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CD8+TEM	� Effector Memory CD8+ T cells
CTA	� Cancer Testis Antigens
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HEPES	� 4-(2-hydroxyethyl)-1-piperazineethanesul-
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i.p.	� Intraperitoneal injection
IFN	� Interferon

Abstract  The development of cancer immunotherapy has 
long been a challenge. Here, we report that prophylactic 
vaccination with a highly attenuated Trypanosoma cruzi 
strain expressing NY-ESO-1 (CL-14-NY-ESO-1) induces 
both effector memory and effector CD8+ T lymphocytes 
that efficiently prevent tumor development. However, the 
therapeutic effect of such a vaccine is limited. We also dem-
onstrate that blockade of Cytotoxic T Lymphocyte Antigen 
4 (CTLA-4) during vaccination enhances the frequency of 
NY-ESO-1-specific effector CD8+ T cells producing IFN-γ 
and promotes lymphocyte migration to the tumor infiltrate. 
As a result, therapy with CL-14-NY-ESO-1 together with 
anti-CTLA-4 is highly effective in controlling the develop-
ment of an established melanoma.

Electronic supplementary material  The online version of this 
article (doi:10.1007/s00262-014-1634-8) contains supplementary 
material, which is available to authorized users.
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IL	� Interleukin
MHC	� Major Histocompatibility Complex
PBS	� Phosphate-buffered saline
TI	� Tumor Infiltrate
Tregs	� Regulatory T cells

Introduction

Cancer incidence rates have increased in the past 30 years 
[1]. Nevertheless, significant improvement in cancer ther-
apy has been achieved over the years, and immunother-
apy has emerged as an important alternative to the classic 
methods. Although many clinical trials of immunotherapy 
protocols have resulted in the development of measur-
able immune responses, only a minority of treated patients 
experienced tumor regression [2]. Thus, the field of cancer 
immunotherapy continues to face major challenges, such 
as the selection of appropriate target antigens and effective 
antigen delivery systems to stimulate robust and durable 
immune responses [3].

To achieve positive clinical results, cancer vaccines 
should combine immunogenic tumor-specific proteins with 
effective delivery systems and immunological adjuvants 
[4]. Currently, various vaccine formulations against experi-
mental tumors have been employed to induce strong T cell-
mediated immunity in particular CD8+ T cells specific for 
tumor antigens [5]. Due to restricted expression in normal 
tissues, cancer testis antigens (CTA) are of particular inter-
est as candidates for cancer vaccines [6]. NY-ESO-1 is a 
CTA expressed in a variety of human cancer cells, includ-
ing melanoma, breast, lung, and prostate tumors [7, 8]. 
This antigen induces both cellular and humoral immunity 
in different vaccination protocols. Additionally, a number 
of strategies aiming at improving both the magnitude and 
the quality of anti-NY-ESO-1 responses have been pro-
posed [9, 10].

Recently, we have used the highly attenuated CL-14 
clone of Trypanosoma cruzi, engineered to express NY-
ESO-1 (CL-14-NY-ESO-1), as a cancer antigen delivery 
vector [11]. The use of T. cruzi as a live vaccine delivery 
system is based on the parasites capacity to elicit strong 
immunity mediated by CD8+ T cells, which are the main 
arm of the immune system involved in tumor elimination 
[12, 13]. This transgenic parasite has been shown to be 
effective in prophylactic vaccines, inducing complete pro-
tection against NY-ESO-1-expressing cancer cells. How-
ever, this vector proved to be inefficient in therapeutic pro-
tocols [11].

The cytotoxic T lymphocyte antigen 4 (CTLA-4) has 
been widely used in preclinical and clinical trials for solid 
tumors. Blockade of CTLA-4 with an antibody, used as a 
means to potentiate T cell activation and initiate responses 

to target tumor cells, provided a step forward in the devel-
opment of various treatments against cancer [14]. Here, we 
report the highly significant therapeutic effect of CL-14-
NY-ESO-1 in combination with anti-CTLA-4. The immu-
nological mechanism involved in the inhibition of tumor 
growth was associated with a high frequency of both effec-
tor and effector memory CD8+ T cells. The tumor-specific 
effector CD8+ T cells were cytolytic and produced high 
levels of IFN-γ and IL-2 upon stimulation with recombi-
nant NY-ESO-1 protein (rNY-ESO-1). Furthermore, we 
observed a substantial increase in the frequency of tumor-
infiltrating effector CD8+ T cells in animals treated with 
transgenic parasites plus anti-CTLA-4. The multiple effects 
resulting from this combined strategy undoubtedly repre-
sent a novel tool for a therapeutic anticancer vaccine.

