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Tumors that progress do so via their ability to escape the antitumor immune response through several mecha-
nisms, including developing ways to induce the differentiation and/or recruitment of CD4+CD25+ Tregs. The 
Tregs, in turn, inhibit the cytotoxic function of T cells and NK cells, but whether they have an effect on the cyto-
toxic function of tumor-infiltrating DCs (TIDCs) has not been determined. Here we have shown, in 2 rodent 
models of colon cancer, that CD4+CD25+ Tregs inhibit the ability of CD11b+ TIDCs to mediate TNF-related 
apoptosis-inducing ligand–induced (TRAIL-induced) tumor cell death. In both models of cancer, combina-
tion treatment with Mycobacterium bovis Bacillus Calmette-Guérin (BCG), which activates the innate immune 
system via TLR2, TLR4, and TLR9, and cyclophosphamide (CTX), which depletes Tregs, eradicated the tumors. 
Further analysis revealed that the treatment led to a marked increase in the number of CD11b+ TIDCs that 
killed the tumor cells via a TRAIL-dependent mechanism. Furthermore, acquisition of TRAIL expression by 
the CD11b+ TIDCs was induced by BCG and dependent on signaling through TLR2, TLR4, and TLR9. In vivo 
transfer of Tregs abrogated the ability of BCG to induce CD11b+ TIDCs to express TRAIL and thereby nulli-
fied the efficacy of the CTX-BCG treatment. Our data have therefore delineated what we believe to be a novel 
mechanism by which Tregs inhibit the antitumor immune response.

Introduction
Tumor stroma is richly invaded by host cells, which include tumor-
infiltrating DCs (TIDCs) identified in virtually all human cancers 
(1–7) and experimental tumor models (8–12). Immunological func-
tions of TIDCs remain only partly understood (13). Most reports 
claim that these cells are immature, thus unable to induce an effi-
cient anti-tumor immune response, and inhibition of DC matura-
tion and function is thought to be one of the mechanisms through 
which tumors evade the immune system (3, 9, 14, 15). Addition-
ally, certain tumors mediate immunosubversion by promoting the 
differentiation of TGF-β–secreting DCs that expand CD4+CD25+ 
Tregs (16) or by directly recruiting Tregs through chemokine pro-
duction such as CCL22 (17). In turn, Tregs inhibit classical cyto-
toxic cells such as T and NK cells (18–20) and contribute to tumor 
escape and poor survival. Nevertheless, the ability of Tregs to con-
trol the killing capacities of DCs in tumors was never investigated.

Several therapeutic strategies were proposed to attempt to 
restore the ability of DCs to mediate an efficient antitumor 
immune response. For example, the Mycobacterium bovis Bacillus 
Calmette-Guérin–cell-wall skeleton (BCG-CWS) was shown to act 
as a potent inducer of ex vivo DC maturation via its TLR agonist 

activity (21). Moreover, preventive administration of BCG could 
delay tumor growth in vivo in a TLR2- and TLR4-dependent man-
ner (22). Furthermore, TLR triggering together with IL-10 neu-
tralization reverted tumor-induced TIDC paralysis and elicited 
an efficient antitumor immune response (10). A combination of 
IL-2 and Imatinib mesylate expands a subtype of tumor-infiltrat-
ing cells with NK functions and DC markers that kill tumor cells 
through TNF-related apoptosis-inducing ligand (TRAIL) and con-
trol tumor growth (23, 24). Thus, redirecting TIDCs from a pro-
tolerant to a pro-Th1 state or toward cytotoxic function might be 
an efficient strategy in tumor immunotherapy. However, mecha-
nisms controlling the switch from tolerogenic to immunogenic 
TIDCs remain elusive.

In the present study, we demonstrate in 2 models of colon car-
cinoma in rodents that the combination of 2 treatments used in 
the clinic, low-dose cyclophosphamide (CTX) and M. bovis BCG, a 
mycobacterium that activates innate components of the immune 
system through TLR2, TLR4, and TLR9 (25, 26), induced an accu-
mulation of cytotoxic myeloid TIDCs that kill tumor cells through 
expression of TRAIL. Specifically, we report that Tregs control 
TRAIL acquisition on BCG-stimulated TIDCs and thereby com-
promise their in vitro and in vivo antitumor activity.

Results
Synergistic antitumor effects of CTX and BCG. The treatment, consist-
ing of 1 systemic injection of CTX followed by 2 intratumoral 
injections of BCG, was tested in 2 models of established subcu-
taneous tumors (PROb in BD-IX rats and CT26 in BALB/c mice). 
When administered alone, CTX and BCG therapies demonstrated 
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little effect on tumor growth in both models, whereas the com-
bined treatment led to complete tumor regression of all PROb 
tumor-bearing rats and significantly reduced CT26 tumor growth 
in mice (Figure 1, A and B).

Altogether, these experiments demonstrated synergistic antitu-
mor effects between CTX and BCG in 2 rodent tumor models.

Tumor rejection involved cytotoxic DCs. To analyze the cellular 
mechanism responsible for tumor rejection after CTX-BCG treat-
ment, we first studied immune cell infiltration of PROb tumors 
and CT26 tumors by immunohistochemistry 7 days after the sec-
ond BCG injection and by cytometry analysis 2 and 7 days after 
the second BCG injection, respectively. In both models, we showed 
that the population of MHC class II+ (MHC-II+) CD11c+ cells was 
increasing the most in treated tumors compared with all the other 
cell populations investigated (NK cells, T cells, B cells, or macro-
phages) (Figure 2, A and B, Table 1, and data not shown). In con-
trast, tumors from untreated animals were only weakly infiltrated 
by these mononuclear cells.

