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TGF-β blockade depletes T regulatory cells from metastatic 
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ABSTRACT

Our neoadjuvant clinical trial of a GM-CSF secreting allogeneic pancreas tumor 
vaccine (GVAX) revealed the development of tertiary lymphoid aggregates (TLAs) 
within the pancreatic ductal adenocarcinoma (PDA) tumor microenvironment 2 
weeks after GVAX treatment. Microarray studies revealed that multiple components 
of the TGF-β pathway were suppressed in TLAs from patients who survived greater 
than 3 years and who demonstrated vaccine-enhanced mesothelin-specific T cell 
responses. We tested the hypothesis that combining GVAX with TGF-β inhibitors 
will improve the anti-tumor immune response of vaccine therapy. In a metastatic 
murine model of pancreatic cancer, combination therapy with GVAX vaccine and 
a TGF-β blocking antibody improved the cure rate of PDA-bearing mice. TGF-β 
blockade in combination with GVAX significantly increased the infiltration of effector 
CD8+ T lymphocytes, specifically anti-tumor-specific IFN-g producing CD8+ T cells, 
when compared to monotherapy controls (all p < 0.05). TGF-β blockade alone did 
not deplete T regulatory cells (Tregs), but when give in combination with GVAX, 
GVAX induced intratumoral Tregs were depleted. Therefore, our PDA preclinical 
model demonstrates a survival advantage in mice treated with an anti-TGF-β 
antibody combined with GVAX therapy and provides strong rational for testing this 
combinational therapy in clinical trials.

INTRODUCTION

Despite exciting breakthroughs in cancer 
treatment with novel immunotherapies, pancreatic 
ductal adenocarcinoma (PDA) remains highly resistant 
to these agents. This is due to immune tolerance 
mechanisms initiated early in the development of PDA 
[1]. These mechanisms include early infiltration of 
the tumor microenvironment (TME) with a variety of 
immunosuppressive cells including tumor-associated 

macrophages (TAMs), myeloid derived suppressive cells 
(MDSCs), and regulatory T cells (Tregs) [1]. Additionally, 
antigen experienced effector T cells (Teffs) are scarce [2]. 
While a number of studies have demonstrated the promise 
of vaccine-based immunotherapy for pancreatic cancer, 
effective strategies targeting the immunosuppressive cells 
are lacking [3–5].

Various types of tumors, including PDA, produce 
TGF-β and exploit this mechanism to evade immune 
attack via binding to its receptor [16]. There are three 
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isotypes of TGF-β, TGF-β 1, 2, and 3. The TGF-β receptor 
(TGF-βR) is a heterodimer formed by TGF-βRI and 
TGF-βRII. The overexpression of TGF-β by tumor cells 
suppresses T cell responses through a variety of TGF-β 
signaling pathways. TGF-β has also been shown to be 
a crucial signal that regulates Tregs. Published studies 
suggested that TGF-β induces the expression of the 
transcription factor forkhead box 3 (FoxP3), which is a 
master regulator in the development and differentiation of 
CD4+CD25+ Tregs [17–19]. These regulatory T cells then 
secrete TGF-β and other inhibitory cytokines to suppress 
CD8+ T cell killing of tumor cells [19].

Several studies examined the feasibility of enhancing 
anti-tumor immune responses through the inhibition 
of Treg activity by CD25 cell surface marker blockade 
[6– 8]. Although depletion of Tregs via CD25 blockade 
leads to enhanced immunity in tumor models, removal of 
T cells expressing CD25 also leads to the removal of Teffs, 
which express CD25 after activation. Additionally, this 
therapy currently lacks translational applicability since 
a human antibody equivalent that can effectively deplete 
human CD25+ T cells is unavailable. Tregs constitutively 
express FoxP3, cytotoxic T lymphocyte-associated 
protein 4 (CTLA-4), and glucocorticoid-induced TNF 
receptor family-related protein (GITR) [9]. These factors 
are believed to be crucial for the suppressive function of 
Tregs. Therefore, depleting Tregs by targeting cell markers 
such as CTLA-4 were studied. While clinical efficacy 
has been demonstrated with anti-CTLA-4 antibodies, 
a number of severe autoimmune side effects have been 
observed, including inflammatory bowel pathology and 
hyphophysitis [11]. Biologically, blockade of CTLA-
4 may not be sufficient given that Tregs from CTLA-4 
knockout mice are still capable of suppressing the immune 
response [12]. More recently, suppressing Treg cell 
activity through GITR has been studied in tumor models 
[13]. However, the human GITR blockade antibody is still 
in the early phase clinical trials. Interestingly, low-dose 
cyclophosphamide not only decreases cell numbers of 
Tregs but leads to decreased functionality of Tregs [15]. 
However, cyclophosphamide also depletes Teffs. Thus, 
optimal Treg targeting agents are lacking and are urgently 
needed to improve the efficacy of immunotherapies for 
PDA treatment.

Blocking TGF-β or its receptors has been shown to 
have anti-cancer activities in preclinical cancer models 
[20–22]. As mentioned above, TGF-β appears to be a 
target for blocking Tregs. However, TGF-β blocking 
agents have not yet been shown to target Tregs. The 
clinical development of TGF-β blocking agents is still 
challenging due to the lack of significant efficacy data for 
single agent TGF-β targeting therapies; however, recent 
early phase clinical trials using TGF-β blocking agents 
in certain gastrointestinal cancers have shown promising 
results [23].

