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Abstract: Natural killer (NK) cells have great potential for improving cancer immunotherapy. 

Adoptive NK cell transfer, an adoptive immunotherapy, represents a promising nontoxic anti-

cancer therapy. However, existing data indicate that tumor cells can effectively escape NK cell-

mediated apoptosis through immunosuppressive effects in the tumor microenvironment, and the 

therapeutic activity of adoptive NK cell transfer is not as efficient as anticipated. Transforming 

growth factor-beta (TGF-β) is a potent immunosuppressant. Genetic and epigenetic events that 

occur during mammary tumorigenesis circumvent the tumor-suppressing activity of TGF-β, 

thereby permitting late-stage breast cancer cells to acquire an invasive and metastatic phenotype 

in response to TGF-β. To block the TGF-β signaling pathway, NK cells were genetically modi-

fied with a dominant-negative TGF-β type II receptor by optimizing electroporation using the 

Amaxa Nucleofector system. These genetically modified NK cells were insensitive to TGF-β 

and resisted the suppressive effect of TGF-β on MCF-7 breast cancer cells in vitro. Our results 

demonstrate that blocking the TGF-β signaling pathway to modulate the tumor microenviron-

ment can improve the antitumor activity of adoptive NK cells in vitro, thereby providing a new 

rationale for the treatment of breast cancer.

Keywords: transforming growth factor-beta, natural killer cells, breast cancer, adoptive 

immunotherapy

Introduction
Breast cancer is one the most frequent cancers occurring in women in the developed 

world. The worldwide incidence of breast cancer has significantly increased within 

the past several decades, and in the People’s Republic of China, it is the most com-

mon invasive cancer in women.1 To date, surgery, chemotherapy, radiotherapy, and 

endocrine therapy have generated greatly improved clinical outcomes; however, 

breast cancer is recurrent and metastasizes. Therefore, identifying more effective 

and safer therapeutic modalities is necessary. The immune system plays a dual role 

in breast cancer. It promotes tumorigenesis through inflammatory pathways and also 

suppresses adaptive immunity and prevents tumor formation through active immune 

surveillance. Consistent with this duality, some breast cancer patients display clear 

evidence of immune suppression.

Natural killer (NK) cells are key components of the innate immune system and 

play a critical role in the early host defense against viral, bacterial and other infec-

tions, as well as cancer. They exert their effector function via direct killing of virally 

infected cells and tumor cells and via production of immunoregulatory cytokines and 

chemokines, thereby effecting adaptive immune responses.2–4 However, the adoptive 
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transfer of NK cells in solid tumors appear to have a less 

robust response, likely because of the numerous activating 

and inhibitory stimuli that act on NK cells, the immunosup-

pressive effect in the tumor environment, and insufficient 

infiltration of activated NK cells.5,6 As a result, overcoming 

active immune suppression in the tumor microenvironment 

is an important consideration for adoptively transferred NK 

cells.

Transforming growth factor-beta (TGF-β) functions 

as both a tumor suppressor and promoter. In many early-

stage tumors, TGF-β is a potent inducer of growth arrest. 

However, TGF-β promotes cell motility, invasion, and 

metastasis in advanced tumors.7 TGF-β is also a potent 

tumor suppressor that has a negative impact on surrounding 

host immune cells in the tumor microenvironment.8,9 The 

levels of TGF-β are often elevated in the serum of cancer 

patients and this is associated with systemic inhibition of 

immune function, including weakened NK cell responses, 

and is also associated with a poor prognosis.10–12 In this 

study, we demonstrate that blocking the TGF-β signal-

ing pathway to modulate the tumor microenvironment 

improves the antitumor activity of adoptive NK cells in 

vitro, thereby providing a new rationale for the treatment 

of breast cancer.

Materials and methods
cell lines
The MDA-MB231 human breast cancer cell line and T47D 

cell line were obtained from the Shanghai Cell Bank of 

the Chinese Academy of Sciences (Chinese Academy of 

Sciences, Shanghai, People’s Republic of China). The 

human breast cancer MCF-7 cell line was obtained from 

the laboratory of the Second Affiliated Hospital of Harbin 

Medical University. The cells were maintained in a 5% CO
2
 

humidified incubator at 37°C. NK cells were obtained from 

the American Type Culture Collection Cell Bank (Beijing, 

People’s Republic of China). NK cells and nucleofected 

NK cells (Amaxa, Cologne, Germany) were maintained 

in Alpha Minimum Essential Medium (Invitrogen, Grand 

Island, NY, USA) without ribonucleosides and deoxyri-

bonucleosides but with 2 mM l-glutamine and 1.5 g/L 

sodium bicarbonate. A complete growth medium was 

prepared by addition of 12.5% horse serum (Invitrogen) 

and 12.5% fetal bovine serum, 0.2 mM inositol, 0.1 mM 

2-mercaptoethanol, 0.02 mM folic acid, and 1,000 U/mL 

recombinant interleukin-2 (all from Sigma-Aldrich, St 

Louis, MO, USA). Frozen stocks of the cell lines were 

thawed every 2 months for in vitro assays.

construction of pTar-geT-DnTβrii 
eukaryotic expression vector
TGF-β was first combined with the type II TGF-β receptor 