Given that the combined treatment induced a massive tumor 
infiltration by MHC-II+CD11c+ cells, we tested the cytolytic role of 
these cells in vitro in comparison to CD8+ T lymphocytes. Magnet-
ically enriched CD11c+ or CD8+ T cells from both rat and mouse 
subcutaneous tumors were incubated with PROb and CT26 cells, 
respectively, at different effector/target ratios. Unexpectedly, only 
CD11c+ cells and not CD8+ T cells from animals treated with CTX-
BCG were able to kill tumor cells in vitro (Figure 3, A and B, and 
Supplemental Figure 1; supplemental material available online 
with this article; doi:10.1172/JCI35890DS1). Extensive phenotypic  
analysis of DC subtypes revealed that the combined treatment 
mostly induced a large infiltration of CD11b+ DCs (3-fold increase 

over untreated control) negative for F4/80 (data not shown) and 
at a lower level of CD8α DCs. Of note, no significant tumor infil-
tration by Gr-1+, B220+, CD11cint, NK-p46– plasmacytoid DCs or 
B220+, CD11c+, NK-p46+ IFN-γ–producing killer DCs (IKDCs) was 
induced by the combined treatment (Figure 3C).

To further characterize the function of these TIDCs, CD11c+ 

CD11b+MHC-II+ TIDC (CD11b+ TIDC) or CD11c+CD8α+MHC-II+  
TIDC (CD8α+ TIDC) cells were sorted and tested for their capac-
ity to kill CT26 cells. Interestingly, only CD11b+ TIDCs exhib-
ited cytotoxicity against tumor cells (Figure 3D). Moreover, we 
showed that CD11b+ TIDCs isolated from CTX-BCG–treated 
CT26 tumors could acquire a mature phenotype, as demonstrated 
by upregulation of CD80, CD86, CD40, and I-A/I-E molecules 
(Supplemental Figure 2A). When injected into the footpad of naive 
mice, these cells could trigger a specific IFN-γ production by tumor 
draining lymph node cells after an in vitro stimulation (Supple-
mental Figure 2B) and vaccinate naive mice specifically against 
CT26 cells (Supplemental Figure 2C). In contrast, CD11b+ TIDCs 
obtained from either untreated groups or groups treated only with 
CTX or BCG alone were unable to do so. Similarly, TIDCs from 
CTX-BCG–treated rats could stimulate PROb specific lympho-
cytes in vitro (Supplemental Figure 2D) and vaccinate specifically 
naive rats against PROb cells (Supplemental Figure 2E).

Altogether, these data demonstrate that the CTX-BCG combina-
tion promotes a tumor infiltration of CD11c+, CD11b+, MHC-II+ 
cells (CD11b+ TIDC) that kill tumor cells and exert APC functions.

BCG induces TRAIL-dependent DC killing capacity through TLR2, 
TLR4, and TLR9 signaling. To determine which cytotoxic path-
ways were likely to be involved in the tumoricidal activity of 
CD11b+ TIDCs, we tested the killing activity of CD11b+ TIDCs 

Figure 1
Synergistic antitumor effect of CTX administration 
followed by intratumoral BCG injections in 2 tumor 
models. (A) Four groups of 7 wild-type BD-IX rats 
received a subcutaneous injection of 1 × 106 syn-
geneic PROb tumor cells. Rats received 1 i.p. 
injection of CTX (30 mg/kg) on day 28 after tumor 
cell injection, or 2 intratumoral injections of BCG 
(8 × 105 CFU) on day 35 and 42, or both. Con-
trol group received saline injections. Statistical 
comparison of mean tumor volume of the control 
group and treated groups was performed every 
28 days, beginning on day 56. (B) Four groups of 
8 wild-type BALB/c mice received a subcutaneous 
injection of 5 × 105 syngeneic CT26 tumor cells. 
Mice received 1 i.p. injection of CTX (100 mg/kg 
body weight) on day 7 after tumor cell injection, or 
2 intratumoral injections of BCG (8 × 104 CFU) on 
day 9 and 14, or both. Untreated mice received 
saline injections. One experiment out of 3 is 
shown. Statistical comparison of mean tumor vol-
ume of the control group and treated groups was 
performed on days 15, 20, 25, and 30. *P < 0.05;  
†P < 0.01. Un, untreated.



research article

	 The Journal of Clinical Investigation      http://www.jci.org      Volume 118      Number 11      November 2008	 3753

in the presence of Z-valine-alanine-aspartate-fluoromethyl ketone  
(Z-VAD-fmk), a pan-caspase inhibitor. As shown in Figure 4A, tumor 
cell death induced by CD11b+ TIDCs from CTX-BCG–treated  
mice is prevented by Z-VAD-fmk. We additionally observed that 
tumor cell death induced by CD11b+ TIDCs is blunted by an anti-
TRAIL blocking mAb but not by an anti–Fas ligand blocking mAb,  
N-monomethyl-l-arginine (l-NMMA), which inhibits the inducible 
nitric oxide synthase, or concanamycin A, which inhibits the perfo-
rin/granzyme pathway (Figure 4A). We ruled out a role for TNF-α 
to account for the cytotoxicity of TIDCs as we noted that CT26 
and PROb cells were intrinsically resistant to TNF-α–mediated cell 
death (data not shown). TRAIL expression was only detected at 
the surface of CD11b+ TIDCs sorted from treated mice and not 
on CD11b+ TIDCs from control mice (Figure 4B). In contrast, 
TRAIL was not detected at the surface of intratumoral T cells (data 
not shown). Furthermore, CD11b+ TIDCs sorted from untreated 
mice or DCs generated from the BM of mice (BM-DCs) incubated 
in vitro overnight with BCG induced TRAIL expression at their 
surface (Figure 4C) and triggered CT26 cell death in a TRAIL-
dependent manner as demonstrated by the inhibitory effect of the 
blocking anti-TRAIL mAb (Figure 4D). BCG was recently reported 
to activate the immune system through TLR2, TLR4, and TLR9 
(25, 26). We showed that TLR2, TLR4, and TLR9 ligands also 
enhanced BM-DC TRAIL expression while TLR3 ligand did not 
(Figure 4E). Using wild-type BM-DCs, wild-type BM-DCs treated 
with an oligodeoxynucleotide (IRS 954), which efficiently blocks 
TLR9 signaling, TRIF, Myd88, and TLR2- and TLR4-deficient  
BM-DCs, we observed by quantitative RT-PCR that the induction 
of Trail mRNA by BCG is dependent on TLR2, TLR4, and TLR9 
molecules and on their shared adapter protein MyD88 but does 
not involve TRIF (and thus TLR3) signaling pathway (Supple-