Our group recently conducted a novel neo-
adjuvant and adjuvant study designed to evaluate 

post-immunotherapy changes within the TME of 
primary pancreatic tumors following treatment with our 
pancreatic cancer GVAX vaccine, given either alone or 
with immune modulating doses of cyclophosphamide [3]. 
With the same pancreatic cancer vaccine, it was previously 
reported that low dose cyclophosphamide enhanced 
higher avidity T cell responses that were associated with 
longer progression free survival in patients [24]. The 
aforementioned neoadjuvant vaccine study provided 
the opportunity to dissect the PDA TME in the wholly 
resected tumors. Pathological examination of tumor tissue 
resected just two weeks following vaccination identified 
the formation of novel immunotherapy-induced tertiary 
lymphoid aggregates (TLAs), an organized lymphoid 
structure that was not observed in tumors resected from 
unvaccinated patients. Gene microarray analysis of micro 
dissected vaccine-induced lymphoid aggregates identified 
gene expression in the TGF-β pathway, which correlated 
with improved patient outcomes. Most genes in the TGF-β 
pathway, including multiple TGF-β isotypes and TGF-βR 
subunits, were downregulated in lymphoid aggregates 
from patients who survived more than 3 years, in patients 
who demonstrated vaccine-enhanced mesothelin-specific 
T cell responses, and in patients with increased Teff/
Treg (CD8/Foxp3) ratios within their tumors [3]. These 
results suggested that targeting the TGF-β pathway might 
further enhance antitumor immune response induced by 
vaccine therapy. Therefore, in this study, we tested this 
hypothesis in preclinical models of PDA and subsequently 
demonstrated a significant effect of TGF-β blocking 
antibodies on Tregs in a vaccine dependent manner. Our 
study supports the clinical evaluation of TGF-β blocking 
agents as combinational immunotherapy with cancer 
vaccines.

RESULTS

TGF-β blockade in combination with GVAX 
improves the cure rate of metastatic PDA in 
murine tumor models

We examined whether combining GVAX with a 
monoclonal pan-TGF-β neutralizing antibody, which 
blocks all 3 of the TGF-β subtypes (αTGF-β), TGF-β 
1,2, & 3, could improve the anti-tumor activity of GVAX 
in two hepatic metastatic PDA models. The metastatic 
PDA tumor model was established by hemispleen 
injection of Panc02 or KPC tumor cells [25]. αTGF-β 
or IgG isotype controls were administered either as a 
monotherapy or in combination with GVAX (Figure 1A). 
For the Panc02 model, αTGF-β or IgG isotype control was 
administered 3 times per week for 3 weeks while GVAX 
was administered once weekly for three weeks on days 
4, 11 and 18 post tumor inoculation. The KPC model 
treatment regimen consisted of αTGF-β or IgG controls 
dosed on days 3, 5, and 7 post tumor inoculation with a 
single GVAX vaccination on day 4.
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Figure 1: Combination therapy with GVAX and αTGF-β blockade improves clinical outcomes in a PDA mouse 
model. A. Schema of tumor implantation by the hemispleen procedure and treatment with GVAX and αTGF-β blockade as indicated. 
C57Bl/6 mice were challenged on day 0 with 2 × 106 Panc02 tumor cells followed by administration of irradiated whole cell GM-CSF 
Panc02 GVAX on days 4, 11, 18. αTGF-β or IgG was administered IP at 100 ug three times weekly for 3 weeks starting on day 3. 
B.  The percentage of mice that remained disease free at day 90 following Panc02 tumor implantation with GVAX and/or αTGF-β/IgG. 
C. Schema of an additional PDA tumor implantation model consisting of 1 × 105 KPC tumor cells injected on day 0 via hemispleen 
technique in C57Bl/6 mice. A single dose of irradiated GVAX was administered on day 4. αTGF-β or IgG was administered on days 3, 5 and 
7 at 100 ug IP. D. The percentage of mice remaining disease free at day 90 following KPC tumor implantation with GVAX and/or αTGF-β/
IgG. E. Schema of tumor implantation by the hemispleen procedure and treatment with GVAX, TGF-β blockade and αPD-1 as indicated. 
C57Bl/6 mice were challenged on day 0 with 2 × 106 Panc02 tumor cells followed by administration of irradiated whole cell GM-CSF 
Panc02 GVAX on days 4, 11 and 18. αTGF-β or IgG was administered IP at 100 ug three times weekly for 3 weeks starting on day 3. αPD-1 
was administered IP at 100 ug twice weekly for 3 weeks starting on day 3. F. The percentage of mice that remained disease free at day 90 
following Panc02 tumor implantation with GVAX and/or αTGF-β/IgG and/or αPD-1. G. Kaplan-Meier survival curves of mice that were 
implanted with Panc02 tumor cells via hemispleen technique and treated with different combinations of Panc02 GVAX, αTGF-β, IgG and/
or αPD-1. Data are represented as results obtained from experiments with 8 to 10 mice per group, pooled and repeated at least twice. NS, 
not significant; *p < 0.05. PDA, pancreatic ductal adenocarcinoma. IP, intraperitoneal.
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Mice in the liver metastasis model bear a high 
burden of malignant cells. Vaccine-based monotherapy has 
been shown to cure only approximately 10% of the mice. 
αTGF-β therapy alone did not cure any mice in this model. 
Combinatorial GVAX and αTGF-β therapy significantly 
improved the cure rate of mice compared to IgG control 
treatment and αTGF-β monotherapy (35% vs. 0%, p < 0.05) 
in the Panc02 tumor cell hemispleen model (Figure 1B). 
When compared with GVAX plus IgG, the possibility of 
combinatorial GVAX and αTGF-β having improved cure 
rates cannot be excluded (35% vs. 10.5%, p = 0.07). Similar 
experiments were performed to investigate this effect in 
the KPC tumor cell hemispleen PDA model (Figure 1C). 
Again, the possibility of the combination of GVAX and 
αTGF-β having improved cure rates when compared 
to GVAX plus IgG (30% vs. 11%, p = 0.13) cannot be 
excluded (Figure 1D). These data suggest that, although 
TGF-β blockade itself was not found to have an antitumor 
activity in the tumor model tested here, TGF-β blockade is 
able to enhance the antitumor activity of GVAX.

