abrogation of CD1d-restricted NKT cells,
which have been reported to induce TGF-β production by MDSC through an IL-13-IL-4R-STAT6
pathway, partially enhanced anti-tumor immunity regardless of vaccination, abrogation of the NKT
cell-IL-13-IL-4R-STAT-6 immunoregulatory pathway did not enhance vaccine efficacy. Taken
together, these data indicated that anti-TGF-β enhances efficacy of a prophylactic vaccine in normal
individuals despite their not having the elevated TGF-β levels found in cancer patients and that the
effect is not dependent on TGF-β solely from CD4+CD25+ T regulatory cells or the NKT cell-IL-13-
IL-4R-STAT-6 immunoregulatory pathway.

Introduction
The success of cancer immunotherapy depends on overcoming immune suppression in patients.
There are multiple mechanisms suggested to suppress anti-tumor immunity. TGF-β plays
important roles in several of such mechanisms of immune suppression.

TGF-β is a highly pleiotropic cytokine and can be produced by many lymphoid and non-
lymphoid cells 1. TGF-β can directly enhance growth, metastasis, and angiogenesis of some
tumors 2-7. In anti-tumor immunity, tumor antigen specific cytotoxic T lymphocytes (CTLs)
play crucial roles in eradicating tumors. However, TGF-β inhibits the anti-tumor immune
response at several levels including the production of perforin, granzyme A, granzyme B, FAS
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ligand, and IFN-γ by CTLs in vitro and in vivo 8. In human patients with melanoma, antigen-
specific CD8+ T-cell effector function in vitro is inhibited by the addition of TGF-β 9.

TGF-β also influences dendritic cells (DCs), which are critical in priming protective CD4+ Th
1 and CD8+ CTL – mediated anti-tumor responses. TGF-β can inhibit DC migration and antigen
transport to draining lymph nodes (LNs) within murine skin tumors, effectively obstructing T-
cell activation 10. In addition to such an immobilization of DCs, TGF-β may also decrease DC
numbers by escalating apoptosis 11 and limit their function by inhibiting maturation and
expression of major histocompatibility complex (MHC) class II and costimulatory molecules
1. Moreover, TGF-β plays an important role in the development and / or function of several
classes of regulatory T cells including T regulatory 1 cells (Tr1), T helper 3 cells (Th3), Th17
and CD4+CD25+Foxp3+ T regulatory cells 12-14. Some regulatory T cells suppress tumor-
specific CD8+ T cell cytotoxicity through TGF-β signals in vivo 15. Since TGF-β maintains
suppressor function and Foxp3 expression in CD4+CD25+ regulatory T cells 16, TGF-β
signaling is required for the in vivo expansion and immunosuppressive capacity of regulatory
CD4+CD25+ T cells 17. T regulatory cells have been shown to suppress immunosurveillance
in the CT26 subcutaneous tumor model 18, so blockade of TGF-β may suppress
CD4+CD25+T regulatory cells, and lead to the enhancement of anti-tumor immunity.

Recently, we have identified another new immunosuppressive mechanism involving TGF-β
in tumor immunity. Specifically, in a fibrosarcoma model, CD1d-restricted NKT cells activate
a negative immunoregulatory pathway, in which IL-4R-STAT-6 signaling activated by IL-13
induces TGF-β production and as a result, this TGF-β is the final effector to suppress CD8+

CTL function 19, 20. In this tumor model, blockade of TGF-β leads not only to the complete
prevention of tumor recurrence, but also to the enhancement of the cytotoxic activity of CTL
in vitro. Moreover, in another tumor model, we have shown that the blockade of TGF-β, IL-13,
or the abrogation of NKT cells leads to a significant reduction of lung metastases after iv
injection of CT26 tumors 20, 21. Other studies have also shown improvement of anti-tumor
immunity by TGF-β blockade 22-26. These data suggested that the blockade of TGF-β may
enhance the CTL response against tumors and lead to the inhibition of tumor growth. However,
in other tumor models, blockade of TGF-β did not always protect against tumor growth 27. In
such cases in which TGF-β blockade was not sufficient to unmask spontaneous tumor
immunosurveillance, we hypothesized that a prophylactic anti-tumor vaccine (whole cell
vaccine or tumor-antigen specific peptide vaccine) may complement the effect of TGF-β
blockade to enhance anti-tumor immunity. Such a complementary effect was seen in at least
one tumor model 28.

