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Abstract: Antibodies blocking the programmed death-ligand 1 (PD-L1) have shown impressive and
durable responses in clinical studies. However, this type of immunotherapy is only effective in
a subset of patients and not sufficient for rejection of all tumor types. In this study, we explored
in two mouse tumor models whether the antitumor effect could be enhanced by the combined
blockade of PD-L1 and transforming growth factor-β (TGF-β), a potent immunosuppressive cytokine.
The effect of anti-PD-L1 mouse monoclonal (mAb) and a TGF-β type I receptor small molecule kinase
inhibitor (LY364947) was evaluated in the highly immunogenic mouse MC38 colon adenocarcinoma
and the poorly immunogenic mouse KPC1 pancreatic tumor model. In the MC38 tumor model,
LY364947 monotherapy did not show any antitumor effect, whereas treatment with anti-PD-L1
mAb significantly delayed tumor outgrowth. However, combination therapy showed the strongest
therapeutic efficacy, resulting in improved long-term survival compared with anti-PD-L1 mAb
monotherapy. This improved survival was associated with an increased influx of CD8+ T cells in the
tumor microenvironment. In the KPC1 tumor model, LY364947 did not enhance the antitumor effect of
anti-PD-L1 mAb. Despite this, delayed KPC1 tumor outgrowth was observed in the LY364947-treated
group and this treatment led to a significant reduction of CD4+ T cells in the tumor microenvironment.
Together, our data indicate that an additive anti-tumor response of dual targeting PD-L1 and TGF-β
is dependent on the tumor model used, highlighting the importance of selecting appropriate cancer
types, using in-depth analysis of the tumor microenvironment, which can benefit from combinatorial
immunotherapy regimens.
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1. Introduction

Immune checkpoint molecules are gaining prominence as targets for cancer immunotherapy,
demonstrating durable remission of patients with metastatic lesions [1]. Last year the Nobel prize for
physiology and medicine was awarded to James P. Allison and Tasuku Honjo “for their discovery of
cancer therapy by inhibition of negative immune regulation” [2]. Antibodies targeting programmed
death ligand 1 (PD-L1) such as atezolizumab, avelumab, and durvalumab have received regulatory
approval [3–6]. Despite showing remarkable durable remissions, these antibodies only demonstrate
their efficacy in a subset of specific cancer types [7]. In order to increase the therapeutic efficacy, many
on-going preclinical and clinical studies are evaluating anti-PD-L1 mAb in combination with other
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immunostimulatory agents or cancer-modulating drugs. An important strategy is to down-regulate
the immune suppression that is elicited by the tumor microenvironment to allow immunotherapy to
be effective.

Transforming growth factor-β (TGF-β) is an immunosuppressive cytokine which is often produced
in large quantities by many cell types in the tumor microenvironment, including tumor cells [8,9];
regulatory T cells [10,11]; and myeloid suppressor cells [12,13]. TGF-β is well known for its pleiotropic
role from initiating to promoting tumor development [14–17] and it has a negative effect on anti-tumor
immunity by suppressing the effector functions of several immune effector cells such as neutrophils,
macrophages, natural killer (NK) cells, CD8 cells, and CD4 T cells [16,18–20]. Together with other
cytokines such as interleukin (IL)-2 and IL-6, TGF-β also induces the generation and recruitment of
regulatory T cells to further suppress the antitumor T and NK cell responses [21,22]. Moreover, it is
also known for its role in regulating and promoting the accumulation of stiff fibrillary extracellular
matrix composed of collagen [23], resulting in hindered drug transport [24] and infiltration of immune
cells [25–27] into the tumor. Most importantly, high serum levels of three TGF-β isoforms, TGF-β1,
TGF-β2, and TGF-β3, correlate with poor clinical outcome [28–32].

As such, it is plausible that TGF-β inhibition, through reducing immune suppression and
decreasing deposition of matrix collagen content, could potentially improve infiltration of activated
immune effector cells and delivery of drug into the tumor microenvironment. In this study, we
investigated if the treatment of TGF-β receptor 1 selective small molecule kinase inhibitor, termed
LY364947 [33], can enhance the antitumor efficacy of anti-PD-L1 mAb in immunogenic (MC38 colorectal
tumor) and poorly immunogenic (KPC1 pancreatic tumor) tumor models.

2. Materials and Methods

2.1. Cell Culture

The mouse breast cancer TUBO cell line was a gift from Prof Guido Forni [34]; mouse pancreatic
tumor cell lines KPC1 and KPC3 were obtained from Dr Thorsten Hagemann (Queen Mary, University
of London). B16OVA, a variant of the melanoma B16F10 tumor line that expresses full-length OVA,
was a gift from K. L. Rock (University of Massachusetts Medical Center, Worcester, MA, USA). EL4 and
B16F10 cell lines were obtained from ATCC (Rockville, MD, USA). RMA is a mutagenized derivative
of RBL-5, a Rauscher MuLV-induced T lymphoma cell line [35]. The MC38 tumor cell line is derived
from a primary mouse colon carcinoma [36]. The C3 tumor cell line was generated by transfection of
B6 mouse embryonic cells (MEC) with the complete HPV16 genome and maintained as previously
described [37]. All tumor cell lines were cultured in Iscove’s modified Dulbecco’s medium (IMDM)
(Lonza, Allendale, NJ, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Greiner,
Bio-One, Frickenhausen, Germany), 2 mM l-glutamine (Gibco, Invitrogen, Blijswijk, The Netherlands),
25 µM 2-mercaptoethanol (Merck, Darmstadt, Germany), and 100 IU/mL penicillin/streptomycin
(Gibco). Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% heat-inactivated
FBS (Greiner, Bio-One, Frickenhausen, Germany) and 100 U/mL penicillin/streptomycin (Gibco) were
used to culture human embryonic kidney (HEK)293 cells. HEK293 cells were obtained from ATCC
(Rockville, MD, USA). All cell lines in our studies were maintained at 37 ◦C, with 5% CO2, in a
humidified incubator and were free of mycoplasma.

2.2. Mice

Wild-type (WT) C57Bl/6 female mice were purchased from Charles River (L’Arbresle, France)
and maintained under specific pathogen-free (SPF) animal facilities of the Central Animal Facility
(PDC) of the Leiden University Medical Center (LUMC). Mice were 8–9 weeks old at the beginning
of each experiment. The health status of the animals was monitored over time. Animals tested
negative for all agents listed in the Federation of European Laboratory Animal Science Associations
(FELASA) guidelines for SPF mouse colonies [38]. All animal studies were approved by the animal
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ethics committee of LUMC. Experiments were performed recommendations and guidelines set by
LUMC and the Dutch Act on Animal Experimentation and EU Directive 2010/63/EU (Guidelines on
the Protection of Experimental Animals).

2.3. Syngeneic Tumor Studies

MC38 colon adenocarcinoma cancer cells (4 × 105 cells) were injected subcutaneously into
8–12-week-old mice in 100 µL of phosphate buffered saline (PBS). Then, 200 µg of anti-PD-L1 mAb
(clone MIH5) were injected intraperitoneally at days 6, 8, and 11 after inoculation. LY364947 was
purchased from Selleckchem (Huston, TX, USA) and dissolved in dimethylsulfoxide (DMSO) to make
final concentration of 20 mg/mL. Then, 10 mg/kg of LY364947 were injected intraperitoneally at days
6, 8, and 11 and once every three days after cancer cell inoculation. The KPC1 pancreatic cancer cell
line was generated from KrasLSL-G12D/+, Trp53LSL-R172H/+, Pdx1-Cre (KPC) mice and was a gift from
Thorsten Hagemann (Queen Mary University of London). The tumor cells (1 × 105 cells) were injected
subcutaneously into 8–12-week-old mice in 100 µL of PBS. At days 9, 11, and 14 post tumor inoculation,
mice were injected intraperitoneally with 200 µg of anti-PD-L1 mAb (clone MIH5). For the LY364947
or combination group, mice received 10 mg/kg of LY364947 (intraperitoneally) at day 9 and once
every day post tumor inoculation. All tumors were measured twice weekly using calipers. Mice were
sacrificed when tumors reached a size of 100 mm2 to avoid unnecessary suffering. Both cell lines were
mycoplasma and mouse antibody production (MAP)-tested before the start of tumor studies.