TGF-β blockade increased the cure rate with 
GVAX to approximately 30%, suggesting that other 
immunosuppressive pathways need to be targeted 
simultaneously. We have previously showed that targeting 
the PD-1 pathway in combination with GVAX can enhance 
the cure rate to approximately 40% [26]. Therefore, we 
tested the combination of αTGF-β and αPD-1 antibody 
with GVAX (Figure 1E) and found that both blocking 
agents together can increase the cure rate with GVAX to 
50% and significantly improve median overall survival 
versus GVAX and αTGF-β therapy alone (33 days vs. 82.5 
days, p < 0.05) (Figure 1F and 1G). This result suggests 
that TGF-β targets a non-PD-1 pathway, and its blockade 
can enhance PD-1 blocking activity.

TGF-β blockade reduces tregs in the PDA TME 
in a GVAX therapy dependent manner

Our prior analysis of dissected human PDA lymphoid 
aggregates showed that TGF-β signaling pathways were 
downregulated and intratumoral Tregs were decreased 
in vaccinated patients who had longer survival [3]. We 
therefore examined whether there is an improved antitumor 
efficacy of TGF-β blockade in combination with vaccine 
therapy. We first evaluated the CD4+ T cell population 
within the TME of metastatic Panc02 tumor bearing mice. 
Tumor-bearing mice were treated with either αTGF-β or 
IgG control on days 3, 5, and 7. GVAX was administered 
once on day 4 (Figure 2A). On day 10, the livers were 
harvested for fluorescence-activated cell sorting (FACS) 
analysis of liver infiltrating lymphocytes (TIL).

The percentages of CD4+ TILs among all TILs were 
significantly lower in the combinatorial treatment group 
compared to GVAX monotherapy (28.3% vs. 48.4%, 
p < 0.0001) and αTGF-β monotherapy (28.3% vs. 48.6%, 
p < 0.01) (Figure 2B). The total number of CD4+ TIL was 

significantly lower in the combinatorial GVAX αTGF-β 
group compared to the GVAX monotherapy (12,211 vs. 
34,067 CD4+ T cells per liver, p < 0.05) (Figure 2C). 
When looking specifically at CD4+CD25+Foxp3+ Tregs 
(Figure 2D), GVAX therapy induced intratumoral Tregs, 
suggesting that Tregs confers a checkpoint for vaccine-
induced T cell responses. However, the combinatorial 
group had a significantly lower percentage of Tregs 
among all TILs as well as a reduction in the total absolute 
number of Tregs within the TME when compared to 
GVAX monotherapy (3.4% vs. 6.8%, p < 0.05; 461 vs. 
2,629 Tregs per liver, respectively, p < 0.05) (Figure 2E 
and 2F, respectively). By contrast, αTGF-β monotherapy 
did not decrease either the percentage of Tregs or its 
absolute number within the TME compared to the IgG 
control. Notably, combinatorial GVAX and αTGF-β 
therapy resulted in a significantly higher percentage 
(Supplemental Figure 1A) and total number (Supplemental 
Figure 1B) of non Treg CD4+ T cells within the TME 
compared to GVAX with IgG and αTGF-β monotherapy 
(p < 0.05 for all). Therefore, our data suggest that αTGF-β 
therapy reduces Tregs within the TME in the setting of 
combinational therapy with both GVAX and αTGF-β.

TGF-β blockade enhances antitumor effector 
T cell responses within the TME in a GVAX 
therapy dependent manner

Next, we examined whether Teffs in the TME 
are affected by TGF-β blockade. Interestingly, neither 
GVAX therapy nor αTGF-β therapy changed the 
percentage of CD8+ TILs compared to control treatment 
(Figure 3A). As previously observed [26], GVAX therapy 
enhanced the absolute number of CD8+ TILs within 
the TME (Figure 3B), while αTGF-β therapy had no 
effect on the absolute number of CD8+ TILs. However, 
the combination of GVAX and αTGF-β significantly 
enhanced both the percentage and absolute number 
of CD8+ TILs. In contrast, the percentage of IFNγ 
producing cells among CD8+ TILs was not changed by 
GVAX treatment (Figure 3C). However, αTGF-β did 
significantly increase the percentage of IFNγ producing 
cells among CD8+ TILs as a monotherapy but more in 
combination with GVAX. Importantly, both the CD8+ 
T cell to Treg ratio and the CD8+IFNγ+ T cell to Treg ratio 
within the TME were enhanced by αTGF-β therapy in a 
GVAX therapy dependent manner (Figure 3D and 3E,  
respectively).