In the present study, we showed that the blockade of TGF-β synergistically enhanced whole
cell vaccine efficacy in the s.c. CT26 tumor model, and the protection was mediated by
CD8+ T cells. Distinct from other tumor models, the immunological mechanism of the anti-
tumor effect of TGF-β blockade in this s.c. CT26 model was independent of both the NKT-
cell, IL-13, and IL-4R-STAT-6 pathway and CD4+CD25+ T regulatory cells. Our data
indicated that the blockade of TGF-β may prevent the suppression of CD8+ T cell function in
a prophylactic vaccine tumor-free setting in which TGF-β cannot be from the tumor but must
have an immunologic origin, and leads to the enhancement of tumor vaccine efficacy.

Materials and Methods
Mice

Inbred BALB/c mice were purchased from the Frederick Cancer Research Facility. BALB/c
CD1d knockout mice (CD1d KO mice; provided by M. Grusby, Harvard University, Boston,
MA or purchased from Jackson Laboratory, Bar Harbor, ME), BALB/c IL-13 knockout mice,
and BALB/c IL-4-IL-13 double knockout mice (provided from A.N.J. McKenzie) were bred
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at the National Cancer Institute. All gene-targeted mice were backcrossed onto the BALB/c
background for at least 10 generations. IL-4 knockout mice and STAT6 knockout mice with
the BALB/c background were obtained from the Jackson Laboratory. IL-4 receptor alpha
knockout mice on the BALB/c background were obtained from TACONIC. All mice were
maintained in a pathogen-free animal facility. Female mice > 6 wk old were used in all
experiments. All animal experiments were approved by the Animal Care and Use Committee
of the National Cancer Institute.

Antibodies
Purified mAbs reactive with mouse CD8 (2.43; American Type Culture Collection) and CD25
(PC61; American Type Culture Collection) were purified from ascites by Harlan Bioproducts
for Science, Inc. Monoclonal anti-TGF-β (1D11.16 specific for TGF-β1, TGF-β2, and TGF-
β3) and isotype-matched control antibody (13C4) were made and provided by Genzyme. FITC-
conjugated anti-CD4 (RM4-5), APC-conjugated anti-CD25 (PC61.5), and PE-conjugated anti-
Foxp3 (FJK-16s) were purchased from eBioscience.

Tumor cell lines
The CT26 cell line (a N-nitro-N-methylurethane–induced BALB/c murine colon carcinoma)
was provided by Dr. N. Restifo (NCI, NIH, Bethesda, MD, USA) and maintained in
RPMI-1640 complete medium supplemented with 10% FCS, penicillin/streptomycin, L-
glutamine, sodium pyruvate, nonessential amino acids, and 2 mercaptoethanol (5 × 10 −5 M).

Vaccination and tumor inoculation
1×105 irradiated (25,000 rad) CT26 cells were injected subcutaneously (sc.) into various groups
of mice. Some vaccinated or unvaccinated mice were treated with 200 μg (at the time of
vaccination and CT26 challenge) or 100 μg (other time points) anti-TGF-β mAb or control
mAb intraperitoneally (ip) three times a week from the time of vaccination to 2 weeks after
CT26 challenge. 3 weeks after vaccination, 1×106 live CT26 cells were injected sc. into these
mice. 2 and 1 day before, and 4, 7, 10, and 14 days after CT26 challenge, some vaccinated
mice treated with anti-TGF-β mAb were also treated with 0.5mg anti-CD8 mAb.