2.4. Flow Cytometry

Harvested tumors were manually minced into small pieces with scalpels before incubating
with 350 µg/mL Liberase TL (Roche) for 20 min at 37 ◦C and filtered through a 70-µm cell strainers
(BD Biosciences, Bedford, MA, USA) to obtain single cell suspension. The cells were subjected to
Ammonium-Chloride-Potassium (ACK) lysis (5 min) before staining with 10% normal mouse serum
and anti-mouse CD16/CD32 antibody (clone 2.4G2) to block Fc receptor for IgG (FcγRs). Single-cell
suspensions of tumor-infiltrating lymphocytes were stained using the following antibodies: CD8α
(clone 53-6.7), CD4 (clone L3T4), CD3ε (clone 145-2c11), CD11b (clone M1/70), F4/80 (clone BM8),
CD45.2 (clone 104), Ly6G (clone 1A8), PD-L1 (clone MIH5). LAG-3 (C9B7W), and CTLA-4 (9H10).
Then, 7-AAD staining (Invitrogen, Carlsbad, CA, USA) was used to exclude dead cells. All stained
cells were analyzed on a LSRII cytometer (BD) and data analysis was performed with FlowJo Software
v10 (Tree Star, San Carlos, CA, USA).

2.5. mTGF-β1 ELISA

Briefly, tumor cell lines were cultured in 24-well plates in complete IMDM until 80% confluent. Cells
were washed twice with PBS and cultured in IMDM supplemented with 1% FBS (not heat-inactivated)
for 24 h at 37 ◦C. Supernatants were collected and stored at−20 ◦C until further analysis. Total mTGF-β1
levels were measured by using a Mouse TGF-β1 duoset ELISA kit according to the manufacturer’s
instructions (#DY1679, R&D Systems, Minneapolis, MN, USA).

2.6. CAGA Luciferase Reporter Assay

To produce conditional medium (CM), MC38, KPC1, KPC3, and B16F10 cells were washed two
times with PBS at 70–80% confluency and incubated in serum-free DMEM medium for 24 h. CM was
then collected and passed through a 0.45-mm Syringe Filter (SLHP033RB, Merck Millipore, Billerica, MA,
USA). HEK293 cells were seeded at approximately 5 × 104 cells per well into a 24-well plate. The next
day, cells in each well were co-transfected with 0.1 µg TGF-β/SMADinducible (CAGA)12 luciferase
transcriptional reporter construct, which encodes 12 repeats of the AGCCAGACA sequence (identified
as a SMAD3/SMAD4-binding element in the human PAI-1 promoter [39]), and 0.08 µg β-galactosidase
construct (driven by a cytomegalovirus promoter) using five times of polyethyleneimine in quantity.
After overnight incubation, HEK293 cells were starved with serum free medium. Eight hours later,
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serum free media were removed and replaced by CM. A TGF-β treatment (5 ng/mL, 8420-B3, R&D
SYSTEMS, Minneapolis, MN, USA) was also performed that served as a standard. After another
overnight incubation, luciferase and β-galactosidase activities were measured. The luciferase activity
was normalized based on the β-galactosidase activity. Representative experiments indicating the mean
and standard deviation of triplicate values are shown.

2.7. Western Blot

Approximately 2.5 × 105 of MC38 and KPC1 cells were plated in 6-well plate in complete medium
and incubated overnight at 37 ◦C. The next day, the complete medium was replaced with 0.2% FBS
medium and further incubated at 37 ◦C for eight hours. Cells were then treated with 1 µg/mL
of LY364947 for 30 min before stimulating with 5 ng/mL of TGF-β3 for 2 h. Cells were lysed in
radioimmunoprecipitation assay buffer (RIPA) sampler buffer (50 mM Tris–HCl (pH 8.0) with 150 mM
NaCl, 1.0% Nonidet P-40, 0.5% sodium deoxycholate, and 0.1% sodium dodecyl sulfate) containing
cOmplete™ Protease Inhibitor Cocktail (11697498001, Roche, Basel, Switzerland). Protein concentration
was determined using a DC™ Protein Assay Kit (5000111, Bio-Rad, Hercules, CA, USA). An equal
amount of protein was subjected to sodium dodecyl sulfate–polyacrylamide gel electrophoresis and
blotted onto a polyvinylidene difluoride membrane (IPVH00010, Merck Millipore). Membrane was
probed with phospho-SMAD2 antibody [40] (homemade) and GAPDH antibody (AB2302, Merck
Millipore, Billerica, MA, USA). The chemiluminescent signal was detected using the Clarity™Western
ECL Substrate (Hercules, CA, USA) and visualized using the ChemiDoc™ Imaging Systems (17001402,
Bio-Rad, Hercules, CA, USA).

2.8. In Vitro Cell Proliferation Assay

MC38 and KPC1 cells were plated in a 96-well plate, with 2 × 103 cells/well approximately, and
incubated overnight. Cells were treated with vehicle control, or 1 µg/mL of LY364947, or 5 ng/mL of
TGF-β3, or a LY364947 and TGF-β3 combination. The cell proliferation was determined by CellTiter 96®

AQueous Non-Radioactive Cell Proliferation Assay (MTS) (G5421, Promega BioSciences, Madison, WI,
USA) following the manufacturer’s protocol. Absorbance was measured at 490 nm over 5 consecutive
days using VICTORX Multilabel Plate Reader (2030-0050, Perkin Elmer, Waltham, MA, USA). Each
group was evaluated in five repeats, and a cell growth curve was plotted.

2.9. Statistical Analyses

Data were analyzed using Prism 7.0 GraphPad Prism 7.0 (GraphPad Software, La Jolla, CA, USA).
To determine statistical significance between two groups, an unpaired Student’s t-test was performed.
Significance between more than two groups was evaluated by one-way ANOVA. Kaplan–Meier method
and the log-rank (Mantel–Cox) test were used to determine statistical differences in the survival of mice.

3. Results

3.1. Colorectal and Pancreatic Cancer Cells Produce High Levels of mTGF-β1

In order to select mouse tumor models to investigate the therapeutic efficacy of combining TGF-β
inhibitor and anti-PD-L1 mAb, we measured mTGF-β1 production by various mouse tumor cell lines.
As illustrated in Figure 1A, ELISA analysis revealed that both pancreatic (KPC1) and colorectal (MC38)
cancer cell lines produced high levels of latent mTGF-β1 protein. Using a transcriptional reporter assay,
we observed that MC38 but not KPC1 cells secreted elevated amounts of active mTGF-β (Figure 1B).
Due to the high level of production of latent and/or active mTGF-β, MC38 and KPC1 were selected for
in vivo analysis. We first evaluated the TGF-β/SMAD2 response and efficacy of the small molecule
inhibitor LY364947 targeting the TGF-βRI serine/threonine kinase activity in both cell lines when
cultured in vitro. TGF-β potently stimulated the phosphorylation of SMAD2 (pSMAD2) in MC38
and KPC1 cell lines and this was blocked by LY364947 (Figure 1C). Despite these inhibitory effects,
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the proliferation of tumor cells remained unaffected by LY36947 and/or TGF-β treatment (Figure 1D).
Next, the effect of LY364947 treatment in vivo was determined by investigating intra-tumoral levels of
pSMAD2 after intraperitoneal (i.p.) injection of LY364947 in mice bearing either established MC38
or KPC1 tumors (Figure 1D). Histology analysis using phospho-SMAD2 antibody revealed strong
phosphorylation of SMAD2 in control DMSO and 1 and 4 h post LY364947-treated MC38 and KPC1
tumors. Decreased TGF-β-induced SMAD2 phosphorylation was observed in 8 h post LY364947-treated
tumors and this inhibitory effect of LY364947 appeared to last longer in MC38 than KPC1 tumors.
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3.2. TGF-β Kinase Inhibitor LY364947 Improves Therapeutic Efficacy of Anti-PDL1 mAb 

Figure 1. Production level of transforming growth factor-β (TGF-β) by various preclinical mouse tumor
models and the potency of LY364947 to inhibit TGF-β-mediated cellular SMAD2 phosphorylation.
Latent (A) and active (B) TGF-β in the conditioned media of cancer cell lines was assessed by
TGF-β1 ELISA and transcriptional CAGA-luciferase reporter assay, respectively. (C) Immunoblotting
of phospho-Smad2 of KPC1 and MC38 tumor cell lines after TGF-β and/or LY364947 treatment.
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was measured as loading control. (D) Effect of
the TGF-β and/or LY364947 on the proliferation of KPC1 and MC38 tumor cell lines. (E) Established
MC38 or KPC1 tumor-bearing C57Bl/6 mice were administered LY364947 or DMSO, respectively. At 1, 4,
8, and 24 h after the injection, mice were sacrificed and tumors were analyzed by immune-histochemical
staining for phospho-SMAD2.