mental Figure 3). To investigate the role of TLR in the antitumor 
effects mediated by CTX and BCG in vivo, we compared the ability 
of the combined treatment to promote antitumor effects in wild-
type, TLR2-, TLR4-, and MyD88-deficient BALB/c mice bearing 

Figure 2
CTX-BCG treatment induces tumor infiltration by myeloid DCs. (A) 
MHC-II, CD11c, TCR, and CD163 immunohistochemical labeling of 
untreated PROb tumors or tumors obtained 7 days after the last BCG 
injection in animals treated by CTX-BCG. Original magnification, ×40. 
(B) FACS analysis of the recruitment of leukocyte subpopulations (indi-
cated in horizontal line) into CT26 tumors 2 days after the last BCG 
injection. Fold increase was calculated by dividing the absolute number 
of cells found in treated animals by the absolute number of cells found 
in untreated animals. Values represent mean ± SEM. **P < 0.01.

Table 1
Immunohistochemical analyses of tumor-infiltrating inflamma-
tory cells

	 Untreated	 CTX-BCG treated
	 Tumor	 Tumor	 Tumor	 Tumor
	 periphery	 center	 periphery	 center
Tumor cells 	 0	 ++++	 0	 +
  (12C mAb)
CD11c	 +	 +	 ++	 +++
CD11b	 +	 ++	 +++	 +++
CD68	 ++	 ++	 +++	 ++++
MHC-II	 ++	 ++	 +++	 ++++
CD80	 0	 0	 +	 ++
CD86	 0	 0	 ++	 ++
CD163	 ++	 0	 +	 0
TCR	 ++	 0	 ++	 +++
CD4	 +	 +	 +	 +
CD8	 +	 +	 ++	 +++
CD161	 +	 0	 +	 0

Semiquantitative evaluation of antigen expression and location in tumor 
sections. Analysis was performed 7 days after the second BCG injection 
in either control or CTX-BCG–treated group. Two independent experi-
ments were performed, each on 3 individual tumors. 0, no labeled cells; 
+, 10%–20% labeled cells; ++, 20%–40% labeled cells; +++, 40%–60% 
labeled cells; ++++, 60%–80% labeled cells.
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CT26 tumors. While tumors grew at the same kinetic in wild-type 
and in TLR-deficient mice (Figure 4F), the antitumor effect of the 
combined treatment was significantly hampered in Tlr2–/–, Tlr4–/–, 
or Myd88–/– mice (Figure 4F). Similar results were achieved when 
wild-type mice were injected with an oligodeoxynucleotide (IRS 
954), which efficiently blocks TLR9 signaling (data not shown), 
underlining the participation of TLR9 in the effects of CTX-BCG 
combination (Figure 4F).

We could establish in human settings that human DCs derived 
from monocytes (Mo-DCs) also expressed TRAIL after an in 
vitro BCG stimulation (Figure 5A) and became cytotoxic toward 
HCT116 human colon carcinoma cells (Figure 5B) and toward 
a panel of melanoma cell lines (Figure 5C). Moreover, their 
cytotoxicity could be blunted by an anti-TRAIL antibody or by 
Z-VAD-fmk, whereas l-NMMA and concanamycin A (Figure 5D) 
and anti–Fas ligand and anti–TNF-α antibodies were ineffective 
(data not shown).

Overall, these data demonstrate that BCG induces TRAIL expres-
sion at the surface of DCs, either CD11b+ TIDCs or BM-DCs, 
through TLR2, TLR4, or TLR9 signaling and promotes tumor cell 
killing in a TRAIL-dependent manner.

Tregs prevent BCG-induced TRAIL expression on CD11b+ TIDCs. We 
(18, 27) and others (28) demonstrated that CTX administration 
decreased the number and inhibited the function of Tregs in the 
lymphoid organs. We here extend these findings by demonstrat-
ing that CTX decreased the percentage of Tregs that infiltrated 
CT26 and PROb tumors (Figure 6A and data not shown). DAPI 
staining indicated that, 2 days after CTX treatment, a large part 
of tumor-infiltrating Tregs were dying cells (Figure 6A). Further-