Flow Cytometric Analysis (intracellular Foxp3 staining)
For the detection of CD4+ CD25+Foxp3+ T cells, spleen cells were obtained from vaccinated
or unvaccinated mice treated with or without anti-TGF-β. Tumor infiltrating lymphocytes were
prepared from pooled tumors. Briefly, the tumors were minced well with scissors in RPMI1640
and mashed on a nylon membrane (pore size 100 μm). After a wash of the cell suspension,
lymphocytes were isolated by using Lymphoid M (Cederlane). The cells were stained with
anti-CD3, anti-CD4 and anti-CD25 mAb for 30 min after blocking CD16/CD32 (2,4G2; BD
Biosciences) for 15 min before permeabilization. These cells were then incubated with anti-
Foxp3 for 30 min, and after washing, evaluated by flow cytometry on a FACSCaliber™ or
LSRII (BD Biosciences) and analyzed using FlowJo software (Tree Star, Inc).

Statistical analysis
Statistical analysis was performed by one-way analysis of variance (ANOVA), log-rank test,
or Student's t test. Data were considered significant at p < 0.05.
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Results
1D11 synergistically enhances whole cell vaccine efficacy, and the tumor rejection is
mediated by CD8+ T cells

To test the hypothesis that anti-TGF-β antibody may synergize with an anti-cancer vaccine,
we examined the anti-tumor effect of 1D11 (anti-TGF-β) on a whole cell vaccine in a
prophylactic setting against s.c. injected CT26 tumors in syngeneic BALB/c mice. We
immunized mice with 1×105 irradiated CT26 tumor cells. Some mice were also treated with
1D11 three times a week for 2 weeks. Three weeks after vaccination, these mice were
challenged with 1×106 live CT26 tumor cells. As shown in Fig.1A & B, the whole tumor cell
vaccine with control IgG (13C4) induced a significant delay of tumor growth compared to
control or 1D11-treated mice without vaccination. However, vaccinated mice treated with
1D11 showed significantly better protection from tumor growth, even if palpable tumors
temporarily occurred after the tumor challenge. The survival rate in vaccinated mice treated
with 1D11 was significantly higher than that in vaccinated mice without 1D11 (67% vs. 23%,
p< 0.002) (Fig.1A). To see whether this protection was mediated by CD8+ T cells, some
vaccinated mice treated with 1D11 were also treated with anti-CD8 Ab for depletion of
CD8+ T cells in vivo. As shown in Fig.1B, the anti-tumor effect in these mice was abrogated
by the depletion of CD8+ T cells in vivo two days before tumor challenge. These data suggested
that the blockade of TGF-β synergistically enhances anti-tumor immunity in conjunction with
a prophylactic whole cell vaccine, and the protection is mediated by CD8+ T cells.

Anti-tumor effect of anti-TGF-β antibodies in the s.c. CT26 tumor model is independent of
CD4+CD25+ T regulatory cells

To determine whether the mechanism of the enhancement of tumor vaccine efficacy by anti-
TGF-β Ab (1D11) was due to the abrogation of CD4+CD25+ T regulatory cells, we challenged
un-vaccinated and vaccinated mice treated with anti-CD25 monoclonal antibodies (PC-61)
with CT26 tumors. As shown in Fig.2, almost all vaccinated mice treated with PC-61 rejected
tumors as did vaccinated mice treated with 1D11 in Fig.1. However, almost all un-vaccinated
mice treated with PC-61 also rejected tumors, whereas no un-vaccinated mice treated with
1D11 showed any inhibition of tumor growth in Fig.1. These data suggested that depletion of
CD4+CD25+ T regulatory cells enhanced anti-tumor immunity in the s.c. CT26 tumor model
regardless of vaccination, consistent with Golgher et.al 18, so the mechanism of enhancement
of tumor vaccine efficacy by the depletion of CD4+CD25+ T regulatory cells does not appear
to be equivalent to that of 1D11.