3.2. TGF-β Kinase Inhibitor LY364947 Improves Therapeutic Efficacy of Anti-PDL1 mAb

The MC38 colon adenocarcinoma syngeneic model on a C57BL/6 background is highly
immunogenic and it has been demonstrated to be sensitive to anti-PD-L1 immune checkpoint
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monotherapy [41,42]. To test if LY364947 boosts the antitumor effect of anti-PD-L1 mAb, we
examined the anti-tumor effect of these treatments on subcutaneously growing MC38 tumors in
immune-competent C57BL/6 mice. As shown in Figure 2A, LY364947 induced little therapeutic
effect, whereas treatment with anti-PDL1 mAb or combination therapy significantly delayed tumor
outgrowth, leading to prolonged overall survival. Beyond day 31, the survival rate of mice treated
with combination therapy showed significantly higher survival rate than mice receiving anti-PD-L1
mAb (Figure 2A). These data suggest that the blockade of TGF-β receptor activity enhanced the
anti-tumor immunity of anti-PD-L1 mAb therapy, leading to improved overall long-term survival in
the immunogenic MC38 tumor model (Figure 2B).

Cells 2019, 8, 320 6 of 14 

 

The MC38 colon adenocarcinoma syngeneic model on a C57BL/6 background is highly 
immunogenic and it has been demonstrated to be sensitive to anti-PD-L1 immune checkpoint 
monotherapy [41,42]. To test if LY364947 boosts the antitumor effect of anti-PD-L1 mAb, we 
examined the anti-tumor effect of these treatments on subcutaneously growing MC38 tumors in 
immune-competent C57BL/6 mice. As shown in Figure 2A, LY364947 induced little therapeutic effect, 
whereas treatment with anti-PDL1 mAb or combination therapy significantly delayed tumor 
outgrowth, leading to prolonged overall survival. Beyond day 31, the survival rate of mice treated 
with combination therapy showed significantly higher survival rate than mice receiving anti-PD-L1 
mAb (Figure 2A). These data suggest that the blockade of TGF-β receptor activity enhanced the anti-
tumor immunity of anti-PD-L1 mAb therapy, leading to improved overall long-term survival in the 
immunogenic MC38 tumor model (Figure 2B).  

 

Figure 2. LY364947 improves anti-PDL1 mAb therapy. (A) MC38 tumor-bearing mice were treated 
with 200 ug anti-PDL1 mAb i.p. (MIH5; days 8, 10, and 13) and/or 10 mg/kg TGF-β receptor kinase 
inhibitor i.p. (LY364947; days 8, 10, 13, and every three days). Data presented as Kaplan–Meier 
survival curves with a total of 16 animals per group. Dashed line represents day 31. The log-rank test 
was used to determine the statistical significance of the survival. (B) Percentage of mice bearing 
subcutaneous MC38 treated with indicated regimens that rejected the tumor and survived tumor-
free-long-term. Data compiled from two independent experiments, 16 mice per group. PDL1: 
programmed death-ligand 1. (* p <0.05; *** p <0.001, n.s, non signifiant). 

3.3. Effect of Combination Therapy on the MC38 Tumor Microenvironment 

To investigate the mechanism of action of anti-PDL1 mAb and LY364947 in the MC38 tumor 
model, we first analyzed the impact of the therapies on the frequency of immune cells in the tumor 
microenvironment of MC38 tumors by flow cytometry. As shown in Figure 3A, treatment with 
combined therapy of LY364947 and anti-PDL1 mAb led to a higher frequency of tumor-infiltrating 
CD3+ T cells. CD8+ (Figure 3B, Figure S1A) but not CD4+ (Figure 3C). T cells were accountable for the 
higher frequency to tumor-infiltrating T cells. Moreover, blockade of TGF-β had no effect on the 
frequency of Foxp3+ CD4+ T cells (Figure S2A). Frequencies of F4/80+ macrophages (Figure 3D) and 
Ly6G+ granulocytes (Figure 3E) were not significantly affected by LY364947 and combination 
therapy. Our results support previously reported studies which show that the combination of TGF-β 

Figure 2. LY364947 improves anti-PDL1 mAb therapy. (A) MC38 tumor-bearing mice were treated
with 200 µg anti-PDL1 mAb i.p. (MIH5; days 8, 10, and 13) and/or 10 mg/kg TGF-β receptor kinase
inhibitor i.p. (LY364947; days 8, 10, 13, and every three days). Data presented as Kaplan–Meier survival
curves with a total of 16 animals per group. Dashed line represents day 31. The log-rank test was used
to determine the statistical significance of the survival. (B) Percentage of mice bearing subcutaneous
MC38 treated with indicated regimens that rejected the tumor and survived tumor-free-long-term. Data
compiled from two independent experiments, 16 mice per group. PDL1: programmed death-ligand 1.
(* p <0.05; *** p <0.001, n.s, non signifiant).

3.3. Effect of Combination Therapy on the MC38 Tumor Microenvironment

To investigate the mechanism of action of anti-PDL1 mAb and LY364947 in the MC38 tumor
model, we first analyzed the impact of the therapies on the frequency of immune cells in the tumor
microenvironment of MC38 tumors by flow cytometry. As shown in Figure 3A, treatment with
combined therapy of LY364947 and anti-PDL1 mAb led to a higher frequency of tumor-infiltrating
CD3+ T cells. CD8+ (Figure 3B, Figure S1A) but not CD4+ (Figure 3C). T cells were accountable for
the higher frequency to tumor-infiltrating T cells. Moreover, blockade of TGF-β had no effect on the
frequency of Foxp3+ CD4+ T cells (Figure S2A). Frequencies of F4/80+ macrophages (Figure 3D) and
Ly6G+ granulocytes (Figure 3E) were not significantly affected by LY364947 and combination therapy.
Our results support previously reported studies which show that the combination of TGF-β and PD-L1
blockade increased the percentages of CD8+ T effector cells in the tumor bed [27] which correlates with
the improved tumor eradication of the combination treatment.
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Figure 3. Combining TGF-β receptor kinase inhibitor LY364947 with anti-PDL1 mAb modulates
infiltration of T cells in the tumor. Mice with established MC38 were treated with anti-PD-L1 mAb
(200 µg; days 8, 10, and 13) and/or LY364947 (10 mg/kg; days 8, 10, 13, and 14). Tumors were harvested
at day 15 and analyzed for the percentages of CD3 (A), CD8 (B), CD4 (C) T lymphocytes, (D) F4/80+

macrophages, and Ly6G+ granulocytes (E) by flow cytometry. Bars represent mean ± SEM. Statistical
significance was determined by one-way ANOVA (* p < 0.05; *** p < 0.001; ns, non significant).

3.4. TGF-β Inhibitor Delays KPC1 Pancreatic Tumor Outgrowth

Unlike the MC38 colorectal tumor model which is known to have high mutational load [43],
the KPC tumors, which are derived from the KPC transgenic mouse strain which drives pancreatic
ductal adenocarcinoma (PDA) tumorigenesis by expression of a combination of strong oncogenes,
is a poorly immunogenic tumor due to a low mutational burden [44]. To investigate the potential
checkpoint inhibitors in this PDA model, we examined the expression of programmed cell death
protein 1 (PD-1), cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), and lymphocyte-activation
gene 3 (Lag-3) on T cells within the KPC tumor microenvironment. In KPC tumor, the infiltrating T
cells were predominantly CD4+ and majority of them expressed PD-1 (Figure 4A). These data suggest
that blockade of PD-1/PD-L1 may improve antitumor immunity in KPC1 tumor model.