Materials and methods

Mice

Female (8–12  weeks old) C57BL/6 mice were obtained 
from CEBIO (Federal University of Minas Gerais, Bra-
zil), and β2-microglobulin−/− mice were obtained from the 
René Rachou Research Institute’s (CPqRR) animal facility 
center (Fiocruz, Belo Horizonte, Brazil). GzmBCreERT2/
ROSA26EYFP mice were provided by Dr. Douglas T. 
Fearon (Cambridge, UK). GzmBCreERT2/ROSA26EYFP 
mice received 1 mg tamoxifen daily in 10 % EtOH/90 % 
sunflower seed oil (Sigma-Aldrich) via intraperitoneal 
injection (i.p.) for five consecutive days 1 week before the 
spleens were harvested. Experiments for this study were 
approved by the Ethical Commission on Animals’ Use 
(CETEA) at Federal University of Minas Gerais and per-
formed following the Institutional Guide for the Care and 
Use of Laboratory Animals.

Cells and parasites

B16-NY-ESO-1 melanoma cells were grown at 37 °C under 
5  % CO2 in complete RPMI 1640 (Sigma-Aldrich) with 
100 U/ml penicillin and 100 μg/ml streptomycin and sup-
plemented with 10  % fetal bovine serum (FBS; GIBCO). 
The selection was performed with G418 (250  μg/ml), as 
recommended [15]. To establish subcutaneous tumors, 
5  ×  104 B16-NY-ESO-1 cells in 100  μl PBS were sub-
cutaneously injected into the right flank of the mice. The 
monoclonal anti-CTLA-4 antibody (clone 9D9) was pro-
duced from a hybridoma and purified on protein G columns. 
Trypomastigotes from the T. cruzi CL-14 strain were main-
tained as previously described [11, 16]. Immunizations were 
performed by inoculating the mice with 107 trypomastigotes 
i.p. once, or with two doses given 30 days apart.
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Determination of cytokine levels

Spleen cells of immunized mice were treated with ACK 
buffer for erythrocytes lysis and washed twice in RPMI 
containing 5  % FBS before being diluted in RPMI 1640 
cell culture medium (pH 7.4) supplemented with 10  mM 
HEPES, 0.2  % sodium bicarbonate, 59  mg of penicillin/
liter, 133 mg of streptomycin/liter, and 10 % FBS contain-
ing recombinant IL-2 (RD402). Spleen cells number were 
adjusted to 5 × 106 cells per well in cell culture medium 
and were cultured with or without 10  μg/mL of rNY-
ESO-1 (LICR—Cornel University) or the TSKB20 pep-
tide (ANYKFTLV) (Genscript, Piscataway, NJ) for 48 h in 
24-well round-bottom plates. Alternatively, 1 ×  106 sple-
nocytes from vaccinated mice were cultured with 2 × 104 
B16-NY-ESO-1 cells in 96-well round-bottom plates. IL-2 
or IFN-γ levels were measured in cell-free supernatants by 
ELISA (R&D Systems). To determine the IL-6 or IFN-γ 
levels in sera or peritoneal fluids, we used the BD Cytomet-
ric Bead Array Mouse Inflammation Kit, according to the 
manufacturer’s instructions.

T cell immunophenotyping and intracellular cytokine 
measurements

A total of 106 freshly isolated cells were analyzed immedi-
ately ex vivo for surface marker expression, or after being 
cultured for 18  h with either medium alone or with rNY-
ESO-1 for intracellular cytokine production. During the 
last 6 h of culture, Brefeldin A (1 μg/mL; GolgiPlug Pro-
tein Transport Inhibitor, BD Biosciences) was added for 
intracellular cytokine accumulation. To evaluate specific 
immune response, splenocytes were stained for 30  min 
at room temperature with MHC-tetramers-PE exhibiting 
the specific epitopes: NY-ESO-1 (87–94) (H-2  Kb LLE-
FYLAM), TSKB20 (H-2  Kb) or gp100 (25–33) (H-2Db 
EGSRNQDWL; all from the LICR Tetramer Facility). 
Additionally, surface markers were labeled with the follow-
ing mAbs: anti-CD3-APC-Cy7, anti-CD4-AlexaFluor700, 
anti-CD8-PE, anti-CD8-AlexaFluor700, anti-CD44-
PerCP-Cy5.5, anti-CD127-PE-Cy7, anti-CD11b-PerCP-
Cy5.5, anti-F4/80-PE-Cy7, anti-CD11c-AlexaFluor700, 
and anti-MHCII-APC, all from eBioscience; anti-CD4-
Pacific Orange from Caltag–Invitrogen; anti-CD62L-APC 
from BD Pharmingen. Cells were washed, fixed, and per-
meabilized according the manufacturer’s instructions 
(Cytofix/Cytoperm, BD Biosciences). The cells were then 
stained with anti-granzyme B-Alexa647 (eBioscience), 
anti-IFN-γ-APC, or anti-FoxP3-FITC (BD Biosciences). At 
least 200,000 gated events were acquired for the analyses 
using LSR II with Diva (BD Biosciences). FlowJo (v8.8.6) 
and GraphPad Prism (v5.0b) were used for data analysis 
and graphic presentation.