We also measured the number of T regulatory cells in spleens of un-vaccinated or vaccinated
mice treated with 1D11 at the time of tumor challenge. As shown in Fig. 3A, we could not see
any difference in the number of CD4+CD25+ T regulatory cells regardless of 1D11 inoculation
at the time of tumor challenge. In most mice treated with vaccine and 1D11, regulatory cells
could not be measured in tumors as no tumors were present to harvest. Therefore, to see whether
1D11 showed any impact on Treg cells in tumor-challenged mice, we examined the number
of Treg cells in draining lymph nodes of tumors of mice treated with 1D11 or 13C4 without
vaccine. As shown in Fig. 3B, there was no difference in the proportion of CD4+CD25+

Foxp3+ T regulatory cells in tumor draining lymph nodes between these two groups of mice.
We also investigated the number of tumor infiltrating Treg cells in these mice (Fig. 3C).
Consistent with the results of tumor draining lymph nodes, there was no difference in the
proportion of CD4+CD25+ Foxp3+ T regulatory cells in tumors between these two groups of
mice. Taken together, these data indicated that the enhancement of tumor vaccine efficacy by
1D11 may be independent of CD4+CD25+ T regulatory cells.
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Abrogation of the NKT cell-IL-13-IL-4R-STAT-6 immunoregulatory pathway does not enhance
vaccine efficacy

To determine whether the mechanism of the anti-TGF-β enhancement of tumor vaccine
efficacy was due to abrogation of the NKT cell, IL-13, and IL-4R-STAT-6 immunoregulatory
pathway that leads to TGF-β production, we injected CT26 tumor cells into un-vaccinated and
vaccinated mice of various KO strains, lacking one of the components of the NKT cell, IL-13,
and IL-4R-STAT-6 immunoregulatory pathway. We asked whether knocking out one of these
genes in the absence of anti-TGF-β mimicked the effect of anti-TGF-β on vaccine efficacy. In
accordance with some other tumor models, tumor growth was partially inhibited in un-
vaccinated CD1KO mice, which lack NKT cells, compared to that in wild-type (wt) un-
vaccinated BALB/c mice (Fig. 4A). However, enhancement of tumor vaccine efficacy (defined
by the difference between vaccinated and unvaccinated mice) over that in w.t. vaccinated mice
was not observed in vaccinated CD1KO mice (Fig. 4A). Surprisingly, no inhibition of the
tumor growth was observed in unvaccinated IL-13KO, IL-4-13KO, IL-4KO, IL-4 receptor
alpha KO, or STAT-6 KO mice compared to un-vaccinated BALB/c mice. Moreover, none of
these vaccinated mice showed enhancement of vaccine efficacy (fig.4 B∼F). These data
suggested that though abrogation of NKT cells showed partial inhibition of tumor growth,
enhancement of tumor vaccine efficacy by 1D11 may be not the result of inhibiting the NKT
cell, IL-13, and IL-4R-STAT-6 immunoregulatory pathway in the s.c. CT26 tumor model.
Interestingly, the trend toward prolonged survival in the vaccinated wild-type mice was
completely lost in the IL-4 KO, STAT-6 KO, and IL-4 -13 KO, but not in the IL-13 single KO
mice although not statistically significant (p = 0.0894). Moreover, though vaccinated IL-4Rα
KO mice showed prolonged survival compared to un-vaccinated IL-4Rα KO mice as in the
case of wild-type mice, the impact of vaccination in IL-4Rα KO mice was much smaller than
that in wild-type mice (p = 0.0116 between un-vaccinated and vaccinated IL-4Rα KO mice. p
= 0.0002 between un-vaccinated and vaccinated wild-type mice). These results may be due to
a requirement for IL-4 for CTL induction as reported by Schuler et.al29.