We therefore tested the effect of anti-PD-L1 mAb and LY364947 on KPC1 pancreatic tumor
outgrowth. Treatment with anti-PD-L1 mAb did not impact tumor outgrowth. In contrast, treatment
with LY364947 or combination therapy significantly reduced tumor outgrowth as compared to untreated
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group (Figure 4B). This suggest that anti-tumor effect was most likely elicited by blocking of TGF-β
signaling pathway. Moreover, flow cytometric analysis revealed a decrease of total CD3+ T cells,
particularly CD4+ T cells (Figure 4C; Figure S1B), but no detectable decrease of Foxp3+ CD4+ T cells
(Figure S2B). No reduction was observed of granulocytes and macrophages (Figure 4C).
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Figure 4. Antitumor effect of LY364947 in KPC1 tumor model. (A) Established KPC1 tumors were
harvested at day 17 and analyzed for the percentages of PD-1+; Tim3+; Lag3+; CTLA4+ CD4+ or CD8+

T cells. (B) KPC1-tumor bearing mice were treated with 200 µg anti-PDL1 mAb (MIH5; days 8, 10, and
13) and/or 10 mg/kg TGF-β inhibitor (LY364947; day 8 and once every day). Data are represented as
mean of tumor size mm2

± SEM at day 23. Statistical significance was determined by two-way ANOVA
(* p <0.05; *** p <0.001; n.s., non-significant). Data from one experiment, eight mice per group. (B) Mice
with established KPC1 were treated with LY364947 (10 mg/kg; day 10 to 15). Tumors were harvested at
day 16 and analysed for the percentages of (C) CD3+, (D) CD8+, (E) CD4+ T lymphocytes, (F) Ly6G+

granulocytes, and (G) F4/80+ macrophages. Statistical significance was determined by Student’s t-test
(* p < 0.05; n.s, non significant).

4. Discussion

Experimental tumor models are essential preclinical step for the development and evaluation of
cancer immunotherapy strategies. From our studies with the MC38 and KPC1 tumor models, one key
finding that emerged is that tumor immunogenicity is a dominant feature predicting responsiveness to
dual targeting of TGF-β signaling and PD-L1. In an immunogenic MC38 tumor model, blocking PD-L1
significantly delayed MC38 tumor outgrowth. However, combination LY364947 with anti-PD-L1 mAb
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further improved overall survival versus anti-PD-L1 mAb monotherapy. The antitumor activity of this
combination therapy is consistent with the findings of multiple recent studies using immunogenic
tumor models which demonstrated the improvement of anti-PD-L1 mAb when it is combined TGF-β
receptor kinase inhibitor galunisertib [45,46]. In all studies investigating the therapeutic efficacy of
galunisertib in the colon adenocarcinoma model, galunisertib was injected at high amounts (from
75 mg/kg to 800 mg/kg) and frequent intervals. This might explain the limited antitumor effect of
LY364947 (10 mg/kg) monotherapy on MC38 tumor outgrowth observed in our study. Nonetheless,
we show that the anti-tumor activity of the combination therapy is associated with higher levels of
tumor-infiltrating CD8+ T cells. This observation is in agreement with the finding of Mariathasan et
al. [27] who demonstrated that the main mechanism of action of TGF-β is to increase T-cell infiltration
into MC38 tumor. Together, these data suggest that co-administration of TGF-β and PD-L1 blocking
agents may provide a subset of colorectal cancer patients a more favorable outcome.

On the other hand, a combined effect of anti-PD-L1 mAb and LY364947 was not observed in
poorly immunogenic KPC1 tumor model; blocking of TGF-β resulted in significant reduction of KPC1
tumor outgrowth, in contrast to the anti-PD-L1 mAb-treated group, which was not effective in this
model. This lack of antitumor efficacy is similar to the lack of responses observed in KPC tumor
bearing animal treated with anti-PD1 and/or anti-CTLA-4 mAb [47]. The limited effect of immune
checkpoint inhibitors in this tumor model may be due to the low mutational burden and absence of
potential neoepitopes derived from tumor mutations [44]. This model is reminiscent of most human
pancreatic cancers with similar low numbers of mutations [48]. For this reason, the KPC pancreatic
tumor model has a high potential of translational relevance for examining therapeutic efficacy of
anti-PD-L1 mAb and LY364947. However, a small cohort of pancreatic cancer patients has been shown
to have a relatively high mutational burden [49,50]; this may have an impact on the therapeutic efficacy
of anti-PD-L1 mAb and LY364947. Therefore, study with an alternative pancreatic tumor cell line
such as Pan02 (derived from Pancreatic ductal adenocarcinoma (PDAC) tumor induced by implanting
3-methyl-cholanthrene in the pancreas of C57Bl/6 mice) [51] that has a higher mutational burden may
help address this question.

More evidence is emerging that targeting TGF-β can elicit beneficial effects in halting the pancreatic
tumorigenic process. In a study by Principe and colleagues [52], global loss of TGF-β signaling protected
against pancreatic tumor development via inhibition of tumor-associated fibrosis, stromal TGF-β1
production, and restoration of anti-tumor CD8+ T cells responses. Here we showed that the treatment
with LY364947 independent of the established subcutaneous KPC1 tumor decreases the relative
amount of CD4+ T cells within the tumor microenvironment. The potential role of CD4+ T cells in
promoting pancreatic tumorigenesis has been reported by Alam et al. who showed that the p38 MAP
kinase inhibitor induced a reduction in the percentage of CD4+ tumor infiltrating lymphocytes (TILs)
producing tumor necrosis factor (TNF)-α, retinoic acid-related orphan receptor (RORγt), interferon γ
(IFNγ), and interleukin (IL)-17, and was associated with improved survival in KPC tumor-bearing
animals. A significant delay in pancreatic intraepithelial neoplasia (PanIN) was reported in spontaneous
pancreatic tumor model KC mice that received weekly CD4-depleting antibodies [53]. Although
TGF-β might also be expected to reduce the regulatory CD4+ T cells (Tregs) cell population [11,54],
our data suggest that the numbers of Tregs are not strongly affected by LY364947 and therefore future
investigations are warranted to reveal the subsets of CD4 T cells that are affected by the TGF-β inhibitor
as this would guide the development of therapeutic strategies to target specific tumor-promoting CD4+

T cells in pancreatic tumors.
Clinical studies with galunisertib (LY2157299 monohydrate) have demonstrated its safety and

potential antitumor activity [55–57]. It is currently under clinical development in combination with
checkpoint inhibitors in patients with non-small cell lung carcinoma (NSCLC), hepatocellular carcinoma
(HCC) (NCT02423343), or pancreatic cancer (NCT02734160). In addition, there is an ongoing phase
I/II study of galunisertib in combination with the anti-PD-1 antibody nivolumab in participants
with advanced refractory solid tumors and in recurrent or refractory non-small cell lung cancer or
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hepatocellular carcinoma (metastatic and/or unresectable; NCT02423343). Anti-PDL1 mAb therapy
is very effective but not all patients respond to this as single agent. The objective response rate
with approved anti-PD-L1 mAb as monotherapy is ~20% in urothelial carcinomas [58–60], ~15% in
non-small-cell lung cancer (NSCLC) [61,62], and ~30% in Merkel cell carcinoma [5,6]. Targeting TGF-β
pathway inhibition represents an attractive strategy to enhance immune checkpoint blockade. Indeed, a
recent study has shown that lack of response to atezolizumab (anti-PD-L1 mAb) in metastatic urothelial
cancer patients was associated with active TGF-β signaling in peritumoral stroma and especially in
patients with T cells excluded from the tumor parenchyma [27]. However, it is unclear whether lack
of response to PD-L1 checkpoint blockade is also correlated with active TGF-β signaling in other
patients of different tumor types. Furthermore, even though the combination of TGF-β blockade and
checkpoint inhibitors has been demonstrated in multiple preclinical studies, their therapeutic efficacy
varies across a range of syngeneic tumors [27,45,46,63–65]. Together, our studies indicate that adequate
immune phenotyping of the various tumor models is critical for both rational model selection and data
interpretation. This is critical as TGF-β has diverse and profound effects on the immune system, and
therefore knowledge of the mechanisms by which TGF-β interferes in different tumor models may
improve the current TGF-β-based immunotherapeutic approaches for specific tumor types.