more, mafosfamide, a metabolite of CTX, preferentially induces 
apoptosis of CD4+CD25+ Tregs in vitro compared with conven-
tional CD4+CD25– T cells (Tconvs) (Supplemental Figure 4A). This 
cytotoxicity likely involved Foxp3 expression, as Foxp3 expression 
in Jurkat leukemic T cells sensitized these cells to mafosfamide 
(Supplemental Figure 4B). Finally, we demonstrated in CT26 
tumor-bearing mice that the adoptive transfer of Tregs (but not 
Tconvs) performed concomitantly with the first administration of 
BCG dramatically reduced the antitumor effects of the combined 
treatment (Figure 6B). Therefore, we investigated whether Tregs 
could hamper TRAIL-dependent cytotoxicity of CD11b+ TIDCs 
described above. In vitro, Tregs but not Tconvs could prevent the 
upregulation of TRAIL molecules after BCG stimulation at the 
surface of CD11b+ TIDCs isolated from untreated CT26 tumor-
bearing mice (Figure 6C). A similar result was obtained using 
mouse BM-DCs (Figure 6D). Furthermore, when mouse BM-DCs 
were treated with BCG and cultured with Tregs in the presence of 
a transwell insert that separated DCs from Tregs, we demonstrated 
by quantitative RT-PCR that Tregs could no longer prevent TRAIL 
acquisition on BCG-treated DCs. This suggests that the inhibitory 
effect of Tregs on DCs is dependent on cell-to-cell contact (Figure 
6E). Accordingly, addition of Tregs, but not Tconvs, to the cocul-
ture of BCG-stimulated CD11b+ TIDCs or BM-DCs inhibited 
their capacity to kill tumor cells (Figure 6, F and G). Cytotoxicity 
of human Mo-DCs against M45 melanoma cells was also inhibited 
when Mo-DCs were incubated with Tregs during BCG stimulation 
but not when Mo-DCs were incubated with Tconvs (Figure 6H).

Altogether, these results demonstrate that in vitro, Tregs control 
the capacity of BCG to induce TRAIL expression at the surface of 

Figure 3
Myeloid DCs are cytotoxic against tumor cells. (A) 
For 48 hours, 5 × 104 or 1 × 104 TIDCs or CD8+ 
T cells isolated from tumors of untreated or CTX-
BCG–treated rats were incubated with 1 × 104 
PROb cells. Cytotoxic effects on PROb cells were 
determined using a crystal violet assay. E/T, effec-
tor/target ratio. (B) For 48 hours, 5 × 104 or 1 × 104 
TIDCs or CD8+ T cells isolated from CT26 tumors 
of untreated or CTX-BCG–treated mice were incu-
bated with 1 × 104 CT26 cells for 48 hours. Cyto-
toxic effect on CT26 cells was determined using a 
crystal violet assay. (C) FACS determination of the 
absolute number of DC subpopulations induced by 
the combined treatment in the CT26 model per mg 
of tumor. CD8α+ DC, CD8α+CD11c+MHC-II+CD45+; 
CD11b+ DC, CD11b+CD11c+MHC-II+CD45+; pDC, 
Gr1+B220+NK-p46–CD11cintCD45+; IKDC, Gr1–

B220+NK–p46+CD11c+CD45+. (D) For 48 hours,  
5 × 104 or 1 × 104 CD8α+ TIDCs or CD11b+ TIDCs 
isolated from untreated or CTX-BCG–treated mice 
were incubated with 1 × 104 CT26 cells. Cytotoxic 
effect on the CT26 cells was determined using a 
crystal violet assay. For each experiment, values 
represent mean ± SEM. *P < 0.05.
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CD11b+ TIDCs or conventional DCs and the subsequent tumori-
cidal activity of TRAIL expression.

Tregs compromise the success of CTX-BCG treatment via inhibition of 
TRAIL-dependent TIDC cytotoxicity. We next sought to analyze the 
direct cytotoxicity of TIDCs in vivo. Nude mice inoculated sub-
cutaneously with CT26 cells were treated with intratumoral injec-
tions of BM-DCs stimulated or not with BCG. Importantly, the 
antitumor effects of BM-DCs were correlated to their level of 
TRAIL expression described in Figure 4C, as only TRAIL express-
ing BCG-stimulated BM-DCs significantly delayed tumor growth, 
while unstimulated BM-DCs had no impact on tumor growth (Fig-
ure 7A). Moreover, FACS analysis revealed that adoptive transfer 
of Tregs (but not Tconvs) inhibited the capacity of the combined 
treatment to induce TRAIL expression on CD11b+ TIDCs (Fig-
ure 7B). Finally, in vivo inhibition of TIDC-mediated cytotoxicity 
using systemic injection of TRAIL blocking mAb or intratumoral 

injection of Z-VAD-fmk could blunt the antitumor effects of the 
combined treatment in immunocompetent mice (Figure 7C).

Altogether, these data demonstrate that TRAIL expressing 
TIDCs directly control tumor growth in vivo and that Tregs con-
trol TRAIL expression on their surface and therefore the antitu-
mor efficacy of the CTX-BCG treatment.

Discussion
The present study demonstrates that mouse CD11b+ TIDCs and 
conventional mouse and human DCs could be rendered cytotoxic 
against tumor cells through induction of TRAIL expression. This 
cytotoxic property is induced by BCG, which activates TIDCs 
through TLR, and is tightly controlled by Tregs.

BCG is a consensual treatment of superficial bladder cancer 
(29), and its use as an adjuvant treatment reduces the rate of recur-
rence after colon cancer surgery (30). BCG modifies the immune 