Discussion
Our previous study showed that systemic anti-TGF-β treatment protected mice from tumor
recurrence in a sc. fibrosarcoma model and significantly reduced lung metastases in the i.v.
CT26 tumor model 20. However, this treatment was not always sufficient for the complete
rejection of tumors. To maximize the anti-tumor effect of TGF-β blockade, a combination
immunotherapy with some vaccine is a very attractive way to enhance antitumor immunity. In
the present study, we investigated the anti-tumor effect of anti-TGF-β Ab (1D11) combined
with a whole cell vaccine in the sc. CT26 tumor model. The whole cell vaccine alone showed
a significant delay of tumor growth, but the survival rate was still low (23%), suggesting that
the whole cell vaccine was not sufficient for the rejection of tumors. Likewise, 1D11 alone did
not show any anti-tumor effect against CT26. However, vaccination combined with 1D11
induced better protection from tumors, and the survival rate was much higher (67%) (Fig,1A
and B). These data suggested that the blockade of TGF-β synergistically enhanced the whole
cell vaccine efficacy in the prophylactic setting in the s.c CT26 tumor model. Since depletion
of CD8+ T cells in vivo led to the complete loss of protection from tumors in vaccinated mice
treated with 1D11(Fig.1B.), the protection was mediated by CD8+ T cells. Recently Kim et
al., reported that a kinase inhibitor of TGF-β receptor (SM16) enhanced the therapeutic effect
of a vaccine, which was administered when tumors became approximately 200 mm2 30.
However, the effect of TGF-β blockade by antibody has different in vivo kinetics from that of
the small chemical. Moreover, it was not clear whether we can observe any effect of TGF-β
blockade in normal mice that do not have a high level of TGF-β as found in tumor bearing
mice. In this study, we showed that at least TGF-β blockade by anti-TGF-β Ab significantly
increased the efficacy of the whole cell vaccine in normal healthy mice. These results suggest
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that blockade of TGF-β may be an attractive strategy not only for cancer vaccines but also for
other vaccines targeting T cell responses as well.

Recently, other investigators showed that regulatory T cells suppress tumor-specific CD8+ T
cell cytotoxicity through TGF-β signals in vivo 15. Since TGF-β also maintains suppressor
function and Foxp3 expression in CD4+CD25+ T regulatory cells 16 and TGF-β signaling is
required for the in vivo expansion and immunosuppressive capacity of regulatory
CD4+CD25+ T cells 17, we hypothesized that blockade of TGF-β may suppress
CD4+CD25+T regulatory cells, and as a result, lead to the enhancement of anti-tumor
immunity. At first, to see whether abrogation of T regulatory cells showed any anti-tumor effect
against CT26, we injected CT26 tumor cells into un-vaccinated and vaccinated mice pre-treated
with anti-CD25 antibody (PC-61). In accordance with other investigators' reports 18, 31,
depletion of CD4+CD25+ T regulatory cells led to the almost complete rejection of tumors
independent of vaccination (Fig.2). If the anti-tumor effect of 1D11 was associated with
CD4+CD25+ T regulatory cells in this tumor model, 1D11 alone should show some anti-tumor
effect against CT26. However, as shown in Fig.1A, 1D11 alone did not show any anti-tumor
effect against CT26. These data suggested that the anti-tumor effect of 1D11 was not equivalent
to that afforded by depletion of CD4+CD25+ T regulatory cells. Since T regulatory cells have
multiple ways to inhibit immune responses other than TGF-β 32, 33, the anti-tumor impact of
depleting of T regulatory cells may be much stronger than that of 1D11. We also measured the
number of CD4+CD25+ T regulatory cells in 1D11-treated un-vaccinated or vaccinated mice.
However, regardless of 1D11 treatment, the number of T regulatory cells was almost the same
among these groups (Fig.3A). Moreover, the frequency of intratumoral T regulatory cells in
tumors of 1D11- treated and untreated mice were very similar (Fig.3C), as were T reg numbers
in tumor draining lymph nodes (Fig. 3B). Though we cannot exclude the possibility that the
suppressive function of CD4+CD25+ T regulatory cells may be inhibited by 1D11 in vaccinated
mice, these data suggested that the anti-tumor effect of 1D11 may be independent of
CD4+CD25+ T regulatory cells.