B16‑NY‑ESO‑1 melanoma treatment experiments

C57BL/6 and β2-microglobulin−/− mice were challenged 
on day 0 with B16-NY-ESO-1 cells. Treatment was ini-
tiated on day 3 or 11 depending on the adopted protocol 
(Supplementary Fig.  1). Doses of anti-CTLA-4 (100  μg) 
were administered every 3 days for a total of four or five 
doses. The parasites (107 metacyclic forms) were inocu-
lated every 5 days for a total of two or three doses. Tumor 
growth was monitored for at least 50 days, and the immune 
response was analyzed 21 and/or 28  days after challenge 
with tumor cells. An ELISPOT assay was performed essen-
tially as previously described [17]. The splenocytes were 
stimulated with the peptides CD4-NY-ESO-1 (FYLAMP-
FATPMEAEL), CD8-NY-ESO-1 (LLEFYLAM), TSKB20, 
and rNY-ESO-1 for 18  h. The spots were counted on a 
Series 5 Core ELISPOT Analyzer (CTL). To collect tumor-
infiltrating T cells, tumors were minced and treated with 
1 mg/mL of collagenase IA (Sigma-Aldrich) in HBSS for 
90  min at room temperature [18], followed by passage 
through a 100  μm filter. The cells were stained for flow 
cytometry analysis, as previously described.

Migration of parasites

A total of 2 × 107 metacyclic forms of T. cruzi were incu-
bated with 5 µM CFSE for 10 min at 37 °C under 5 % CO2. 
Labeled parasites were washed three times and inoculated 
i.p. After 1, 20  h or 3  days, the mice were subjected to 
intraperitoneal lavage. Additionally, the mesenteric lymph 
nodes and spleen were harvested. The cells were processed 
and stained for surface markers as described previously.

Statistical analyses

Statistical significance for the ELISA, ELISPOT, and 
cytokine staining assays and immunophenotyping were 
evaluated using a one-way ANOVA and a nonparametric 
test followed by Bonferroni posttest. Statistical significance 
for tumor growth was evaluated using a two-way ANOVA 
with a Bonferroni posttest.

Results

A homologous prime‑boost protocol with CL14‑NY‑ESO‑1 
is required to protect mice against challenge with the 
syngeneic B16 melanoma cell line expressing NY‑ESO‑1

As described previously, the highly attenuated CL-14 
strain of T. cruzi is partially impaired in invading host cells 
[19]. We observed that after internalization of CL-14-NY-
ESO-1, dendritic cells, but not macrophages, migrated 
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to the secondary lymphoid tissues to initiate the immune 
response (Fig. 1a). Thus, we first investigated the number 
of doses of transgenic T. cruzi required to induce protective 
immunity in a prophylactic vaccination protocol. Cytokine 
secretion at the site of infection (Fig.  1b) and activation 
of T cells in the mesenteric lymph nodes (Supplementary 
Fig. 2) were increased after the second dose of the parasite 
(prime/boost) compared with mice that received only one 
dose (prime). PBS-treated mice were included for all time 
points (1  h/20  h/72  h), and no significant responses were 
observed in this group (data not shown). A single dose of 
CL-14-NY-ESO-1 did not induce high IFN-γ or IL-2 pro-
duction, nor did it activate NY-ESO-1-specific CD8+ T 
cells (Fig. 1c). However, after an additional dose of trans-
genic parasite, mice produced significantly higher levels 
of IL-2 and IFN-γ, activated large numbers of NY-ESO-1 
specific CD8+ T cells, exhibited controlled tumor growth, 
and survived up to 50 days after challenge (Fig. 1d). Hence, 
two doses of CL-14-NY-ESO-1 were necessary and suffi-
cient to induce a robust T cell-mediated immune response 
capable of preventing tumor growth.

The homologous prime‑boost protocol 
with CL14‑NY‑ESO‑1 induces type 1 cytokine responses 
by NY‑ESO‑1‑specific T lymphocytes

The population of CD8+ T lymphocytes responsive to 
the parasite-specific immunodominant peptide TSKB20 
expands and contracts during acute infection but is never-
theless maintained during the chronic phase of infection 
with T. cruzi [12, 20]. We next evaluated the longevity of 
the specific CD8+ T cell responses. After the prime-boost 
protocol, we found that both the production of cytokines, 
assayed after 48  h of stimulation with TSKB20 peptide, 
and the frequency of TSKB20–specific CD8+ T cells 
remained high up to 45 days after the boost (Fig. 2a). How-
ever, these responses were significantly lower after 85 days. 
A similar contraction of the CD8+ T cell population was 
also observed in the specific response to NY-ESO-1 
expressed by the transgenic parasite. Upon stimulation 
with the rNY-ESO-1, we detected the production of high 
levels of IFN-γ and IL-2 as well as large numbers of NY-
ESO-1-specific CD8+ T cells, 21 days after the last immu-
nization (Fig. 2b). In addition, we observed that on day 21, 
approximately 30 % of the NY-ESO-1-tetramer+ cells were 
functional and capable of producing IFN-γ following stim-
ulation with rNY-ESO-1 (Fig. 2c, Supplementary Fig. 3a). 
Although lower, the NY-ESO-1-specific T cell population 
was maintained on day 45 and became undetectable by day 
85 post-immunization. Additionally, splenocytes from vac-
cinated mice, harvested 21 days after the boost, produced 
higher levels of IFN-γ when cultured with B16-NY-ESO-1 
melanoma cells (Supplementary Fig. 3b).