Figure 4
BCG endows DCs with killing capaci-
ties via TRAIL upregulation. (A) For 48 
hours, 5 × 104 CD11b+ TIDCs isolated 
from CTX-BCG–treated mice were 
incubated with 1 × 104 CT26 cells. 
In some wells, Z-VAD-fmk (Z-VAD), 
blocking anti–Fas ligand (FasL), anti-
TRAIL mAbs, l-NMMA, or concana-
mycin A (CcmA) were added. CD11b+ 
TIDC cytotoxicity against CT26 cells 
was determined using a crystal violet 
assay. (B) FACS analysis of TRAIL 
expression on CD11b+ TIDCs (CD45+) 
that infiltrated untreated CT26 tumor 
and tumor treated with CTX-BCG. (C) 
CD11b+ TIDCs isolated from untreated 
CT26 tumors or BM-DCs were either 
untreated or cultured overnight with 
BCG (8 × 105 CFU/ml). TRAIL expres-
sion was determined by FACS analy-
sis on CD11c+ I-A/I-E+ gated cells 
and (D) 5 × 104 CD11b+ TIDCs or 
BM-DCs were incubated with 1 × 104  
CT26 cells for 48 hours. A blocking 
anti-TRAIL mAb was also added to 
some of the wells containing BM-DCs 
activated by BCG. Cytotoxic effect 
on the CT26 cells was determined 
using a crystal violet assay. (E) BM-
DCs were incubated overnight in the 
absence or presence of ligands for 
TLR2 (Pamv3CSK4 [Pam3]), TLR3 
[Poly(I:C)], TLR4 (LPS), TLR9 (CpG 
ODN 1826 [CpG 1826]), or with BCG 
(8 × 105 CFU/ml). TRAIL expression 
was determined by FACS analysis 
on CD11c+ I-A/I-E+ gated cells. (F) 
Wild-type, Myd88–/–, Tlr2–/–, Tlr4–/–, or 
wild-type mice treated with i.p. injec-
tions of TLR9 inhibitor ODN (IRS 954) 
every 3 days received a subcutaneous 
injection of 5 × 105 CT26 tumor cells. 
In the same experiment, 2 groups of 
mice received either saline or the 
combined treatment. Data represent  
mean ± SEM. *P < 0.05.
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response through its effect on TLR2, TLR4 (25), and TLR9 (26) 
and induces IFN-γ production in human DCs via TLR2 (31). Some 
reports demonstrated that BCG could induce TRAIL expression 
on human neutrophil cell surface (32), and high TRAIL protein 
levels in the urine of bladder cancer patients treated with BCG 
were associated with a favorable response to treatment (33). TRAIL 
expression on human plasmacytoid DCs or Mo-DCs was described 
after TLR7 triggering or IFN-α stimulation, respectively (34, 35). 
In mice, BCG or TLR2 or TLR4 ligands were shown to induce 
TRAIL expression at the surface of peritoneal macrophages (36). 
Here we show for what we believe to be the first time that BCG 
induces TRAIL expression at the surface of mouse CD11b+ TIDCs 
and conventional DCs. We also demonstrate that human Mo-DCs 
also express TRAIL upon BCG stimulation and then kill colon car-
cinoma and melanoma cell lines in a TRAIL-dependent manner.

We (18, 37) and others (28, 38) have demonstrated that low 
doses of CTX could selectively deplete Tregs in the blood and 
lymphoid organs of tumor-bearing animals. Here we show that 
CTX also decreases the number of Tregs that infiltrate the tumor. 
Treg sensitivity to CTX-induced cell death appears to be specific, 
both in vitro and in vivo. Tregs express Foxp3, a transcription 
factor involved in their immunosuppressive effect (39) that is 
associated with an increased expression of proapoptotic mol-
ecules (40), which could contribute to their higher sensitivity to 
low dose of CTX. Accordingly, stable transfection of Foxp3 into 
a leukemic T cell line enhances its sensitivity to mafosfamide in 
vitro. Although CTX could also directly kill tumor cells or induce 
IFN type I production that would impact on tumor growth (41), 

its main effect in our settings appeared to be Treg depletion since 
an adoptive transfer of Tregs abrogates the antitumor effects of 
the CTX and BCG treatment.

We previously demonstrated that Tregs controlled NK cell 
cytotoxicity in mouse and human tumor settings (20, 42). Tregs 
were also involved in the control of the cytotoxic functions of 
classical CTL (19) but, to the best of our knowledge, no studies 
on the ability of Tregs to alter the killing potential of DCs were 
previously carried out. Here, by performing CTX-induced Treg 
depletion and an adoptive transfer of Tregs, we delineate another 
mechanism used by Tregs to mediate immunosuppression. While 
up to now Tregs were only known to affect DC maturation, to our 
knowledge we are the first to demonstrate that Tregs can control 
the cytotoxic effect of TIDCs and conventional DCs. The mecha-
nism by which Tregs inhibit DC cytotoxicity remains to be discov-
ered. Many potential mechanisms by which Tregs mediate their 
function have been described (43). However, it is noteworthy that 
among all the described Treg inhibitory mediators only TGF-β  
was reported to possess an inhibitory effect on TRAIL expression. 
Indeed, the cytotoxicity of other killer cells such as NK cells and 
IKDCs is mainly dependent on TRAIL and could be blunted by 
TGF-β (44, 45). We can therefore hypothesize that Treg mem-
brane-bound TGF-β could blunt DC cytotoxicity as previously 
reported for NK cells (20, 46).

The ability of DCs to foster antitumoral immunity by trig-
gering tumor cell death is an emerging concept (47, 48). Rat 
splenic and BM-derived DCs can trigger tumor cell lysis in 
vitro through NKR-P1 and nitric oxide production, respectively 