Recently, we have shown that a new immunosuppressive mechanism involving NKT cells,
IL-13, and IL-4R-STAT-6 leads to the suppression of CD8+ CTL function via TGF-β in several
tumor models 19, 20. Therefore, we next investigated whether the anti-tumor effect of TGF-β
blockade was due to the abrogation of the NKT cell, IL-13, and IL-4R-STAT-6
immunoregulatory pathway by using various gene-targeted mice. Though CD1KO mice
manifested partially enhanced anti-tumor immunity against s.c. CT26 tumors analogous to the
result in the i.v. CT26 model 21, they did not show any enhancement of tumor vaccine efficacy
(Fig.4 A). These data suggested that the enhancement of tumor vaccine efficacy by 1D11 was
independent of CD1d restricted NKT cells. Since we previously reported an osteosarcoma
tumor model in which tumor rejection was mediated by the abrogation of CD1d restricted NKT
cells, but independent of the IL-4R-STAT-6 immunoregulatory pathway or TGF-β, the
immunological mechanism of the partial anti-tumor effect by the abrogation of CD1d restricted
NKT cells in the s.c. CT26 may be similar to that in this osteosarcoma model 27. Similarly,
when we challenged various vaccinated KO mice (IL-13KO, IL-4-IL-13 KO, IL-4KO, IL-4R
KO, and STAT-6KO) with CT26 tumors sc, none of them showed either an anti-tumor effect
or enhancement of tumor vaccine efficacy compared to wild-type vaccinated mice (Fig.4 B-
F). These data suggested that the anti-tumor effect of 1D11 was not dependent solely on TGF-
β from the NKT cell, IL-13 and IL-4R-STAT-6 immunoregulatory pathway.

Since CT26 tumor can activate the NKT cell, IL-13 and IL-4Rα-STAT6 immunoregulatory
pathway in the i.v. challenge model 20, 34, the route of tumor administration and the organ
microenvironment may be important to determine whether this pathway gets activated.
Recently it has been shown that induction of IL-13Rα2 expression by IL-13 and TNF-α is
necessary for the NKT cell, IL-13 and IL-4Rα-STAT6 immunoregulatory pathway to inhibit

Takaku et al. Page 6

Int J Cancer. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



tumor-specific CTL function 35. Thus, it may be possible that in vivo TNF-α production is
insufficient to induce IL-13Rα2 expression, with the result that such a counter-
immunosurveillance mechanism is not activated in s.c. CT26 tumor model.

Overall, because the anti-TGF-β is effective when given with the prophylactic vaccine before
injection of the tumor, it appears to improve the immunity induced by the vaccine independent
of any inhibitory effects of TGF-β made by the tumor, which is not yet present. Thus, the source
of TGF-β that is preventing optimal prophylactic vaccine efficacy must be the immune system
itself. Because we have found that no single source of TGF-β, whether T reg cells or myeloid
cells activated by NKT cells, is sufficient to explain the need to block TGF-β to maximize
vaccine efficacy, we expect that there are likely multiple sources of TGF-β that dampen the
vaccine response, all of which are inhibited by blockade of TGF-β. It is this action at the
downstream end of many sources of suppressive cytokine that may account for the
effectiveness of this treatment.

It has been reported that T helper cell type-1-associated and cytotoxic T lymphocyte-mediated
tumor immunity is impaired in IL-4 KO mice in the s.c. CT26 tumor model 36. In this study,
it was shown that generation of tumor-associated CTLs required IL-4 from CD8+ T cells 29.
In accordance with these observations, IL-4KO, IL-4-IL-13 double KO, and STAT-6KO mice
did not show any trend toward partial protection by vaccine alone in contrast to WT and IL-13
single KO mice (Fig. 4). It has been also reported that the presence of CD4+ T cell help restores
the development of CD8+ T cell responses against influenza infection in IL-4Rα KO mice 37.
In accordance with these observations, in our study, vaccinated IL-4Rα KO mice showed
prolonged survival after CT26 challenge compared to un-vaccinated IL-4Rα KO mice, as in
the case of wild-type mice. However, the impact of vaccination in IL-4Rα KO mice was much
smaller than that in wild-type mice (approximately a 5-day prolongation of median survival,
p = 0.0116, between un-vaccinated and vaccinated IL-4Rα KO mice vs approximately an 11-
day prolongation, p = 0.0002, between un-vaccinated and vaccinated wild-type mice). These
data suggested a requirement for IL-4 in CD8-dependent vaccine efficacy.