Immunization with CL14‑NY‑ESO‑1 induces a high 
frequency of effector CD8+ T (CD8+TE) cells as well 
as effector memory cells (CD8+TEM)

The next step was to analyze the phenotypic characteris-
tics of CD8+ T cells induced after immunization with the 
transgenic parasite. Upon initial priming, naive CD8+ T 
cells can acquire a variety of effector functions, including 
cytotoxicity and cytokine production. In mice, short-lived 
CD8+TE cells express low levels of the IL-7 receptor alpha 
chain (CD127) and down-regulate L-selectin (CD62L) 
[21]. Only a few primed cells are maintained as long-term 
memory cells, a heterogeneous population comprising at 
least two distinct subtypes: central memory (CD8+TCM) 
and effector memory (CD8+TEM). The long-living T 
cells are characterized by their constitutive expression of 
CD127. CD62L expression is used to further discriminate 
CD8+TCM (CD62Lhigh) from CD8+TEM cells (CD62Llow) 
(Supplementary Fig.  4). Prime/boost immunization with 
the transgenic parasite led to a reduced frequency of naive 
CD8+ T cells (C44lowCD62high; Fig.  3a) and to a fivefold 
increase in the proliferation and differentiation of effector 
CD8+ cells (5.65  ±  0.25  ×  106 cells/spleen), compared 
with the absolute numbers observed in the PBS control 
group (0.72  ±  0.19  ×  106 cells/spleen; Supplementary 
Fig. 5). Furthermore, when assessed 21 days after the boost, 
approximately 60 % of activated CD8+ T cells (CD44high) 
were CD8+TE cells, compared with 36.4  % in the PBS 
control group (Fig. 3b, c). However, after 45 days, the fre-
quency of CD8+TEM cells increased to 43  % in animals 
vaccinated with transgenic parasites, while it remained 
unchanged in the PBS control group (around 30 %). Simi-
larly, for the antigen-specific (tetramer positive) CD8+ T 
cells, we observed that the majority of TSKB20- and NY-
ESO-1-specific cells were CD8+TE 21  days post–boost 
and became CD8+TEM 45 days after the boost (Fig. 3d, e). 
Therefore, our findings indicated that transgenic parasites 
induced a high frequency of effector cells as well as pro-
moting the generation of effector memory cells against the 
tumor.

Immunization with CL14‑NY‑ESO‑1 induces a high 
frequency of NY‑ESO‑1‑specific CD8+TE cells expressing 
granzyme B

In functional terms, it has been shown that in addition to 
effector T cells, effector memory cells also exhibit consti-
tutive levels of lytic activity [22]. The release of cytolytic 
granules containing protein granzyme B (gzmB) by cyto-
toxic lymphocytes is an important effector function to 
exterminate tumor cells. To verify the in vivo expression 
of this protein in both cell subtypes, we used a transgenic 
mouse line, gzmBCreERT2/ROSA26EYFP, which allowed 
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the identification of cells transcribing the gzmB gene by the 
co-expression of EYFP [23]. We first observed that gzmB-
positive cells were present in mice immunized with CL-14-
NY-ESO-1 (Fig.  4a) both 21 and 45  days after the boost 
(Fig.  4b). However, these gzmB+ CD8+ T cells changed 
phenotypically from being predominantly CD8+TE cells 
at 21 days to almost all being CD8+TEM cells by 45 days 
after the second dose (Fig.  4c). In agreement with the 
higher effector function observed on day 21, we observed 
that more than 30  % of the gzmB+ CD8+ T cells were 
NY-ESO-1-specific at 21  days after the prime/boost pro-
tocol (Fig. 4d). Similar results were observed with respect 
to gzmB+TSKB20-specific CD8+ T cells (Supplementary 
Fig. 6a), and the capacity of the vaccine to induce gzmB+ 
CD8+ T cells was confirmed using an anti-granzyme B 

monoclonal antibody (Supplementary Fig.  6b). Thus, we 
conclude that immunization with transgenic parasites pro-
motes the generation of effector CD8+ T cells that are 
potentially capable of lysing the tumor cells.