To analyze antitumor antigen specific responses, we 
analyzed the IFNγ production of CD8+ TILs incubated 
with irradiated Panc02 tumor cells (Figure 4A). Both 
GVAX and αTGF-β therapy enhanced the tumor-specific 
Teff response as a monotherapy but significantly more 
as combination therapy. In contrast, tumor-specific Teff 
response in splenocytes was not enhanced by αTGF-β, 
GVAX or the combination (Figure 4B).
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Taken together, these results suggested that GVAX 
therapy leads to an increased CD8+ T cell presence in 
the TME; however, it does not enhance the general IFNγ 
production in these CD8+ TILs, in spite of enhancing the 
tumor-specific IFNγ production. In contrast, αTGF-β 
therapy does not increase CD8+ T cell presence within the 
TME, but enhances the general IFNγ production of these 
CD8+ TILs. Thus, αTGF-β therapy further enhances the 
tumor-specific IFNγ production in CD8+ TILs in a GVAX 
therapy dependent manner.

DISCUSSION

To our knowledge, this is the first demonstration 
that TGF-β blockade partially depletes Tregs and 
enhances tumor-specific Teffs in a vaccine dependent 
manner. Our data show that that the combination of 
GVAX therapy and TGF-β blockade has direct effects 
on the tumors by enhancing CD8+ T cell infiltration and 
decreasing the presence of immune suppressive Tregs in 
the TME. Moreover, enhanced tumor specific CD8+ T cell 

Figure 2: Combination therapy with GVAX and αTGF-β decreases CD4+ T cell presence including Tregs in 
PDA. A. Schema of immune analysis following tumor implantation by the hemispleen procedure and treatment with αTGF-β or IgG 
(100 ug IP) on days 3, 5, 7 and GVAX on day 4. B. The percentage of CD4+ T cells among total lymphocytes and C. the total number of 
CD4+ TILs after Panc02 hemispleen and the indicated therapy. D. Fluorescence-activated cell sorting (FACS) cytometry gating schema and 
density plot for CD4+CD25+Foxp3+ Tregs among TILs. Histogram showing E. the percentage of Tregs amongst TILs and F. the total number 
of Tregs in the PDA TME after the indicated therapy. Each experiment consisted of 3 or 6 mice per group, pooled and analyzed individually 
in duplicate. Data represent mean ± SEM from one experiment repeated at least twice. *p < 0.05, ** p < 0.01. TILs, tumor infiltrating 
lymphocytes. PDA, pancreatic ductal adenocarcinoma. TME, tumor microenvironment. Tregs, regulatory T cells. IP, intraperitoneal
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responses were seen within the tumors in mice treated with 
combinatorial therapy. Importantly, these were not seen in 
the periphery, implying that the antitumor immune response 
is activated at the TME level. Finally, combinatorial GVAX 
and αTGF-β lead to improved clinical responses in this 
preclinical metastatic pancreatic cancer model.

The findings in this study also validated our 
previous study [3] showing that the TGF-β pathway 
is downregulated in the vaccine-induced lymphoid 
aggregates in the PDAs of patients who had a longer 

survival following vaccine therapy and also demonstrated 
enhanced T cell responses to tumor antigens as well as 
enhanced intratumoral Teff:Treg ratios. Although the role 
of TGF-β in reducing Tregs in the TME is supported by 
previous reports, our results also explain why TGF-β 
blocking agents were not previously found to be very 
effective as single agents. Our study may identify a more 
effective way of targeting Tregs by combining the TGF-β 
blockade with cancer vaccines that recruit both Teffs and 
Tregs into the TME.

Figure 3: Combination therapy enhances the population of IFNγ+ producing CD8+ T cell infiltration in the TME in the 
setting of decreased Tregs. A. The percentage of CD8+ T cell among TILs and B. total number of CD8+ T cells within the TME. C. The 
percentage of IFNγ+ producing CD8+ T cells among all CD8+ T cells in the TME. The ratio of D. CD8+ TIL to Tregs and E. CD8+IFNγ+ 
T cells to Tregs. Each experiment consisted of 3 or 6 mice per group, pooled and analyzed individually in duplicate. Data represent mean ± 
SEM from one experiment repeated at least twice. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. TILs, tumor infiltrating lymphocytes. 
TME, tumor microenvironment. Tregs, regulatory T cells
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It remains unknown why TGF-β blockade only 
targets Tregs in the presence of vaccine therapy (Figure 5). 
It is possible that the signals induced by vaccine therapy 
coordinate with TGF-β blockade antibodies to target 
Tregs. More likely, TGF-β blockade only targets vaccine-
activated Tregs, but not tumor-residential Tregs. It cannot 
be excluded that TGF-β blockade directly inhibits the 
immunosuppressive signaling in vaccine-induced CD8 T 
cells. The role of TGF-β in Treg development may also 
lie in the activation of Tregs by the immune response to 
antigens. One possibility is that TGF-β blockade decreases 
the Treg number or function and subsequently enhances 
the effector T cell function in response to the vaccine 
therapy. Anti-TGF-β monotherapy does have the effect 
of increasing the percentage of IFNγ producing cells 
among CD8+ TILs as a monotherapy. This is anticipated 
as published literature shows that TGF-β blockade can 
activate Teffs through other mechanisms, likely by 
removing the immunosuppressive signaling secondary to 
TGF-β acting directly on the Teffs [27, 28].