Since 1D11 showed strong impact on tumor growth in vivo only when inoculated with a tumor
vaccine (Fig.1A), TGF-β may be associated with the termination of expanding tumor-specific
CD8+ T cells induced by the tumor vaccine. Consistent with this speculation, other
investigators recently identified a novel role for TGF-β as a key inducer of apoptosis of the
short lived effector CD8+ T cells during acute immune response after Listeria infection, and
showed that such TGF-β–mediated apoptosis of this effector subpopulation occurred during
clonal expansion and contraction 38. Therefore, it may be possible that the enhancement of a
tumor vaccine by 1D11 is accomplished by the inhibition of apoptosis of tumor-specific
CD8+ T cells via the neutralization of TGF-β possibly produced by effector T cells, Treg cells
or antigen-presenting cells.

Recently, It has been reported that TGF-β and IL-6 together induce the differentiation of Th17
cells from naïve cells 39, and that TGF-β plays a crucial role for inducing IL-17 producing
CD8+ T cells in tumor-bearing mice, whose IL-17 contributes to promote tumor growth 40.
Therefore, it may be possible that blockade of TGF-β enhances tumor vaccine efficacy through
preventing the induction of IL-17 producing Th17 cells indispensable for the survival of
tumors. These issues warrant further investigation.

In summary, the blockade of TGF-β by anti-TGF-β synergistically enhanced tumor vaccine
efficacy, and the protection was mediated by CD8+ T cells. The anti-tumor effect of the
blockade of TGF-β was independent of both CD4+CD25+ T regulatory cells and the NKT cell,
IL-13, and IL-4R-STAT-6 immunoregulatory pathway. Nevertheless, concerns have been
expressed regarding the safety of inhibiting TGF-β experimental animals and humans given
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the pleiotropic nature of this cytokine. 1D11 is one of the most effective antibodies for the
purpose of systemic inhibition of TGF-β 41. Since immune-mediated disease and even lethality
was associated with the genetic ablation or inhibition of TGF-β signaling in mice, it was unclear
if inhibiting this pathway to treat cancer would lead to unaccepted side effects when delivered
for a sustained period in vivo 42-45. However, it has been recently shown that a lifetime
exposure to systemic soluble TGF-β1, TGF-β3, or pan-TGF-β inhibitors in mouse models did
not result in significant adverse effects 46, 47. These animal studies have shown that antibody-
mediated TGF-β-specific inhibition does not result in the types of serious biological
abnormalities that have been observed in TGF-β knockout mice. Consistent with these previous
reports, no apparent adverse effects were noted in the mice treated with anti-TGF-β in the
current study. Furthermore, a human pan neutralizing anti-TGF-beta antibody (Fresolimumab)
has been reported to be well tolerated when evaluated as a single agent in a phase 1 clinical
trial in patients with malignant melanoma48. Taken together, these results suggest that
antibody-mediated inhibition of TGF-β provides a plausible clinical approach to enhance the
efficacy of cancer immunotherapy strategies.
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Fig.1. Blockade of TGF-β synergistically enhances whole cell vaccine efficacy in mice and the
protection is mediated by CD8+ T cells
1×105 irradiated (25,000 rad) CT26 cells were injected subcutaneously (sc.) into BALB/c mice.
Some vaccinated or unvaccinated mice were treated with anti-TGF-β monoclonal antibody
(1D11.16) or control antibody (13C4) intraperitoneally (ip) first with 200 μg at the time of
vaccination and of the CT26 challenge, and then with 100 μg three times a week from the time
of vaccination to 2 weeks after CT26 challenge. The control group was untreated. Three weeks
after vaccination, 1×106 live CT26 cells were injected sc. into these mice. Two and 1 day
before, and 4, 7, 10, and 14 days after CT26 challenge, some vaccinated mice treated with
1D11 were also treated with 0.5 mg of anti-CD8 monoclonal antibody (2.43). Tumors were
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measured by a caliper gauge, and tumor size was determined as the product of tumor length
(mm) × tumor width (mm). Five female BALB/c mice were used for each group per each
experiment. Mice were euthanized when the tumor area exceeded 1 cm2, and data were
represented as percent survival. (A) The results were pooled from six different experiments
comparing vaccine with anti-TGF-β vs control antibody (n=30, each group). p<0.0001 by log-
rank test between control and vaccine plus control antibody group. p<0.002 by log-rank test
between vaccine plus control antibody group and vaccine plus anti-TGF-β monoclonal
antibody group. (B) The results were pooled from two different experiments in which an anti-
CD8-treated group was included. p<0.002 by log-rank test between control and vaccine plus
control antibody group. p<0.005 by log-rank test between vaccine plus control antibody group
and vaccine plus anti-TGF-β monoclonal antibody group.
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Fig.2. Depletion of CD4+CD25+ T regulatory cells leads to tumor rejection in mice regardless of
vaccination
3 and 1 day prior to vaccination, 1 mg anti-CD25 mAb (PC-61) or rat IgG mAb was injected
ip. into BALB/c mice, and then 1×105 irradiated (25,000 rad) CT26 cells as a vaccine were
injected sc. into these mice. 3 weeks after vaccination, 1×106 live CT26 cells were injected sc.
into these mice. Tumors were measured by a caliper gauge, and tumor size was determined as
the product of tumor length (mm) × tumor width (mm). Five female BALB/c mice were used
for each group per each experiment. Mice were euthanized when the tumor area exceeded 1
cm2, and the data were represented as percent survival. The results were pooled from two
independent experiments. p<0.01 by log-rank test between control and vaccine alone group.
p<0.0001 by log-rank test between control group and PC-61-treated groups with or without
vaccination.
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Fig.3. Enhancement of tumor vaccine efficacy by anti-TGF-β antibody is independent of
CD4+CD25+ T regulatory cells
1×105 irradiated (25,000 rad) CT26 cells were injected sc. into BALB/c mice. Some vaccinated
or unvaccinated mice were treated with 200 μg (at the time of vaccination and CT26 challenge)
or 100 μg (other time points) 1D11 or 13C4 i.p. three times a week. 3 weeks after vaccination,
spleens were removed from these mice. These splenocytes were stained for CD4 and CD25
followed by anti-Foxp3 intracellular staining and analyzed by flow cytometry. 4∼5 female
mice were used for each group. A. % of CD4+ CD25+ Foxp3+ cells per spleen. B. 10 days after
tumor injection, tumor draining lymph node cells were recovered and stained with anti-CD3,
anti-CD4, anti-CD25, and anti-Foxp3 in 1D11- and 13C4-treated mice without the tumor