The high frequency of effector CD8+ T cells correlates 
with the ability of vaccinated mice to control 
B16‑NY‑ESO‑1 tumors

After evaluating the immune profile induced by vaccina-
tion with CL-14-NY-ESO-1 at different time points, we 
determined the impact of these responses on the control of 
tumor growth. We demonstrated that upon an early chal-
lenge, 21  days after the boost with the melanoma B16 
cell line expressing NY-ESO-1, vaccinated mice could 

a

b

c

Fig. 2   Induction of cytokine production was greater at 21 days after 
the boost. a, b Activation of antigen-specific immune response was 
evaluated after a prime/boost protocol at three time points: 21, 45, 
and 85 days after the boost. The production of the cytokines IFN-γ 
and IL-2 was measured after stimulating splenocytes for 48  h with 
either a T. cruzi peptide TSKB20 or b rNY-ESO-1. The culture super-
natants were evaluated by ELISA. c NY-ESO-1-specific CD8+ T cells 
collected 21 days after the boost were re-stimulated with rNY-ESO-1 

and evaluated for their ability to produce IFN-γ. The percentage of 
double-positive cells was summarized in the bar graph. *P  <  0.05, 
**P < 0.01, and ***P < 0.001. Within each time interval, the groups 
were compared to the control group PBS and this statistic was shown 
in the top of the bar. Statistical analyses were performed using a one-
way ANOVA with a Bonferroni posttest. Data are the mean ± s.e.m. 
of three to four independent experiments performed in triplicate
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efficiently control tumor growth and exhibited 100 % sur-
vival (Fig.  1d). However, upon late challenge at 45  days 
after boost, we observed a decrease in control of tumor 
growth and reduced survival (60  %; Fig.  5a). Taken 
together, the characterization of CD8+ T cell responses and 
the protection in vaccinated mice suggest that the effec-
tor CD8+ T cells induced by the CL-14-NY-ESO-1 are 
responsible for controlling the tumor growth. However, 
when used in an immunotherapeutic protocol, the abil-
ity of CL14-NY-ESO-1 to control ongoing tumor growth 
was rather limited [11]. Thus, we were encouraged to use 
the blockade of CTLA-4 combined with the transgenic 
parasite to achieve the immune response required to con-
trol tumor growth. Therefore, mice were challenged with 
B16-NY-ESO-1 melanoma and treated with anti-CTLA-4 
in the presence or absence of transgenic parasites. Consist-
ent with previous reports in the B16F10 model [24–26], we 
observed no curative effect of the anti-CTLA-4 treatment 
alone. However, when combined with transgenic parasite 
vaccination, CTLA-4 blockade conferred 100  % survival 
(Fig. 5b). Additionally, tumor growth was reduced fourfold 

compared with the untreated group and twofold compared 
with the group treated with the parasite alone. More than 
40 % of mice treated with CL-14-NY-ESO-1/anti-CTLA-4 
remained tumor-free for at least 12-weeks after challenge 
(Supplementary Fig.  7). Corroborating our initial hypoth-
esis, we observed that β2-microglobulin−/− mice (deficient 
in CD8+ T cells) subjected to the same therapeutic protocol 
were unable to control tumor growth (Fig. 5b, right panel).

CL14‑NY‑ESO‑1 and anti‑CTLA‑4 are responsible for the 
induction and maintenance of NY‑ESO‑1‑specific effector 
cells

To better understand the immunological mechanism by 
which treatment with anti-CTLA-4 enhances the efficacy 
of immunotherapy with CL14-NY-ESO-1, we character-
ized the phenotypes of CD8+ T cells in mice that received 
immunotherapy 21 and 28  days after challenge with B16 
cells expressing NY-ESO-1. The increased frequency of 
effector CD8+ T cells in the spleen suggested that the treat-
ment with anti-CTLA-4 enhanced the induction of CD8+TE 

a b c

d e

Fig. 3   Effector and effector memory CD8+ T cells were generated 
with immunization. Splenocytes were harvested 21 and 45 days after 
the boost vaccination. The expression of the surface markers CD44, 
CD62L and CD127 were used to define subpopulations within the 
CD3+CD8+ T cells. a The bar graph shows the percentage of naïve 
cells (CD44lowCD62Lhigh) in the mice vaccinated with parasites at 
both of time points assessed. b To evaluate the profile of activated 
cells, CD44high was considered in the gates. c The subpopulations 
of CD8+ T cells were depicted with different color patterns: effector 
(CD62LlowCD127low) in blue, effector memory (CD62LlowCD127high) 