Targeting Tregs is not sufficient to break the 
tolerance in the TME in all PDA tumor-bearing mice. 
The same logic would apply to solely targeting Tregs 
in human PDA patients. We found only approximately 
30% of mice were cured with the combination of TGF-β 
blockade and GVAX. Similarly, we previously found 
[26] that the combination of anti-PD-1 antibody and 
GVAX cured approximately 40% of tumor-bearing mice. 
Therefore, to maximize the effect of immunotherapy, 

both PD-1 and Treg pathways should be targeted. In 
addition, given the pleotropic roles of TGF-β signaling 
pathways, other immune cell subtypes remain to be 
examined for a comprehensive understanding of the 
mechanisms underlying the antitumor effect of the 
GVAX and TGF-β combination. Moreover, other 
immunosuppressive pathways remain to be identified 
and targeted to achieve improved cures that can 
eventually be tested in patients with PDA.

Our preclinical metastatic PDA model focuses 
on metastases to the liver, which is the most common 
metastatic site of human PDA. In particular, the TME 
in this mouse model reflects that seen in human PDA. 
Nevertheless, this is still an experimental model as 
pancreatic cancer patients with liver metastases cannot 
be cured by the pancreatic cancer GVAX alone [3–4]. 
The advantage of this model over the autochthonous 
mouse model is that the tumor formation is timely and 
spatially controlled, allowing a large sample size in single 
experiments. Our results suggest that a potentially more 
effective immunotherapy strategy includes the pancreatic 
cancer vaccine in combination with TGF-β inhibitor. 
Immune checkpoint inhibitors such as αPD-1 antibodies 
may be added to further optimize the immunotherapy 
strategy once the immune modulating effects of the triple 
combination of GVAX, TGF-β inhibitor and αPD-1 
therapy are further characterized in the preclinical models. 
Thus, the immunotherapy strategy supported by our 
preclinical studies warrants testing in human pancreatic 

Figure 4: Tumor specific CD8+ T cells in the TME is enhanced with combinatorial immunotherapy. Irradiated Panc02 
tumor cells were used as antigenic targets for CD8+ T cells isolated from A. TILs and B. the spleen. Each experiment consisted of 3 or 
6 mice per group, pooled and analyzed individually in duplicate. Data represent mean ± SEM from one experiment repeated at least twice. 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. TILs, tumor infiltrating lymphocytes. TME, tumor microenvironment
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cancer clinical trials. Similar immunotherapy strategies 
may be applicable to other malignancies.

MATERIALS AND METHODS

Cell lines and media

Panc02 is highly tumorigenic methylcholanthrene 
induced pancreatic tumor cell line derived in C57Bl6 mice. 
[26, 29] KPC tumor cells are a syngeneic pancreatic tumor 
cell line derived from transgenic mice having tissue-specific 
Kras and p53 knock-in mutations [30]. B78H1 cells are an 
MHC class I negative variant of B16 melanoma cell line 
capable of secreting GM-CSF. All cells were maintained 
as previously described. [26, 31] Briefly, Panc02 
cells were kept in DMEM media (Life Technologies, 
Frederick, MD), 10% Fetalclone II (ThermoScientific, 
Rockville, MD), 1% L-glutamine (Life Technologies) and 
0.5% penicillin/streptomycin (Life Technologies) at 37°C 
in 10% CO2. KPC cells were maintained in RPMI (Life 
Technologies), 10% fetal bovine serum (Atlas Biologicals), 
1% L-glutamine (Life Technologies), 1% penicillin/
streptomycin (Life Technologies), 1% sodium pyruvate 
(Life Technologies), 1% nonessential amino acids (Life 
Technologies), and insulin (2 ml) (Novo Nordisk) at 37°C 
in 5% CO2. B78H1 cells were maintained in RPMI media 
(Life Technologies, Frederick, MD), 10% Fetalclone II 
(ThermoScientific, Rockville, MD), 1% penicillin/
streptomycin (Life Technologies) and 0.5% L-glutamine 
(Life Technologies) at 37°C in 5% CO2.

Mice and in vivo experiments

Mice were purchased from Harlan Laboratories 
(Frederick, MD) and maintained according to the 

Institutional Animal Care and Use Committee 
guidelines. The hemispleen preclinical pancreatic cancer 
model was performed as previously described [25, 26]. 
In the Panc02 hemispleen model, tumor inoculation 
was performed with 2 × 106 cells per 100 μL on day 
0. Panc02 GVAX was prepared and administered as 
previously described [24, 26]. Briefly, 1 × 106 Panc02 
cells and 1 × 106 B78H1 per 100 uL were administered 
subcutaneously in 3 limb nodal basins after irradiation 
at 50 Gy. Mock vaccine consisted of 1 × 106 B78H1 
cells per 100 ul administered subcutaneously in 3 limb 
nodal basins after irradiation at 50 Gy. Vaccinations 
were performed on days 4, 11 and 18. One hundred 
micrograms of mouse αTGF-β (Clone 1D11) (Bio X 
Cell, West Lebanon, NH) or IgG isotype control (Mouse 
IgG1) (Bio X Cell) was administered intraperitoneally 
(IP) three times weekly starting on day 3. Anti-PD-1 
(RMP1–14) (Bio X Cell) was given twice weekly 
(100 ug IP) starting on day 3 for 3 weeks.