Takaku et al. Page 16

Int J Cancer. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



vaccine. The proportions of CD3+CD4+CD25+Foxp3+ T cells were determined by flow
cytometry. 10 female mice were used for each group. Each symbol represents one data point.
Median is shown as bars. C. 10 days after tumor challenge, tumor infiltrating Treg cells were
examined by flow cytometry. Tumor infiltrating lymphocytes were recovered from 5 pooled
tumors as described in the materials and methods section, and stained with anti-CD3, anti-CD4,
anti-CD25, and anti-Foxp3 in 1D11- and 13C4-treated mice without the tumor vaccine.
Presented density plots were gated on the CD3+CD4+ population. These experiments were
repeated at least twice with comparable results.
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Fig. 4. Abrogation of the NKT cell-IL-13-IL-4R-STAT-6 immunoregulatory pathway does not
enhance vaccine efficacy
1×105 irradiated (25,000 rad) CT26 cells were injected sc. into wt. BALB/c, BALB-CD1KO
(A), BALB- IL-13 KO (B), BALB-IL-4-13KO (C), BALB-STAT-6 KO (D), BALB-IL-4R
KO (E), or BALB-IL-4 KO (F) mice. 3 weeks after vaccination, 1×106 live CT26 cells were
injected sc. into these mice. Tumors were measured by a caliper gauge, and tumor size was
determined as the product of tumor length (mm) × tumor width (mm). Five female BALB/c
mice were used for each group per each experiment. Mice were euthanized when the tumor
area exceeded 1 cm2, and data were represented as percent survival. The results were pooled
from two independent experiments. p<0.001 in A and B, p<0.002 in C, p<0.0005 in D, E, and
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F by log-rank test between un-vaccinated BALB/c mice and vaccinated BALB/c mice. p<0.01
in A by log-rank test between un-vaccinated BALB/c mice and CD1KO mice. p<0.02 in E by
log-rank test between un-vaccinated IL-4R KO mice and vaccinated IL-4R KO mice.
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