Supplementary Materials: The following are available online, Figure S1 Flow cytometric analysis of T cells in
the tumor microenvironment. (A) Representative plots show the frequency of CD8+ T cells (plotted against
the frequency of CD45+ cells) in MC38 tumor. (B) Representative plots show the frequency of CD4 T+ cells
(plotted against the frequency of CD45+ cells) in KPC1 tumor, Figure S2: No detectable reduction of tumor
infiltrating Foxp3+ CD4+ T cells upon treatment with LY364947. Flow cytometry analysis of frequency of Foxp3+
CD4+ T cells in (A) MC38 and (B) KPC1 tumors. Statistical significance was determined by Student’s t-test (n.s,
non significant).

Author Contributions: Designed and supervised the study: F.O. and P.t.D. Conducted the experiments and
processed the data: H.S.S., J.R., and M.C. Analysis and interpretation of data: H.S.S., J.R., F.O., M.C., F.O., and
P.t.D. The draft of the manuscript was written by HSS. All authors have read and approved the final version of
the manuscript

Funding: This work was supported by Cancer Genomics Center Netherlands and Chinese Scholarship Council.

Acknowledgments: The authors thank the staff of the Central Animal Facility (PDC) of the Leiden University
Medical Center (LUMC) for excellent animal care and breeding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wei, S.C.; Duffy, C.R.; Allison, J.P. Fundamental Mechanisms of Immune Checkpoint Blockade Therapy.
Cancer Discov. 2018, 8, 1069–1086. [CrossRef]

2. Smyth, M.J.; Teng, M.W. 2018 Nobel Prize in physiology or medicine. Clin. Transl. Immunol. 2018, 7, e1041.
[CrossRef] [PubMed]

3. Lu, J.; Lee-Gabel, L.; Nadeau, M.C.; Ferencz, T.M.; Soefje, S.A. Clinical evaluation of compounds targeting
PD-1/PD-L1 pathway for cancer immunotherapy. J. Oncol. Pharm. Pract. N 2015, 21, 451–467. [CrossRef]

4. Lee, S.M.; Chow, L.Q. A new addition to the PD-1 checkpoint inhibitors for non-small cell lung cancer-the
anti-PDL1 antibody-MEDI4736. Transl. Lung Cancer Res. 2014, 3, 408–410. [CrossRef] [PubMed]

5. Kaufman, H.L.; Russell, J.; Hamid, O.; Bhatia, S.; Terheyden, P.; D’Angelo, S.P.; Shih, K.C.; Lebbe, C.;
Linette, G.P.; Milella, M.; et al. Avelumab in patients with chemotherapy-refractory metastatic Merkel
cell carcinoma: A multicentre, single-group, open-label, phase 2 trial. Lancet. Oncol. 2016, 17, 1374–1385.
[CrossRef]

6. Kaufman, H.L.; Russell, J.S.; Hamid, O.; Bhatia, S.; Terheyden, P.; D’Angelo, S.P.; Shih, K.C.; Lebbe, C.;
Milella, M.; Brownell, I.; et al. Updated efficacy of avelumab in patients with previously treated metastatic
Merkel cell carcinoma after >/=1 year of follow-up: JAVELIN Merkel 200, a phase 2 clinical trial. J. Immunother.
Cancer 2018, 6, 7. [CrossRef]

7. Strauss, J.; Madan, R.A.; Gulley, J.L. Considerations for the combination of anticancer vaccines and immune
checkpoint inhibitors. Exp. Opin. Biol. Ther. 2016, 16, 895–901. [CrossRef] [PubMed]

http://dx.doi.org/10.1158/2159-8290.CD-18-0367
http://dx.doi.org/10.1002/cti2.1041
http://www.ncbi.nlm.nih.gov/pubmed/30386598
http://dx.doi.org/10.1177/1078155214538087
http://dx.doi.org/10.3978/j.issn.2218-6751.2014.11.10
http://www.ncbi.nlm.nih.gov/pubmed/25806336
http://dx.doi.org/10.1016/S1470-2045(16)30364-3
http://dx.doi.org/10.1186/s40425-017-0310-x
http://dx.doi.org/10.1517/14712598.2016.1170805
http://www.ncbi.nlm.nih.gov/pubmed/27010190


Cells 2019, 8, 320 11 of 14

8. Pickup, M.; Novitskiy, S.; Moses, H.L. The roles of TGFβ in the tumour microenvironment. Nat. Rev. Cancer
2013, 13, 788–799. [CrossRef] [PubMed]

9. Liu, V.C.; Wong, L.Y.; Jang, T.; Shah, A.H.; Park, I.; Yang, X.; Zhang, Q.; Lonning, S.; Teicher, B.A.; Lee, C.
Tumor evasion of the immune system by converting CD4+CD25- T cells into CD4+CD25+ T regulatory cells:
Role of tumor-derived TGF-β. J. Immunol. 2007, 178, 2883–2892. [CrossRef]

10. Ghiringhelli, F.; Menard, C.; Terme, M.; Flament, C.; Taieb, J.; Chaput, N.; Puig, P.E.; Novault, S.; Escudier, B.;
Vivier, E.; et al. CD4+CD25+ regulatory T cells inhibit natural killer cell functions in a transforming growth
factor-β-dependent manner. J. Exp. Med. 2005, 202, 1075–1085. [CrossRef]

11. Wan, Y.Y.; Flavell, R.A. ‘Yin-Yang’ functions of transforming growth factor-β and T regulatory cells in
immune regulation. Immunol. Rev. 2007, 220, 199–213. [CrossRef]

12. Yang, L.; Huang, J.; Ren, X.; Gorska, A.E.; Chytil, A.; Aakre, M.; Carbone, D.P.; Matrisian, L.M.; Richmond, A.;
Lin, P.C.; et al. Abrogation of TGFβ signaling in mammary carcinomas recruits Gr-1+CD11b+ myeloid cells
that promote metastasis. Cancer Cell 2008, 13, 23–35. [CrossRef]

13. Shvedova, A.A.; Kisin, E.R.; Yanamala, N.; Tkach, A.V.; Gutkin, D.W.; Star, A.; Shurin, G.V.; Kagan, V.E.;
Shurin, M.R. MDSC and TGFβ Are Required for Facilitation of Tumor Growth in the Lungs of Mice Exposed
to Carbon Nanotubes. Cancer Res. 2015, 75, 1615–1623. [CrossRef]

14. Flavell, R.A.; Sanjabi, S.; Wrzesinski, S.H.; Licona-Limon, P. The polarization of immune cells in the tumour
environment by TGFβ. Nat. Rev. Immunol. 2010, 10, 554–567. [CrossRef]

15. Li, M.O.; Flavell, R.A. TGF-β: A master of all T cell trades. Cell 2008, 134, 392–404. [CrossRef]
16. Yang, L.; Pang, Y.; Moses, H.L. TGF-β and immune cells: An important regulatory axis in the tumor

microenvironment and progression. Trends Immunol. 2010, 31, 220–227. [CrossRef]
17. Yoshimura, A.; Wakabayashi, Y.; Mori, T. Cellular and molecular basis for the regulation of inflammation by

TGF-β. J. Biochem. 2010, 147, 781–792. [CrossRef]
18. Caja, F.; Vannucci, L. TGFβ: A player on multiple fronts in the tumor microenvironment. J. Immunotoxicol.