in red, and central memory (CD62LhighCD127high) in green. d, e The 
profiles of the subpopulation of the cells specific to the parasite and 
against tumor were evaluated after gating on d TSKB20-tetramers+ 
and e NY-ESO-1-tetramer+, respectively. The groups that were 
immunized with CL-14 (blue) or CL-14-NY-ESO-1 (green) are rep-
resented in each histogram. The shaded histograms (gray) represent 
the expression of these molecules on the whole naïve T cells. Similar 
results were found in three independent experiments with four ani-
mals in each group
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cells by the transgenic parasites (Fig. 6a). Importantly, we 
found that blockade of CTLA-4 also significantly enhanced 
the expansion of NY-ESO-1-tetramer+ T cells (Fig.  6b). 
The induction of antigen spreading to other melanoma pro-
teins was evaluated using a tetramer specific for the glyco-
protein (gp) 100, which is highly expressed in melanocytic 
cells. We found a significant increase in the frequency of 
gp100 tetramer+ T cells in treated mice compared with the 
PBS group (Supplementary Fig.  8a). Next, we evaluated 
the functional state of CD8+ T cells by measuring the pro-
duction of IFN-γ, a key cytokine involved in the control of 
tumor growth. We observed high levels of this cytokine in 
the mouse sera at 48 h after the last dose of anti-CTLA-4 
(Fig. 6c) and a high frequency of IFN-γ producing cells in 

response to in vitro stimulation with rNY-ESO-1 in mice 
treated with CL-14-NY-ESO-1/anti-CTLA-4 (Fig.  6d). 
Interestingly, as previously reported [27, 28], our experi-
ments indicated that the presence of infiltrating CD8+ T 
cells within tumors was positively correlated with bet-
ter prognosis of the mice challenged with the B16 mela-
noma cell lines expressing NY-ESO-1. We observed that 
approximately 40 % of leukocytes are CD8+ T cells in the 
tumor infiltrates from mice treated with the CL-14-NY-
ESO-1/anti-CTLA-4 and <20  % in animals treated with 
anti-CTLA-4 (Fig. 6e). Our results indicate that transgenic 
parasites are responsible for induction of CD8+ T lym-
phocytes, whereas therapy with CTLA-4 maintains this 
protective response. Regardless anti-CTLA-4 treatment, 

a b c

d

Fig. 4   Transgenic parasites were able to induce granzyme B tumor-
specific CD8+ T cells. gzmBCreERT2/ROSA26EYFP mice were vac-
cinated with two doses of PBS or the T. cruzi strain CL-14 expressing 
or not expressing NY-ESO-1. Treatment with tamoxifen was per-
formed during 5  days as described in the methods section, and the 
splenocytes were collected 21 and 45  days after the boost vaccina-
tion. a The expression of EYFP, which is restricted to cells express-
ing granzyme B (gzmB), was used for gating. b The frequencies of 
EYFP+CD3+CD4+ and EYFP+CD3+CD8+ cells were determined. 
c The different subtypes of CD3+CD8+/gzmB+ lymphocytes were 
defined from the markers CD44, CD62L, and CD127, and the num-

bers of cells were plotted. d Representative pseudo-color plots 
demonstrates the gating of CD8+/gzmB+ cells (upper panels) col-
lected 21  days after the boost and the assessment of the NY-ESO-
1-tetramer+ (lower panels). The numbers represent the percent-
age observed, and the bar graph on the right summarizes the data 
obtained in three independent experiments. *P  <  0.05, **P  <  0.01, 
and ***P < 0.001. Within each time interval, the groups were com-
pared with the control group PBS. Statistical analyses were per-
formed using one-way ANOVA with Bonferroni posttest. Data are the 
mean ± s.e.m. of three to four independent experiments performed in 
triplicate
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no changes in regulatory T cells (Tregs; Fig.  6f; Supple-
mentary Fig. 8b) and ratio of CD8+ T cells and Tregs were 
observed in the tumor upon CL-14-NY-ESO-1 treatment on 
day 28 after the challenge (Fig. 6g). It is worth mentioning 
that anti-CTLA-4 depletes Tregs when this cell subpopula-
tion is assessed 1 or 2 days after treatment [26, 29].

Discussion

The major challenge in the cancer vaccine field is to induce 
an effective anti-tumor immune response with an efficient 
type 1 response and long-term immunological memory. 
These goals are similar in many infectious diseases, where 
successful immune protection is ideally induced with live 

vaccines [4]. Therefore, both virus- and bacteria-based 
vectors are currently being studied as potential vehicles 
for antigen and therapeutic gene delivery to immune and 
tumor cells. Fowlpox virus, attenuated Salmonella strains 
and Listeria monocytogenes have exhibited great potential 
as live vectors with broad applications [10, 30, 31]. How-
ever, only few clinical trials have been conducted to date, 
and although they have conclusively shown the safety of 
some of these systems, the immunogenicity results are less 
than optimal [31].