Figure 5
BCG activated human Mo-DCs are cytotoxic 
against human cell lines in a TRAIL-dependent 
manner. (A) FACS analysis of TRAIL expression 
on CD11c+ HLA-DR+ DCs derived from human 
CD14+ peripheral blood monocytes after overnight 
incubation with BCG (8 × 105 CFU/ml) or PBS. (B) 
Mo-DCs were either untreated or cultured overnight 
with BCG and then incubated with 1 × 104 HCT116 
cells for 48 hours at various effector/target ratios. 
Cytotoxic effect on HCT116 cells was determined 
using a crystal violet assay. (C) Mo-DCs were 
incubated overnight in the absence or presence of  
8 × 105 CFU/ml of BCG. Then 5 × 104 Mo-DCs were 
incubated with 1 × 104 tumor cells (M45, M96, and 
BEUR melanomas) for 48 hours and tumor cell 
cytotoxicity was determined using a crystal violet 
assay. (D) BCG stimulated Mo-DC cytotoxicity 
against HCT116 cells was determined by a crys-
tal violet assay in the presence of anti-TRAIL,  
l-NMMA, concanamycin A, and Z-VAD-fmk at a 5:1 
effector/target cell ratio. Values from 1 experiment 
out of 2 represent mean ± SEM. *P < 0.05.
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Figure 6
Tregs are selectively killed by CTX and prevent TRAIL-dependent cytotoxicity of TIDCs. (A) FACS analysis of CD4+CD25+ (Treg) cells in 
the CD3+CD4+CD127– tumor-infiltrating T cell subsets. The percentage of Tregs and dead cells in tumors were determined by DAPI labeling 
2 days after CTX injection. Numbers indicate the percentage of cells ± SD. (B) The day of the first BCG injection, 2 groups of mice were 
adoptively transferred with 1 × 106 Tregs or 1 × 106 CD4+CD25– (Tconv) cells (n = 5 in each group). (C) CD11b+ TIDCs from untreated CT26 
tumor-bearing mice were incubated overnight with BCG and with Tregs or Tconvs at a ratio 1:1. TRAIL expression was determined by FACS 
analysis. (D) Same experiment as in C but using mouse BM-DCs instead of CD11b+ TIDCs. (E) Same experiment as in D but in some wells 
DCs were separated from T cells by a 0.4-μm Transwell insert. TRAIL and GAPDH mRNA levels were determined by quantitative RT-PCR 
on CD11c cells sorted by magnetic isolation. BM-DCs incubated with IFN-γ represent a positive control of TRAIL mRNA expression. Each 
value is expressed as fold increase from medium control after normalization with GAPDH. (F) CD11b+ TIDCs from untreated CT26 tumor-
bearing animals were incubated overnight with BCG and with Tregs or Tconvs at a ratio 1:1. Then these cells (5 × 104 cells) were cultured 
with 1 × 104 CT26 cells for 48 hours. TIDC cytotoxicity on CT26 cells was determined using crystal violet staining. (G) Same experiment as 
in F but using mouse BM-DCs instead of CD11b+ TIDCs. (H) Same experiment as in F but using mouse Mo-DCs instead of CD11b+ TIDCs 
and M45 melanoma cells instead of CT26 cells. Values from 1 experiment out of 2 represent mean ± SEM. *P < 0.05.
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(49, 50). Human cord blood CD34+ (51) and peripheral blood 
CD14+-derived DCs (52) could also exert cytotoxic effects in 
vitro. Tumor-infiltrating cells with NK functions and DC mark-
ers called IKDCs were demonstrated to kill tumor cells through 
TRAIL and control tumor growth, although in contrast to con-
ventional DCs and TIDCs described in our study, their ability to 
act as professional APCs and to induce a strong Th1 polarization 
remains to be established (23, 24, 53–55). Here cytotoxic TIDCs 
are capable of antigen presentation as they were able to upregu-
late MHC-II and costimulatory molecules upon the combined 
treatment and to prime naive T cells.

In conclusion, this report emphasizes the remarkable efficacy of 
a combination of CTX and BCG in treating colon carcinomas in  
2 rodent models. These findings illustrate 2 steps that are required 
for achieving eradication of established tumors by immunotherapy.  
The first step is to relieve the immune system from the tumor-
dependent immune tolerance mediated by Treg, which prevents 
the development of an efficient antitumor immune response. The 
second step is the activation of the immune response. Implement-
ing this strategy in the clinic may represent a new challenge for 
the next years. By acting directly on CD11b+ TIDCs through their 
TLRs, BCG intratumoral injections may achieve their activation, 
making these cells cytotoxic against tumor cells and able to acquire 
antigen-presenting function. We propose that Treg depletion fol-

lowed by activation of TIDCs to transform them into tumor cell 
killers and efficient APCs might be a new and powerful way to 
build vaccine against established tumors.

Methods
Animals. Inbred BD-IX strain rats, used at 10–12 weeks of age, were bred 
at Centre de Zootechnologie. BALB/c (H-2d) mice were purchased from 
Janvier and male nude swiss mice were obtained from the animal facility of 
the Gustave Roussy Institute and used at 8–12 weeks of age. Tlr4–/–, Tlr2–/–, 
Trif–/–, and Myd88–/– mice (backcrossed 10 times on a BALB/c background) 
were provided by Grégoire Lauvau. Animal use and handling were approved 
by the Comité régionale d’éthique animale, Dijon, France, and experiments 
were performed following European laws for animal experimentation.