2015, 12, 300–307. [CrossRef]
19. Park, H.Y.; Wakefield, L.M.; Mamura, M. Regulation of tumor immune surveillance and tumor immune

subversion by TGF-β. Immune Netw. 2009, 9, 122–126. [CrossRef]
20. Sanjabi, S.; Oh, S.A.; Li, M.O. Regulation of the Immune Response by TGF-β: From Conception to

Autoimmunity and Infection. Cold Spring Harbor Perspect. Biol. 2017, 9. [CrossRef]
21. Winkler, I.; Wilczynska, B.; Bojarska-Junak, A.; Gogacz, M.; Adamiak, A.; Postawski, K.;

Darmochwal-Kolarz, D.; Rechberger, T.; Tabarkiewicz, J. Regulatory T lymphocytes and transforming
growth factor β in epithelial ovarian tumors-prognostic significance. J. Ovarian Res. 2015, 8, 39. [CrossRef]
[PubMed]

22. Wu, M.; Chen, X.; Lou, J.; Zhang, S.; Zhang, X.; Huang, L.; Sun, R.; Huang, P.; Wang, F.; Pan, S. TGF-β1
contributes to CD8+ Treg induction through p38 MAPK signaling in ovarian cancer microenvironment.
Oncotarget 2016, 7, 44534–44544. [CrossRef]

23. Guido, C.; Whitaker-Menezes, D.; Capparelli, C.; Balliet, R.; Lin, Z.; Pestell, R.G.; Howell, A.; Aquila, S.;
Andò, S.; Martinez-Outschoorn, U.; et al. Metabolic reprogramming of cancer-associated fibroblasts by
TGF-β drives tumor growth: Connecting TGF-β signaling with “Warburg-like” cancer metabolism and
L-lactate production. Cell Cycle 2012, 11, 3019–3035. [CrossRef]

24. Papageorgis, P.; Stylianopoulos, T. Role of TGFβ in regulation of the tumor microenvironment and drug
delivery (review). Int. J. Oncol. 2015, 46, 933–943. [CrossRef] [PubMed]

25. Dangerfield, J.; Larbi, K.Y.; Huang, M.T.; Dewar, A.; Nourshargh, S. PECAM-1 (CD31) homophilic interaction
up-regulates α6β1 on transmigrated neutrophils in vivo and plays a functional role in the ability of α6
integrins to mediate leukocyte migration through the perivascular basement membrane. J. Exp. Med. 2002,
196, 1201–1211. [CrossRef] [PubMed]

26. Sorokin, L. The impact of the extracellular matrix on inflammation. Nat. Rev. Immunol. 2010, 10, 712–723.
[CrossRef]

27. Mariathasan, S.; Turley, S.J.; Nickles, D.; Castiglioni, A.; Yuen, K.; Wang, Y.; Kadel Iii, E.E.; Koeppen, H.;
Astarita, J.L.; Cubas, R.; et al. TGFβ attenuates tumour response to PD-L1 blockade by contributing to
exclusion of T cells. Nature 2018, 554, 544–548. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nrc3603
http://www.ncbi.nlm.nih.gov/pubmed/24132110
http://dx.doi.org/10.4049/jimmunol.178.5.2883
http://dx.doi.org/10.1084/jem.20051511
http://dx.doi.org/10.1111/j.1600-065X.2007.00565.x
http://dx.doi.org/10.1016/j.ccr.2007.12.004
http://dx.doi.org/10.1158/0008-5472.CAN-14-2376
http://dx.doi.org/10.1038/nri2808
http://dx.doi.org/10.1016/j.cell.2008.07.025
http://dx.doi.org/10.1016/j.it.2010.04.002
http://dx.doi.org/10.1093/jb/mvq043
http://dx.doi.org/10.3109/1547691X.2014.945667
http://dx.doi.org/10.4110/in.2009.9.4.122
http://dx.doi.org/10.1101/cshperspect.a022236
http://dx.doi.org/10.1186/s13048-015-0164-0
http://www.ncbi.nlm.nih.gov/pubmed/26077607
http://dx.doi.org/10.18632/oncotarget.10003
http://dx.doi.org/10.4161/cc.21384
http://dx.doi.org/10.3892/ijo.2015.2816
http://www.ncbi.nlm.nih.gov/pubmed/25573346
http://dx.doi.org/10.1084/jem.20020324
http://www.ncbi.nlm.nih.gov/pubmed/12417630
http://dx.doi.org/10.1038/nri2852
http://dx.doi.org/10.1038/nature25501
http://www.ncbi.nlm.nih.gov/pubmed/29443960


Cells 2019, 8, 320 12 of 14

28. Hawinkels, L.J.; Verspaget, H.W.; van Duijn, W.; van der Zon, J.M.; Zuidwijk, K.; Kubben, F.J.; Verheijen, J.H.;
Hommes, D.W.; Lamers, C.B.; Sier, C.F. Tissue level, activation and cellular localisation of TGF-β1 and
association with survival in gastric cancer patients. Br. J. Cancer 2007, 97, 398–404. [CrossRef]

29. Wu, Y.; Su, M.; Zhang, S.; Cheng, Y.; Liao, X.Y.; Lin, B.Y.; Chen, Y.Z. Abnormal expression of TGF-β type II
receptor isoforms contributes to acute myeloid leukemia. Oncotarget 2017, 8, 10037–10049. [CrossRef]

30. Seystahl, K.; Papachristodoulou, A.; Burghardt, I.; Schneider, H.; Hasenbach, K.; Janicot, M.; Roth, P.;
Weller, M. Biological Role and Therapeutic Targeting of TGF-β3 in Glioblastoma. Mol. Cancer Ther. 2017, 16,
1177–1186. [CrossRef]

31. Principe, D.R.; Doll, J.A.; Bauer, J.; Jung, B.; Munshi, H.G.; Bartholin, L.; Pasche, B.; Lee, C.; Grippo, P.J.
TGF-β: Duality of function between tumor prevention and carcinogenesis. J. Nat. Cancer Inst. 2014, 106,
djt369. [CrossRef]

32. Bruna, A.; Darken, R.S.; Rojo, F.; Ocana, A.; Penuelas, S.; Arias, A.; Paris, R.; Tortosa, A.; Mora, J.; Baselga, J.;
et al. High TGFβ-Smad activity confers poor prognosis in glioma patients and promotes cell proliferation
depending on the methylation of the PDGF-B gene. Cancer Cell 2007, 11, 147–160. [CrossRef] [PubMed]

33. Sawyer, J.S.; Anderson, B.D.; Beight, D.W.; Campbell, R.M.; Jones, M.L.; Herron, D.K.; Lampe, J.W.;
McCowan, J.R.; McMillen, W.T.; Mort, N.; et al. Synthesis and activity of new aryl- and heteroaryl-substituted
pyrazole inhibitors of the transforming growth factor-β type I receptor kinase domain. J. Med. Chem. 2003,
46, 3953–3956. [CrossRef] [PubMed]

34. Rovero, S.; Amici, A.; Di Carlo, E.; Bei, R.; Nanni, P.; Quaglino, E.; Porcedda, P.; Boggio, K.; Smorlesi, A.;
Lollini, P.L.; et al. DNA vaccination against rat her-2/Neu p185 more effectively inhibits carcinogenesis than
transplantable carcinomas in transgenic BALB/c mice. J. Immunol. 2000, 165, 5133–5142. [CrossRef]

35. Ljunggren, H.G.; Kärre, K. Host resistance directed selectively against H-2-deficient lymphoma variants.
Analysis of the mechanism. J. Exp. Med. 1985, 162, 1745–1759. [CrossRef]

36. Corbett, T.H.; Griswold, D.P., Jr.; Roberts, B.J.; Peckham, J.C.; Schabel, F.M., Jr. Tumor induction relationships
in development of transplantable cancers of the colon in mice for chemotherapy assays, with a note on
carcinogen structure. Cancer Res. 1975, 35, 2434–2439. [PubMed]

37. Feltkamp, M.C.; Smits, H.L.; Vierboom, M.P.; Minnaar, R.P.; de Jongh, B.M.; Drijfhout, J.W.; ter Schegget, J.;
Melief, C.J.; Kast, W.M. Vaccination with cytotoxic T lymphocyte epitope-containing peptide protects against
a tumor induced by human papillomavirus type 16-transformed cells. Eur. J. Immunol. 1993, 23, 2242–2249.
[CrossRef]