The tumoricidal effect of T. cruzi was observed in early 
experiments where tumor-bearing mice were infected with 
the parasite. At that time, it was suggested that tumor con-
trol might be due to toxins produced by the protozoan [32, 
33]. Several clinical studies were conducted later aiming to 

a
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Fig. 5   Transgenic parasites control tumor growth. a Prophylactic 
vaccination efficiency was evaluated in C57BL/6 mice that received 
a simultaneous prime/boost protocol. The mice were challenged 
with B16 cells expressing NY-ESO-1 45 days after the last dose. The 
tumor growth was measured for 45 days, and the rate of survival was 
observed for 50  days. b For the therapeutic vaccination, the mice 
were subjected to the treatment starting on day 11 or 3 after chal-

lenge and the tumor growth and survival were monitored for 35 and 
50  days, respectively. The best result (treatment started on day 3) 
was applied in the β2-microglobulin−/− mice (c). The tumor growth 
was compared with the group that received anti-CTLA-4/CL-14NY-
ESO-1. *P  <  0.05, **P  <  0.01, and ***P  <  0.001 by a two-way 
ANOVA and a Bonferroni posttest. Similar results were observed in 
three independent experiments with five animals in each group
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describe the tumoricidal effect of T. cruzi, but the studies 
yielded unsatisfactory results, and the tumorigenic action 
remained unclear [34]. Our group has made valiant efforts 
in developing an innovative strategy that uses a highly 
attenuated T. cruzi clone (CL-14) as a vaccine vector for 
NY-ESO-1 expression, the most immunogenic cancer tes-
tis antigen currently described. Using these transgenic 
parasites as a prophylactic vaccine, we achieved 100  % 
protection against a syngeneic melanoma cell line [11]. 
The CL-14 clone was derived from the CL strain, which 
was isolated in the early 1980s and is consistently aviru-
lent. Both parasitemia and tissue parasitism are absent, 
even in newborn or immunodeficient  mice, which are 
known to be highly susceptible to T. cruzi infection [35]. 
We have shown, however, that despite its highly attenuated 

phenotype, the short-term infection is sufficient to initiate 
the immune response.

The key to developing an effective antitumor response is 
the breakdown of immunological tolerance and the activa-
tion of antigen-specific T cells with robust functions [36]. 
There is consensus that an effective cancer vaccine should 
induce CD8+ T cytotoxic cells and the robust production of 
cytokines, such as IFN-γ and IL-2, which mediate various 
effector functions [37]. We believe that at least two attrib-
utes make CL-14 a great vaccine vector. To begin with, 
infection with T. cruzi continuously stimulates the response 
by the intrinsic expression of TLR agonists, such as gly-
cosylphosphatidylinositol anchors, unmethylated CpG and 
ssRNA [11, 38, 39]. This results in the polarization of anti-
gen-specific Th1 lymphocytes, which is ideal to control the 

a
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Fig. 6   Longevity of specific effector cells protects against tumor 
development. a C57BL/6 mice were challenged with B16-NY-ESO-1 
cells (day 0). After 21 and 28 days, we evaluated the percentage of 
effector CD8+ T cells in the spleen. The same definition of columns 
is applied to all figures, except to “panel d”. b The frequency of the 
tetramer-specific CD8+ T cells was determined by flow cytometry on 
day 28 for antigen NY-ESO-1. c The production of the cytokine IFN-
γ was measured in the serum 48 h after the last dose of anti-CTLA-4 
in the treatment. d On day 28 after the challenge, the numbers of 
IFN-γ-producing spleen cells were estimated by the ELISPOT assay. 

Cells of individual mice were stimulated in vitro with restricted pep-
tides from NY-ESO-1 (CD4+ T cell epitopes as well as CD8+ T cell 
epitopes) or NY-ESO-1 recombinant protein or a T. cruzi-specific 
peptide (TSKB20/ANYDFTLV). e, f At the tumor infiltrate (TI) we 
observed e CD8+ T cells and f Treg cells (CD4+CD25+FoxP3+). g 
Ratio of CD8+ T cells to Treg cells was represented. Data are the 
mean ± s.e.m. of three to five independent experiments performed in 
triplicate. *P  <  0.05, **P  <  0.01, and ***P  <  0.001 by a one-way 
ANOVA and a Bonferroni posttest
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tumor. Secondly, in its cytoplasmic environment, T. cruzi 
releases proteins that are processed for presentation by 
class I MHC molecules. Each intracellular round of replica-
tion likely last up to 5 days, thus providing substantial time 
for the detection of these infected cells by parasite-specific 
CD8+ T cells [13]. Furthermore, the transgenic CL-14 
expressing NY-ESO-1 is able to secrete the CTA into the 
host cell cytoplasm, leading to direct class I MHC presen-
tation [11].

Here, we demonstrated that two homologous doses of the 
attenuated parasite CL-14 expressing NY-ESO-1 are able to 
promote both the expansion of NY-ESO-specific CD8+ T 
cytotoxic cells expressing granzyme B+ and the production 
of high levels of IFN-γ and IL-2. A typical CD8+ T cell 
response, however, consists of three main developmental 
stages: effector cell expansion and differentiation, effector 
cell contraction, and stabilization and maintenance of the 
memory cell population. CD8+ memory cells have been 
broadly classified into CD8+TCM and CD8+TEM subsets. 
Similar to other persistent infections, the CD8+TEM cells 
developed during T. cruzi infection have been shown to be 
maintained primarily by the continual antigen presentation 
[13]. The frequency of the CD8+TCM cell subpopulation 
increases as the infection chronifies [20].