Cell lines. PROb cells were established from a 1,2-dimethylhydrazine–
induced colon carcinoma in BD-IX rats (56). PROb cells transfected with 
a cDNA encoding H2B-GFP (BD) were obtained after selection with blas-
ticidine (20 μg/ml; Invitrogen). Mouse CT26 colon and TS/A mammary 
adenocarcinoma cancer cell lines and rat PROb and G1V1A1 glioma 
cell lines were cultured at 37°C under 5% CO2 in RPMI 1640 complete  
medium. Jurkat cells were obtained from ATCC (catalog no. TIB-152; 
ATCC) and stably transfected with Foxp3 full-length cDNA plasmid, 
which was kindly provided by Steven Ziegler (Benaroya Research Insti-
tute, Seattle, Washington, USA). Human HCT116 colon carcinoma, 
Jurkat leukemia cells, and melanomas (Beur, M45, and M110; kindly 

Figure 7
Treg control TRAIL-mediated antitumor effect 
of CTX-BCG treatment in vivo. (A) Unstimu-
lated or overnight BCG stimulated BM-DCs 
(1–2 × 106 cells) were injected intratumorally 
in nude mice 2, 4, 6, and 10 days after sub-
cutaneous CT26 cell injection (n = 5 in each 
group). (B) FACS analysis of TRAIL expres-
sion in CD11b+ TIDCs (CD45+) from CT26 
untreated or treated tumors. The day of the 
first BCG injection, 1 × 106 Tregs, 1 × 106 
Tconvs, or 100 μl PBS were injected intrave-
nously, and mice were killed 2 days after the 
second BCG intratumoral injection. Numbers 
indicate the percentage of cells ± SD. (C) Four 
groups of 5 BALB/c mice received a subcuta-
neous injection of 5 × 105 CT26 tumor cells. 
Seven days later, mice received the com-
bined treatment alone or in combination with 
intratumoral or i.p. injection of Z-VAD-fmk or 
anti-TRAIL mAb respectively. Untreated mice 
represent control group. For each experiment, 
animals were monitored twice a week for 
tumor volume. Values in A and C represent 
mean ± SEM. *P < 0.05.
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provided by F. Jotereau, Institut de Biologie/CHR, Nantes, France) were 
cultured in DMEM complete medium.

Tumor models and immunotherapy. PROb tumors and CT26 tumors were 
obtained by subcutaneously injecting 1 × 106 cells in the thoracic wall of 
BD-IX rats and 5 × 105 cells in the flank of BALB/c mice. One i.p. injec-
tion of CTX (Sigma-Aldrich) was performed at 30 mg/kg body weight on 
day 28 for rats and 100 mg/kg body weight on day 7 for mice after tumor 
cell injection. Then rats received, 7 and 14 days later, 2 intratumoral injec-
tions of 8 × 105 CFU of BCG (Pasteur-Merieux) while mice received, 2 and 
7 days later, 2 intratumoral injections of 8 × 104 CFU of BCG in 100 μl of 
isotonic NaCl solution. Control groups of tumor-bearing rats and mice 
received CTX alone, BCG alone, or saline injections. In vivo blockade of 
TRAIL was performed by injecting mice i.p. 3 times a week with 250 μg 
of a neutralizing TRAIL-specific antibody (clone N2B2) obtained from  
H. Yagita (Juntendo University School of Medicine) (57). Intratumoral 
injections of Z-VAD-fmk (10 μl of a 100 mM solution), a pan-caspase 
inhibitor, were performed twice. TLR9 from wild-type mice was blocked 
by 3 weekly i.p. injections of 50 μg of IRS 954, an immunoregulatory DNA 
sequence inhibitor kindly provided by F.J. Barrat from Dynavax Technol-
ogy, Berkeley, California, USA (58).

Lymphocyte and TIDC isolation. Tregs (CD4+CD25+) or Tconvs (CD4+CD25–)  
were isolated from the spleen of CT26 tumor-bearing mice using a magnet-
ic bead selection (Miltenyi Biotec) according to the manufacturer’s proto-
col. About 90% of the positively selected Tregs were CD4+CD25+ based on 
FACS analysis. Tregs were incubated overnight with 5 μg/ml of anti-CD3 
and anti-CD28 mAbs, 100 U/ml of IL2, and 1 ng/ml of TGF-β. Tconvs were 
cultured in a similar way without TGF-β. For tumor-infiltrating cell isola-
tion, tumors were mechanically dissociated, then incubated 2 times with 
0.5 mg/ml collagenase (Sigma-Aldrich) for 30 minutes at 37°C on a rock-
ing platform. Populations of TIDCs and CD8+ T cells were either enriched 
using anti-CD11c or anti-CD8α microbeads according to the manufactur-
er’s protocol (Miltenyi Biotec) or sorted on a MoFlo instrument (Dako) 
after staining for CD45, CD11c, CD11b, and MHC-II. The purity of cell 
preparation exceeded 90% when cells were sorted and 70% when they were 
magnetically selected, based on flow cytometry analysis.

Immunofluorescence staining and flow cytometry. We purchased all mouse 
antibodies (Percp anti-CD8α, APC anti-CD11c, FITC anti-I-A/I-E, FITC 
anti-CD11b, FITC anti-Gr1, APC-Cy7 anti-B220, FITC anti-CD19, PE 
anti-F4/80, PE anti-CD80, PE anti-CD86, PE anti-CD40, APC anti-CD3, 
PE-Cy7 anti-CD4, PE anti-CD25, FITC anti-CD127) from BD Biosciences 
— Pharmingen, except PE anti-TRAIL and PE-Cy5.5 anti-CD45 antibodies, 
which were purchased from eBioscience. Anti-NKp46 antibody was kindly 
provided by E. Vivier (CIML, Marseille, France). Human PE anti-TRAIL and 
PE-Cy7 anti-CD11c were from eBioscience and BD Biosciences — Pharmin-
gen, respectively. We incubated cells with antibodies for 30 minutes at 4°C 
and after a wash step we analyzed them with an LSRII (BD) and a FACS 
Diva software (BD). DAPI (Sigma-Aldrich) was added immediately before 
acquisition to exclude dead cells in tumors. We analyzed data with FlowJo 
7.2 software (Tree Star Inc.).

Tumor immunohistochemical analysis. PROb tumors from treated rats were 
surgically removed, embedded in Tissue-Tek (Miles Inc.), and snap-fro-
zen in methylbutane cooled in liquid nitrogen. Frozen sections (10 μm)  
were thawed, fixed in acetone at 4°C, and incubated with various specific 
mAbs obtained from Serotec or BD Biosciences — Pharmingen as previ-
ously described (59).