38. Mahler Convenor, M.; Berard, M.; Feinstein, R.; Gallagher, A.; Illgen-Wilcke, B.; Pritchett-Corning, K.;
Raspa, M. FELASA recommendations for the health monitoring of mouse, rat, hamster, guinea pig and rabbit
colonies in breeding and experimental units. Lab. Anim. 2014, 48, 178–192. [CrossRef]

39. Dennler, S.; Itoh, S.; Vivien, D.; ten Dijke, P.; Huet, S.; Gauthier, J.M. Direct binding of Smad3 and Smad4 to
critical TGFβ-inducible elements in the promoter of human plasminogen activator inhibitor-type 1 gene.
EMBO J. 1998, 17, 3091–3100. [CrossRef]

40. Persson, U.; Izumi, H.; Souchelnytskyi, S.; Itoh, S.; Grimsby, S.; Engstrom, U.; Heldin, C.H.; Funa, K.; ten
Dijke, P. The L45 loop in type I receptors for TGF-β family members is a critical determinant in specifying
Smad isoform activation. FEBS Lett. 1998, 434, 83–87. [CrossRef]

41. Kleinovink, J.W.; Marijt, K.A.; Schoonderwoerd, M.J.A.; van Hall, T.; Ossendorp, F.; Fransen, M.F. PD-L1
expression on malignant cells is no prerequisite for checkpoint therapy. Oncoimmunology 2017, 6. [CrossRef]
[PubMed]

42. Sow, H.S.; Benonisson, H.; Breukel, C.; Visser, R.; Verhagen, O.; Bentlage, A.E.H.; Brouwers, C.;
Claassens, J.W.C.; Linssen, M.M.; Camps, M.; et al. FcgammaR interaction is not required for effective
anti-PD-L1 immunotherapy but can add additional benefit depending on the tumor model. Int. J. Cancer
2019, 144, 345–354. [CrossRef] [PubMed]

43. Yadav, M.; Jhunjhunwala, S.; Phung, Q.T.; Lupardus, P.; Tanguay, J.; Bumbaca, S.; Franci, C.; Cheung, T.K.;
Fritsche, J.; Weinschenk, T.; et al. Predicting immunogenic tumour mutations by combining mass spectrometry
and exome sequencing. Nature 2014, 515, 572–576. [CrossRef] [PubMed]

44. Evans, R.A.; Diamond, M.S.; Rech, A.J.; Chao, T.; Richardson, M.W.; Lin, J.H.; Bajor, D.L.; Byrne, K.T.;
Stanger, B.Z.; Riley, J.L.; et al. Lack of immunoediting in murine pancreatic cancer reversed with neoantigen.
JCI Insight 2016, 1. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/sj.bjc.6603877
http://dx.doi.org/10.18632/oncotarget.14325
http://dx.doi.org/10.1158/1535-7163.MCT-16-0465
http://dx.doi.org/10.1093/jnci/djt369
http://dx.doi.org/10.1016/j.ccr.2006.11.023
http://www.ncbi.nlm.nih.gov/pubmed/17292826
http://dx.doi.org/10.1021/jm0205705
http://www.ncbi.nlm.nih.gov/pubmed/12954047
http://dx.doi.org/10.4049/jimmunol.165.9.5133
http://dx.doi.org/10.1084/jem.162.6.1745
http://www.ncbi.nlm.nih.gov/pubmed/1149045
http://dx.doi.org/10.1002/eji.1830230929
http://dx.doi.org/10.1177/0023677213516312
http://dx.doi.org/10.1093/emboj/17.11.3091
http://dx.doi.org/10.1016/S0014-5793(98)00954-5
http://dx.doi.org/10.1080/2162402X.2017.1294299
http://www.ncbi.nlm.nih.gov/pubmed/28507803
http://dx.doi.org/10.1002/ijc.31899
http://www.ncbi.nlm.nih.gov/pubmed/30259976
http://dx.doi.org/10.1038/nature14001
http://www.ncbi.nlm.nih.gov/pubmed/25428506
http://dx.doi.org/10.1172/jci.insight.88328
http://www.ncbi.nlm.nih.gov/pubmed/27642636


Cells 2019, 8, 320 13 of 14

45. Tauriello, D.V.F.; Palomo-Ponce, S.; Stork, D.; Berenguer-Llergo, A.; Badia-Ramentol, J.; Iglesias, M.;
Sevillano, M.; Ibiza, S.; Canellas, A.; Hernando-Momblona, X.; et al. TGFβ drives immune evasion in
genetically reconstituted colon cancer metastasis. Nature 2018, 554, 538–543. [CrossRef] [PubMed]

46. Holmgaard, R.B.; Schaer, D.A.; Li, Y.; Castaneda, S.P.; Murphy, M.Y.; Xu, X.; Inigo, I.; Dobkin, J.; Manro, J.R.;
Iversen, P.W.; et al. Targeting the TGFβ pathway with galunisertib, a TGFβRI small molecule inhibitor,
promotes anti-tumor immunity leading to durable, complete responses, as monotherapy and in combination
with checkpoint blockade. J. Immunother. Cancer 2018, 6, 47. [CrossRef]

47. Winograd, R.; Byrne, K.T.; Evans, R.A.; Odorizzi, P.M.; Meyer, A.R.; Bajor, D.L.; Clendenin, C.; Stanger, B.Z.;
Furth, E.E.; Wherry, E.J.; et al. Induction of T-cell Immunity Overcomes Complete Resistance to PD-1 and
CTLA-4 Blockade and Improves Survival in Pancreatic Carcinoma. Cancer Immunol. Res. 2015, 3, 399–411.
[CrossRef]

48. Alexandrov, L.B.; Nik-Zainal, S.; Wedge, D.C.; Aparicio, S.A.; Behjati, S.; Biankin, A.V.; Bignell, G.R.; Bolli, N.;
Borg, A.; Borresen-Dale, A.L.; et al. Signatures of mutational processes in human cancer. Nature 2013, 500,
415–421. [CrossRef]

49. Grassi, E.; Durante, S.; Astolfi, A.; Tarantino, G.; Indio, V.; Freier, E.; Vecchiarelli, S.; Ricci, C.; Casadei, R.;
Formica, F.; et al. Mutational burden of resectable pancreatic cancer, as determined by whole transcriptome
and whole exome sequencing, predicts a poor prognosis. Int. J. Oncol. 2018, 52, 1972–1980. [CrossRef]

50. Humphris, J.L.; Patch, A.M.; Nones, K.; Bailey, P.J.; Johns, A.L.; McKay, S.; Chang, D.K.; Miller, D.K.; Pajic, M.;
Kassahn, K.S.; et al. Hypermutation In Pancreatic Cancer. Gastroenterology 2017, 152, 68–74. [CrossRef]

51. Corbett, T.H.; Roberts, B.J.; Leopold, W.R.; Peckham, J.C.; Wilkoff, L.J.; Griswold, D.P., Jr.; Schabel, F.M., Jr.
Induction and chemotherapeutic response of two transplantable ductal adenocarcinomas of the pancreas in
C57BL/6 mice. Cancer Res. 1984, 44, 717–726. [PubMed]

52. Principe, D.R.; DeCant, B.; Mascarinas, E.; Wayne, E.A.; Diaz, A.M.; Akagi, N.; Hwang, R.; Pasche, B.;
Dawson, D.W.; Fang, D.; et al. TGFβ Signaling in the Pancreatic Tumor Microenvironment Promotes Fibrosis
and Immune Evasion to Facilitate Tumorigenesis. Cancer Res. 2016, 76, 2525–2539. [CrossRef] [PubMed]

53. McAllister, F.; Bailey, J.M.; Alsina, J.; Nirschl, C.J.; Sharma, R.; Fan, H.; Rattigan, Y.; Roeser, J.C.;
Lankapalli, R.H.; Zhang, H.; et al. Oncogenic Kras activates a hematopoietic-to-epithelial IL-17 signaling
axis in preinvasive pancreatic neoplasia. Cancer Cell 2014, 25, 621–637. [CrossRef] [PubMed]