The KPC hemispleen model was performed using 
1 × 105 tumor cells per 100 uL for each tumor inoculation 
on day 0. A single allogeneic KPC GVAX vaccination 
was performed on day 4 with 1 × 106 KPC cells and 
1 × 106 B78H1 per 100 uL administered subcutaneously 
in 3 limb nodal basins after irradiation at 50 Gy. Mouse 
αTGF-β (Clone 1D11) or IgG isotype control (Mouse 
IgG1) (Bio X Cell) was administered three times (day 3, 5 
and 7) at 100 ug IP per dose.

Immune analysis of liver-infiltrating 
lymphocytes and spleen

Immune analysis was performed on day 10 after 
Panc02 tumor inoculation. Mice received 1 Panc02 
GVAX vaccination on day 4 and αTGF-β/IgG on day 3, 

Figure 5: A diagram illustrating the potential effects of TGF-β inhibitors in combination with the pancreatic cancer 
vaccine therapy. 
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5 and 7 (100 ug IP). Tissue processing was performed as 
previously described [26].

Cell staining, flow cytometry and 
intracellular staining

Cell staining, flow cytometry and intracellular staining 
was performed as previously described. [26] Isolated spleen 
and liver infiltrating lymphocytes were stained with Live 
Dead Near-IR Dead Cell kit (Invitrogen), CD3-BV785 
(Biolegend), CD45-BV510 (Biolegend), CD8-PE-Cy7 
(Biolegend), CD4-PE-CF594 (Becton Dickinson), and 
CD25-PE-Cy7 (Becton Dickinson). Intracellular staining 
was performed using anti-mouse forkhead box P3 (FoxP3)-
AF488 (MF23; BD Pharmingen). Intracellular cell staining 
for IFNγ and flow cytometry was performed as previously 
described using IFNγ-BV421 (Biolegend) [26].

Mouse IFN-γ enzyme-linked immunosorbent 
assay (ELISA)

CD8+ T cells from liver infiltrating lymphocytes and 
splenocytes were isolated using CD8 negative isolation 
kits (Life Technologies) according to the manufacturer’s 
protocol. Irradiated Panc02 tumor cells were added 
to isolated CD8 T cells at a ratio of 5:1 (2 × 105 CD8+ 
T cells combined with 4 × 104 Panc02 tumor cells) and 
were subsequently incubated for 18 hours in 5% CO2 at 
37°C. The ELISA assay was then conducted using mouse 
IFNγ ELISA Ready-SET-Go assay per the manufacturer’s 
protocol (eBioscience).

Statistical analysis

The cure rates are calculated as the percentages of 
mice that remain free of tumor according to the necropsy 
examination at the end of the experiment (Day 90 following 
the tumor implantation). Statistical analysis for comparison 
of cure rates were evaluated using χ2 test. Mean values 
between groups for cell number, percentage and cytokine 
expression were evaluated using an unpaired Student’s t test. 
P < 0.05 was considered statistically significant.

ACKNOWLEDGMENTS

We wish to thank Dr. Todd Armstrong for helpful 
discussion and Ada Tam and Lee Blosser for technical 
help. K.C.S. is an AHPBA Research Fellow. This work 
was supported in part by the AHPBA Fellowship (K.C.S.), 
NIH K23 CA148964-01 (L.Z.), Johns Hopkins School of 
Medicine Clinical Scientist Award (L.Z.), Viragh Foundation 
and the Skip Viragh Pancreatic Cancer Center at Johns 
Hopkins (D.L., E.M.J., L.Z.), Lefkofsky Family Foundation 
(L.Z.), the NCI SPORE in Gastrointestinal Cancers P50 
CA062924 (E.M.J., L.Z.), Lustgarten Foundation (L.Z.), 
the Sol Goldman Pancreatic Cancer Center grants (K.C.S., 
L.Z.), and NIH NIDDK T32 DK 7713-18 (K.C.S.).

CONFLICTS OF INTEREST

Under a licensing agreement between Aduro Biotech 
and the Johns Hopkins University (University), the 
University and Dr. Elizabeth Jaffee are entitled to milestone 
payments and royalty on sales of the GM-CSF-secreting 
tumor vaccine products (GVAX) described herein.

GRANT SUPPORT

This work was supported in part by the AHPBA 
Fellowship (K.C.S.), NIH K23 CA148964-01 (L.Z.), 
Johns Hopkins School of Medicine Clinical Scientist 
Award (L.Z.), Viragh Foundation and the Skip Viragh 
Pancreatic Cancer Center at Johns Hopkins (E.M.J., L.Z.), 
Lefkofsky Family Foundation (L.Z.), the NCI SPORE in 
Gastrointestinal Cancers P50 CA062924 (E.M.J., L.Z.), 
Lustgarten Foundation (L.Z.), the Sol Goldman Pancreatic 
Cancer Center grants (K.C.S., L.Z.) and NIH NIDDK T32 
DK 7713-18 (K.C.S.).