BM- and Mo-DC generation and TLR ligand stimulation. Murine BM-DCs were 
propagated as already described (37) in Iscove’s medium (Sigma-Aldrich) 
containing 5% of supernatant from J558 cell culture and used when the pro-
portion of DCs within the culture was above 75% as determined by CD11c 
and MHC-II labeling. TLR ligands, such as Pam3CSK4 (10 μg/ml; Invivo-

gen), LPS (1 μg/ml; Sigma-Aldrich), poly(I:C) (5 μg/ml; Sigma-Aldrich), 
CpG 1668 (5 μg/ml; MWG Biotech), were incubated overnight with BM-
DCs or TIDCs. Human monocytes (CD14+), Tregs (CD4+CD25+CD127–), 
and Tconvs (CD4+CD127+) were isolated by sorting PBMCs of healthy vol-
unteers on a MoFlo instrument (Dako) after staining with the following 
mAbs: FITC anti-CD127 (eBioscience), PE anti-CD25 (Miltenyi Biotec),  
PE-Cy7 anti-CD4 (BD Biosciences — Pharmingen), and APC anti-CD14 
(BD Biosciences — Pharmingen). All donors gave written informed con-
sent. The purity of each cell population was about 90%. CD14+ cells were 
cultured for 4 days with GM-CSF (1,000 U/ml; R&D Systems) and IFN-
α2b (1,000 U/ml; Introna Schering Plough), and Tregs and Tconvs were 
maintained in vitro with 1 CD3/CD28 bead (Dynal Biotech ASA) per T cell, 
100 UI of IL-2, and 5 ng/ml of TGF-β for Treg culture.

TRAIL expression by quantitative RT-PCR. RNA isolation from BM-DCs was 
performed with the RNeasy Mini Kit (Qiagen) following the manufacturer’s  
recommendations. Total RNA (500 μg) was reverse-transcribed in a 20 μl 
volume reaction. The cDNAs were then diluted 1:20 in nuclease-free water. 
cDNAs equivalent to 6.25 ng total RNA were used to carry out PCR for 
TRAIL, with ready to use Gene Expression Product (Applied Biosystems) 
in a unique PCR master mix (Applied Biosystems). Quantitative PCR was 
developed on an ABI Prism 7700 Sequence Detector (Applied Biosystems). 
For each experiment, amplification of GAPDH cDNA was carried out 
simultaneously as an endogenous control of the total RNA quantity in 
the reaction. We incubated BM-DCs overnight with 1,000 U/ml of IFN-γ 
(eBioscience) as a positive control of TRAIL mRNA expression (60).

Cytotoxicity assays. Human, rat, or mouse isolated DCs were mixed with 
target cells at different effector/target ratios in a 96-well plate in tripli-
cates. After a 48-hour mixed culture, live tumor cells were revealed after a 
crystal violet incubation as previously reported (59). Caspase-dependent 
cytotoxicity was evaluated by adding Z-VAD-fmk to a final concentration of 
100 μM in wells. Mechanisms of TRAIL, Fas ligand, perforin, or NO-depen-
dent cytotoxicity were appreciated by adding mouse neutralizing anti-
TRAIL (10 μg/ml; clone N2B2), anti–Fas ligand (10 μg/ml; eBioscience), 
or isotype controls (10 μg/ml); human anti-TRAIL (50 ng/ml; Abcam) or 
isotype control (50 ng/ml); and concanamycin A (100 nM; Sigma-Aldrich) 
or l-NMMA (1 mM; Sigma-Aldrich) in triplicate wells.

For the chromium release assay, cell cytotoxicity was measured in a stan-
dard 6-hour 51Cr release assay at 37°C. Specific cytotoxicity was calculated 
as percentage 51Cr release = 100 × (cpm experimental – cpm spontaneous 
release)/(cpm maximum release – cpm spontaneous release). For annexin V/ 
7-amino-actinomycin D (7-AAD) labeling, spontaneously detached cells 
or adherent cells collected after detachment with trypsin and EDTA were 
incubated 15 minutes with annexin V-PE (BD Biosciences — Pharmingen) 
at 20°C, then stained 10 minutes with 7-AAD (BD Biosciences — Pharmin-
gen), and then analyzed by flow cytometry.

Priming and vaccination by TIDCs. To study the capacity of TIDCs to prime 
T cells, 3 × 105 purified CD11b+ TIDCs were injected into the footpad of 
mice and 5 days later draining popliteal lymph nodes were harvested, seeded  
in 96 U-well plates (5 × 105 cells per well), and restimulated with killed 
CT26 for 3 days before the collection of the supernatants. Rat TIDCs (105 
cells) were incubated 2 days with 104 lymphocytes isolated from the spleen 
of rats immunized against killed PROb cells as previously described (18). 
IFN-γ production was measured in the supernatants by ELISA (OptEIA 
ELISA Kit; BD Biosciences). The ability of TIDCs to immunize mice was 
studied by injecting 3 × 105 CD11b+ TIDCs into the footpads of mice and 
by challenging these animals 7 days later with 5 × 105 CT26 cells. After 
20 days, mice were challenged with the same amount of TS/A irrelevant 
syngeneic cells. Vaccination of rats was studied by injecting 5 × 105 TIDCs 
into footpads and by challenging these animals 7 days later with 106 PROb 
cells or G1V1A1 irrelevant syngeneic cells.
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Statistics. Statistical significance (P < 0.05, P < 0.01) was determined by the 
2-tailed Mann-Whitney’s U test or by Kruskal-Wallis test as appropriate.
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