54. Konkel, J.E.; Zhang, D.; Zanvit, P.; Chia, C.; Zangarle-Murray, T.; Jin, W.; Wang, S.; Chen, W. Transforming
Growth Factor-beta Signaling in Regulatory T Cells Controls T Helper-17 Cells and Tissue-Specific Immune
Responses. Immunity 2017, 46, 660–674. [CrossRef] [PubMed]

55. Dragovich, T.; Huberman, M.; Von Hoff, D.D.; Rowinsky, E.K.; Nadler, P.; Wood, D.; Hamilton, M.; Hage, G.;
Wolf, J.; Patnaik, A. Erlotinib plus gemcitabine in patients with unresectable pancreatic cancer and other
solid tumors: Phase IB trial. Cancer Chemother. Pharmacol. 2007, 60, 295–303. [CrossRef] [PubMed]

56. Fujiwara, Y.; Nokihara, H.; Yamada, Y.; Yamamoto, N.; Sunami, K.; Utsumi, H.; Asou, H.; Takahash, I.O.;
Ogasawara, K.; Gueorguieva, I.; et al. Phase 1 study of galunisertib, a TGF-β receptor I kinase inhibitor, in
Japanese patients with advanced solid tumors. Cancer Chemother. Pharmacol. 2015, 76, 1143–1152. [CrossRef]
[PubMed]

57. Ikeda, M.; Takahashi, H.; Kondo, S.; Lahn, M.M.F.; Ogasawara, K.; Benhadji, K.A.; Fujii, H.; Ueno, H. Phase
1b study of galunisertib in combination with gemcitabine in Japanese patients with metastatic or locally
advanced pancreatic cancer. Cancer Chemother. Pharmacol. 2017, 79, 1169–1177. [CrossRef] [PubMed]

58. Rosenberg, J.E.; Hoffman-Censits, J.; Powles, T.; van der Heijden, M.S.; Balar, A.V.; Necchi, A.; Dawson, N.;
O’Donnell, P.H.; Balmanoukian, A.; Loriot, Y.; et al. Atezolizumab in patients with locally advanced
and metastatic urothelial carcinoma who have progressed following treatment with platinum-based
chemotherapy: A single-arm, multicentre, phase 2 trial. Lancet 2016, 387, 1909–1920. [CrossRef]

59. Balar, A.V.; Galsky, M.D.; Rosenberg, J.E.; Powles, T.; Petrylak, D.P.; Bellmunt, J.; Loriot, Y.; Necchi, A.;
Hoffman-Censits, J.; Perez-Gracia, J.L.; et al. Atezolizumab as first-line treatment in cisplatin-ineligible
patients with locally advanced and metastatic urothelial carcinoma: A single-arm, multicentre, phase 2 trial.
Lancet 2017, 389, 67–76. [CrossRef]

60. Powles, T.; O’Donnell, P.H.; Massard, C.; Arkenau, H.T.; Friedlander, T.W.; Hoimes, C.J.; Lee, J.L.; Ong, M.;
Sridhar, S.S.; Vogelzang, N.J.; et al. Efficacy and Safety of Durvalumab in Locally Advanced or Metastatic
Urothelial Carcinoma: Updated Results From a Phase 1/2 Open-label Study. JAMA Oncol. 2017, 3, e172411.
[CrossRef] [PubMed]

http://dx.doi.org/10.1038/nature25492
http://www.ncbi.nlm.nih.gov/pubmed/29443964
http://dx.doi.org/10.1186/s40425-018-0356-4
http://dx.doi.org/10.1158/2326-6066.CIR-14-0215
http://dx.doi.org/10.1038/nature12477
http://dx.doi.org/10.3892/ijo.2018.4344
http://dx.doi.org/10.1053/j.gastro.2016.09.060
http://www.ncbi.nlm.nih.gov/pubmed/6692374
http://dx.doi.org/10.1158/0008-5472.CAN-15-1293
http://www.ncbi.nlm.nih.gov/pubmed/26980767
http://dx.doi.org/10.1016/j.ccr.2014.03.014
http://www.ncbi.nlm.nih.gov/pubmed/24823639
http://dx.doi.org/10.1016/j.immuni.2017.03.015
http://www.ncbi.nlm.nih.gov/pubmed/28423340
http://dx.doi.org/10.1007/s00280-006-0389-0
http://www.ncbi.nlm.nih.gov/pubmed/17149608
http://dx.doi.org/10.1007/s00280-015-2895-4
http://www.ncbi.nlm.nih.gov/pubmed/26526984
http://dx.doi.org/10.1007/s00280-017-3313-x
http://www.ncbi.nlm.nih.gov/pubmed/28451833
http://dx.doi.org/10.1016/S0140-6736(16)00561-4
http://dx.doi.org/10.1016/S0140-6736(16)32455-2
http://dx.doi.org/10.1001/jamaoncol.2017.2411
http://www.ncbi.nlm.nih.gov/pubmed/28817753


Cells 2019, 8, 320 14 of 14

61. Rittmeyer, A.; Barlesi, F.; Waterkamp, D.; Park, K.; Ciardiello, F.; von Pawel, J.; Gadgeel, S.M.; Hida, T.;
Kowalski, D.M.; Dols, M.C.; et al. Atezolizumab versus docetaxel in patients with previously treated
non-small-cell lung cancer (OAK): A phase 3, open-label, multicentre randomised controlled trial. Lancet
2017, 389, 255–265. [CrossRef]

62. Fehrenbacher, L.; Spira, A.; Ballinger, M.; Kowanetz, M.; Vansteenkiste, J.; Mazieres, J.; Park, K.; Smith, D.;
Artal-Cortes, A.; Lewanski, C.; et al. Atezolizumab versus docetaxel for patients with previously treated
non-small-cell lung cancer (POPLAR): A multicentre, open-label, phase 2 randomised controlled trial. Lancet
2016, 387, 1837–1846. [CrossRef]

63. Knudson, K.M.; Hicks, K.C.; Luo, X.; Chen, J.Q.; Schlom, J.; Gameiro, S.R. M7824, a novel bifunctional
anti-PD-L1/TGFβ Trap fusion protein, promotes anti-tumor efficacy as monotherapy and in combination
with vaccine. Oncoimmunology 2018, 7, e1426519. [CrossRef]

64. Principe, D.R.; Park, A.; Dorman, M.J.; Kumar, S.; Viswakarma, N.; Rubin, J.; Torres, C.; McKinney, R.;
Munshi, H.G.; Grippo, P.J.; et al. TGFβ Blockade Augments PD-1 Inhibition to Promote T-Cell Mediated
Regression of Pancreatic Cancer. Mol. Cancer Ther. 2018. [CrossRef]

65. Terabe, M.; Robertson, F.C.; Clark, K.; De Ravin, E.; Bloom, A.; Venzon, D.J.; Kato, S.; Mirza, A.; Berzofsky, J.A.
Blockade of only TGF-β1 and 2 is sufficient to enhance the efficacy of vaccine and PD-1 checkpoint blockade
immunotherapy. Oncoimmunology 2017, 6, e1308616. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/S0140-6736(16)32517-X
http://dx.doi.org/10.1016/S0140-6736(16)00587-0
http://dx.doi.org/10.1080/2162402X.2018.1426519
http://dx.doi.org/10.1158/1535-7163.MCT-18-0850
http://dx.doi.org/10.1080/2162402X.2017.1308616
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell Culture 
	Mice 
	Syngeneic Tumor Studies 
	Flow Cytometry 
	mTGF-1 ELISA 
	CAGA Luciferase Reporter Assay 
	Western Blot 
	In Vitro Cell Proliferation Assay 
	Statistical Analyses 

	Results 
	Colorectal and Pancreatic Cancer Cells Produce High Levels of mTGF-1 
	TGF- Kinase Inhibitor LY364947 Improves Therapeutic Efficacy of Anti-PDL1 mAb 
	Effect of Combination Therapy on the MC38 Tumor Microenvironment 
	TGF- Inhibitor Delays KPC1 Pancreatic Tumor Outgrowth 

	Discussion 
	References