REFERENCES

1. Clark CE, Hingorani SR, Mick R, Combs C, Tuveson DA, 
Vonderheide RH. Dynamics of the immune reaction to 
pancreatic cancer from inception to invasion. Cancer Res. 
2007; 67:9518–9527.

2. Zheng L, Xue J, Jaffee EM, Habtezion A. Role of immune 
cells and immune-based therapies in pancreatitis and pan-
creatic ductal adenocarcinoma. Gastroenterology. 2013; 
144:1230–1240.

3. Lutz ER, Wu AA, Bigelow E, Sharma R, Mo G, Soares K, 
Solt S, Dorman A, Wamwea A, Yager A, Laheru D, 
Wolfgang CL, Wang J, et al. Immunotherapy converts non-
immunogenic pancreatic tumors into immunogenic foci of 
immune regulation. Cancer Immunol Res. 2014; 2:616–631.

4. Le DT, Wang-Gillam A, Picozzi V, Greten TF, Crocenzi T, 
Springett G, Morse M, Zeh H, Cohen D, Fine RL, 
Onners B, Uram JN, Laheru DA, et al. Safety and survival 
with GVAX pancreas prime and Listeria Monocytogenes-
expressing mesothelin (CRS-207) boost vaccines for meta-
static pancreatic cancer. J Clin Oncol. 2015; 33:1325–1333.

5. Fu J, Kanne DB, Leong M, Glickman LH, McWhirter SM, 
Lemmens E, Mechette K, Leong JJ, Lauer P, Liu W, 
Sivick KE, Zeng Q, Soares KC, et al. STING agonist for-
mulated cancer vaccines can cure established tumors resis-
tant to PD-1 blockade. Sci Transl Med. 2015; 7:283–252.

6. Shevach EM. Regulatory T cells in autoimmmunity*. Annu 
Rev Immunol. 2000; 18:423–449.

7. Takahashi T, Kuniyasu Y, Toda M, Sakaguchi N, Itoh M, 
Iwata M, Shimizu J, Sakaguchi S. Immunologic self- 
tolerance maintained by CD25+CD4+ naturally anergic 
and suppressive T cells: induction of autoimmune disease 
by breaking their anergic/suppressive state. Int Immunol. 
1998; 10:1969–1980.



Oncotarget43014www.impactjournals.com/oncotarget

8. Itoh M, Takahashi T, Sakaguchi N, Kuniyasu Y, Shimizu J, 
Otsuka F, Sakaguchi S. Thymus and autoimmunity: produc-
tion of CD25+CD4+ naturally anergic and suppressive T 
cells as a key function of the thymus in maintaining immu-
nologic self-tolerance. J Immunol. 1999; 162:5317–5326.

9. Drake CG, Jaffee E, Pardoll DM. Mechanisms of immune 
evasion by tumors. Adv Immunol. 2006; 90:51–81.

10. Waterhouse P, Marengere LE, Mittrucker HW, Mak TW. 
CTLA-4, a negative regulator of T-lymphocyte activation. 
Immunol Rev. 1996; 153:183–207.

11. Blansfield JA, Beck KE, Tran K, Yang JC, Hughes MS, 
Kammula US, Royal RE, Topalian SL, Haworth LR, 
Levy C, Rosenberg SA, Sherry RM. Cytotoxic 
T-lymphocyte-associated antigen-4 blockage can 
induce autoimmune hypophysitis in patients with meta-
static melanoma and renal cancer. J Immunother. 2005; 
28:593–598.

12. Takahashi T, Tagami T, Yamazaki S, Uede T, Shimizu J, 
Sakaguchi N, Mak TW, Sakaguchi S. Immunologic self-
tolerance maintained by CD25(+)CD4(+) regulatory T 
cells constitutively expressing cytotoxic T lymphocyte- 
associated antigen 4. J Exp Med. 2000; 192:303–310.

13. Shevach EM, Stephens GL. The GITR-GITRL interaction: 
co-stimulation or contrasuppression of regulatory activity? 
Nat Rev Immunol. 2006; 6:613–618.

14. Ko K, Yamazaki S, Nakamura K, Nishioka T, Hirota K, 
Yamaguchi T, Shimizu J, Nomura T, Chiba T, 
Sakaguchi S. Treatment of advanced tumors with agonis-
tic anti-GITR mAb and its effects on tumor-infiltrating 
Foxp3+CD25+CD4+ regulatory T cells. J Exp Med. 2005; 
202:885–891.

15. Lutsiak ME, Semnani RT, De Pascalis R, Kashmiri SV, 
Schlom J, Sabzevari H. Inhibition of CD4(+)25+ T regu-
latory cell function implicated in enhanced immune 
response by low-dose cyclophosphamide. Blood. 2005; 
105:2862–2868.

16. Yuan XL, Chen L, Zhang TT, Ma YH, Zhou YL, Zhao Y, 
Wang WW, Dong P, Yu L, Zhang YY, Shen LS. Gastric 
cancer cells induce human CD4+Foxp3+ regulatory 
T cells through the production of TGF-beta1. World J 
Gastroenterol. 2011; 17:2019–2027.

17. Chen W, Jin W, Hardegen N, Lei KJ, Li L, Marinos N, 
McGrady G, Wahl SM. Conversion of peripheral 
CD4+CD25- naive T cells to CD4+CD25+ regulatory T 
cells by TGF-beta induction of transcription factor Foxp3. 
J Exp Med. 2003; 198:1875–1886.