In our model, the attenuated parasite was able to induce 
CD8+TEM cells; however, most likely due to its elimi-
nation, these cells return to basal levels, and only a few 
CD8+TCM cells were generated. Some studies have also 
demonstrated that in vitro stimulation of CD8+TCM resulted 
in the production of IL-2 but little IFN-γ, IL-4 or IL-5 [40]. 
In contrast, CD8+TEM cells rapidly produced these effector 
cytokines but produced less IL-2 [41]. Furthermore, only 
the subpopulation of CD8+TEM cells was found to contain 
intracellular perforin [41]. Here, we showed that the long-
term production of the effector cytokine IFN-γ was corre-
lated with the presence of CD8+TEM cells. The decrease in 
IL-2 could be related to the stimulation of few CD8+TCM. 
Moreover, cells expressing the cytotoxic molecule gran-
zyme B, weeks after the boost were CD8+TEM cells. Nev-
ertheless, although the effector functions of effector mem-
ory cells are able to be activated, these cells proliferate 
poorly in response to antigen [42]. In agreement with these 
descriptions and the need for a robust response to tumor 
control, we observed that the full protection of the vaccine 
requires the presence of functional effector cells.

More urgent than the production of an effective vaccine 
is the establishment of new therapies against cancer. The 
activation of T cells requires the recognition of specific 
antigens in concert with co-stimulatory signals from the 
constitutive CD28 receptor on T cells. Once activated, T 
cells transiently upregulate the expression of the CTLA-4 
receptor. The latter competes with the former for the bind-
ing of the same ligands, CD80 and CD86 expressed on the 

surface of antigen presenting cells. While CD28 engage-
ment promotes T cell activation, CTLA-4 serves as an 
immune checkpoint, inhibiting cell-cycle progression and 
IL-2 production. Thus, CTLA-4 signaling provides nega-
tive feedback to the activated T cells, thereby dampening 
the immune response. CTLA-4 deficiency leads to fatal 
lymphoproliferation and autoimmunity, exemplifying its 
importance in the physiological negative regulation of 
T cells [43]. Due to its efficacy, the drug Yervoy® (Ipili-
mumab, Bristol-Myers Squibb Company), an antibody that 
binds to CTLA-4, was approved in the U.S. and Europe as 
an alternative for anti-tumor treatment [44]. Ipilimumab 
specifically blocks the binding of CTLA-4 to its ligands 
and thereby augments T cell activation and proliferation 
and tumor regression [44]. However, ipilimumab works 
in only 20–30  % of the patients, and severe toxic effects 
have been reported in monotherapy with this antibody due 
nonspecific modulation of the immune system [45–47]. 
Furthermore, CTLA-4 blockade failed to induce rejection 
of less immunogenic tumors, such as B16 melanoma and 
SM1 mammary carcinoma [25, 48]. One strategy to mini-
mize the secondary effects and increase the efficiency of 
anti-CTLA-4 therapy would be the stimulation of specific 
immune response in a combined therapy with immunologi-
cal adjuvants or a tumor-specific vaccine [49]. Different 
studies have demonstrated that infection with T. cruzi pro-
vides increased expression of CTLA-4 and that although 
there is no consensus regarding the effect on CD8+ T cells, 
the use of anti-CTLA-4 has been reported to enhance host 
resistance to infection by even more virulent strains [50]. 
With this in mind, we combined the attenuated transgenic 
parasite stably expressing NY-ESO-1 as a vaccine with 
the blockade of CTLA-4, aiming to enhance the para-
site action by blocking immunoregulation mechanisms as 
well as decreasing the several side effects of anti-CTLA-4 
administration.

In conclusion, we report that the therapy combining 
CL14-NY-ESO-1 with anti-CTLA-4 is highly effective in 
melanoma-bearing mice. The efficiency of this protocol 
was dependent on the ability of anti-CTLA-4 antibodies 
to maintain the NY-ESO-1-specific CD8+ T cells induced 
by the transgenic parasite. We also demonstrated that the 
therapeutic vaccine contributed to antigen spreading, favor-
ing the expansion and development of T cell response to 
related tumor antigens, as shown for gp100. Finally, we 
demonstrated that a consequence of the expansion of CD8+ 
TE in mice that were treated with CL14-NY-ESO-1 asso-
ciated with CTLA-4 blockade is the enhanced frequency 
of CD8+ T cells as well as the CD8+ T/Treg lymphocyte 
ratio in the tumor microenvironment. As various stud-
ies have indicated the clinical relevance of CD8+ T cells 
and the improved prognosis of patients exhibiting CD8+ 
T cells in tumor infiltrates, this migration is a critical 
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event in the effectiveness of CL14-NY-ESO-1/CTLA-4 
immunotherapy.
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