18. Fantini MC, Becker C, Monteleone G, Pallone F, Galle PR, 
Neurath MF. Cutting edge: TGF-beta induces a regulatory 
phenotype in CD4+CD25- T cells through Foxp3 induc-
tion and down-regulation of Smad7. J Immunol. 2004; 
172:5149–5153.

19. Chalmin F, Mignot G, Bruchard M, Chevriaux A, Vegran F, 
Hichami A, Ladoire S, Derangere V, Vincent J, Masson D, 
Robson SC, Eberl G, Pallandre JR, et al. Stat3 and Gfi-1 

transcription factors control Th17 cell immunosuppressive 
activity via the regulation of ectonucleotidase expression. 
Immunity. 2012; 36:362–373.

20. Gaspar NJ, Li L, Kapoun AM, Medicherla S, Reddy M, 
Li G, O’Young G, Quon D, Henson M, Damm DL, 
Muiru GT, Murphy A, Higgins LS, et al. Inhibition of trans-
forming growth factor beta signaling reduces pancreatic 
adenocarcinoma growth and invasiveness. Mol Pharmacol. 
2007; 72:152–161.

21. Tanaka H, Shinto O, Yashiro M, Yamazoe S, Iwauchi T, 
Muguruma K, Kubo N, Ohira M, Hirakawa K. Transforming 
growth factor beta signaling inhibitor, SB-431542, induces 
maturation of dendritic cells and enhances anti-tumor 
 activity. Oncol Rep. 2010; 24:1637–1643.

22. Schlingensiepen KH, Jaschinski F, Lang SA, Moser C, 
Geissler EK, Schlitt HJ, Kielmanowicz M, Schneider A. 
Transforming growth factor-beta 2 gene silencing with 
trabedersen (AP 12009) in pancreatic cancer. Cancer Sci. 
2011; 102:1193–1200.

23. Faivre SJ, Santoro A, Kelley RK, Merle P, Gane E, 
Douillard J, Waldschmidt D, Mulcahy MF, Costentin C, 
Minguez B, Papappicco P, Gueorguieva I, Cleverly A, et al. 
A phase 2 study of a novel transforming growth factor-beta 
(TGF-B1) receptor I kinase inhibitor, LY2157299 monohy-
drate (LY), in patients with advanced hepatocellular carci-
noma (HCC). J Clin Oncol. 2014; 32:LBA173.

24. Ercolini AM, Ladle BH, Manning EA, Pfannenstiel LW, 
Armstrong TD, Machiels JP, Bieler JG, Emens LA, 
Reilly RT, Jaffee EM. Recruitment of latent pools of high-
avidity CD8(+) T cells to the antitumor immune response. 
J Exp Med. 2005; 201:1591–1602.

25. Soares KC, Foley K, Olino K, Leubner A, Mayo SC, Jain A, 
Jaffee E, Schulick RD, Yoshimura K, Edil B, Zheng L. A 
preclinical murine model of hepatic metastases. J Vis Exp. 
2014; 51677.

26. Soares KC, Rucki AA, Wu AA, Olino K, Xiao Q, Chai Y, 
Wamwea A, Bigelow E, Lutz E, Liu L, Yao S, Anders RA, 
Laheru D, et al. PD-1/PD-L1 blockade together with vac-
cine therapy facilitates effector T-cell infiltration into pan-
creatic tumors. J Immunother. 2015; 38:1–11.

27. Chandran PA, Keller A, Weinmann L, Seida AA, Braun M, 
Andreev K, Fischer B, Horn E, Schwinn S, Junker M, 
Houben R, Dombrowski Y, Dietl J, et al. The TGF-beta-
inducible miR-23a cluster attenuates IFN-gamma levels 
and antigen-specific cytotoxicity in human CD8(+) T cells. 
J Leukoc Biol. 2014; 96:633–645.

28. Garrison K, Hahn T, Lee WC, Ling LE, Weinberg AD, 
Akporiaye ET. The small molecule TGF-beta signaling 
inhibitor SM16 synergizes with agonistic OX40 antibody 
to suppress established mammary tumors and reduce spon-
taneous metastasis. Cancer Immunol Immunother. 2012; 
61:511–521.

29. Corbett TH, Roberts BJ, Leopold WR, Peckham JC, 
Wilkoff LJ, Griswold DP Jr., Schabel FM Jr. Induction and 



Oncotarget43015www.impactjournals.com/oncotarget

chemotherapeutic response of two transplantable ductal 
adenocarcinomas of the pancreas in C57BL/6 mice. Cancer 
Res. 1984; 44:717–726.

30. Hingorani SR, Wang L, Multani AS, Combs C, 
Deramaudt TB, Hruban RH, Rustgi AK, Chang S, 
Tuveson DA. Trp53R172H and KrasG12D cooperate to 
promote chromosomal instability and widely metastatic 

pancreatic ductal adenocarcinoma in mice. Cancer Cell. 
2005; 7:469–483.

31. Leao IC, Ganesan P, Armstrong TD, Jaffee EM. Effective 
depletion of regulatory T cells allows the recruitment of 
mesothelin-specific CD8 T cells to the antitumor immune 
response against a mesothelin-expressing mouse pancreatic 
adenocarcinoma. Clin Transl Sci. 2008; 1:228–239.