(TβRII) to activate the downstream pathway through trans-

fection of dominant-negative TβRII (DNTβRII) to block 

the TGF-β signaling pathway and restore the killing effect 

of NK cells. DNTβRII was amplified by polymerase chain 

reaction (PCR). The forward primer was 5′-ATGCTTCT

CGAGATGGGTCGGGGGCT-3′ and the reverse primer 

was 5′-CTGAATTCCTACTGCCGGTTAACGCTGA-3′. 
The XhoI and EcorI restriction enzyme site were imported 

on the end of sequence respectively and synthesized the 

objective gene oligo by Gene2Oliga software. The product 

was subcloned into the corresponding restriction site in 

the eukaryotic expression vector, pTAR-GET (Invitro-

gen). DNA sequencing analysis confirmed the sequence 

of the plasmid (Settlebio, Harbin, People’s Republic of 

China). NK/pTAR-GET cells were transferred by a total 

of 5×105 NK cells were placed in 0.1 mL electroporation 

solution with 2 μg pTAR-GET and nucleofected using the 

Nucleofector program.

analysis of TgF-β1 expression in three 
breast cancer cell lines
TGF-β1 (RapidBio, Dallas, TX, USA) expression in the 

MDA-MB231, T47D, and MCF-7 human breast cancer cell 

lines was detected by enzyme-linked immunosorbent assay 

(CusaBio, Wuhan, People’s Republic of China). MCF-7, 

MDA-MB231, and T47D cell counts were obtained after  

2 days. A total of 5×105 cells for each cell line were placed 

in six-well plates with 2 mL of culture solution per well. The 

culture supernatant was collected into a sterile tube after cell 

culture for 48 hours and centrifuged for 20 minutes. The 

supernatant was measured at an absorbance of 450 nm.

Tβr expression in nK cells
Cells were stained with phycoerythrin-conjugated mono-

clonal antibody against the TGF-β type I receptor and 

TGF-β type II receptor (Santa Cruz Biotechnology, Santa 

Cruz, CA, USA). They were then stained with a fluorescein 

isothiocyanate-conjugated monoclonal antibody against 

CD56 (Santa Cruz). The cells were analyzed using a FAC-

Scan flow cytometer (Beckman Coulter, Brea, CA, USA).

gene transfection of nK cells and 
DnTβrii expression in nK cells
NK cells were genetically transferred using the Amaxa 

Nucleofector system. A total of 5×105 NK cells were placed 
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in 100 μL of electroporation solution with 2 μg pTAR-GET-

DNTβRII and nucleofected using the Nucleofector program. 

Total RNA was extracted from the DNTβRII-NK cells using 

Trizol, and reverse transcription (RT)-PCR was used to 

determine the expression of DNTβRII. A total of 1×107 NK/

pTAR-GET-DNTβRII, parental NK cells, and NK/pTAR-

GET cells were transferred over 24 hours at 37°C. The cells 

were centrifuged at 1,000 rpm for 5 minutes and collected in 

a 1.5 mL centrifuge tube. Each tube contained l× phosphate-

buffered saline and the suspension cells at 37°C. The cells 

were then centrifuged at 1,000 rpm for 5 minutes, and the 

supernatant was collected. This was repeated once. The 475 

nm excitation wavelength was selected and the cells were 

observed under an inverted fluorescence microscope.

Western blotting for smad-2 and smad-3 
phosphorylation
To determine Smad-2 and Smad-3 protein (Cell Signaling, 

Danvers, MA, USA) expression in parental NK, NK-pTAR-

GET, and NK-pTAR-GET-DNTβRII cells, NK cells were 

treated with or without 10 ng/mL TGF-β1 for 16 hours before 

harvesting. Western blotting was used to detect the phos-

phorylation status of Smad-2 and Smad-3. The blots were 

stripped and reprobed with anti-glyceraldehyde-3-phosphate 

dehydrogenase monoclonal antibody (Cell Signaling) to 

confirm equal loading.

ccK-8 assays in vitro
A Cell Counting Kit-8 (CCK-8) was purchased from Dojindo 

Chemical Research Institute (Shanghai, People’s Republic of 

China). We divided the MCF-7 cells into five groups as fol-

lows: NK + MCF-7 (group 1), NK + MCF-7 + TGF-β1 (group 

2), NK/pTAR-GET-DNTβRII + MCF-7 + TGF-β1 (group 

3), NK/pTAR-GET + MCF-7 + TGF-β1 (group 4), and NK/

pTAR-GET-DNTβRII + MCF-7 (group 5). The concentration 

of TGF-β1 used in our study was 10 ng/mL. The Cell Count-

ing Kit-8 was used to measure the activity of the NK cells. 

Effector and target cells were incubated at effector to target 

ratios of 1:1, 10:1, and 20:1 for 4 hours before the supernatants 

were harvested and analyzed on a gamma counter.

statistical analysis
All data are presented as the mean ± standard deviation. 

Statistical comparisons were performed using one-way analy-

sis of variance. The statistical analysis was performed using 

the Statistical Package for the Social Sciences version 10.0 

software (SPSS Inc, Chicago, IL, USA). All P-values ,0.05 

were considered to be statistically significant.

Results
DnTβrii expression in nK cells
Expression of TβRI and TβRII in the NK cells was detected 

by fluorescence-activated cell sorting. Both TβRI and TβRII 

were highly expressed in the parental NK cells (Figure 1). 

DNTβRII was amplified by PCR (Figure 2A). Expression 

of pTAR-GET-DNTβRII in the nucleofected NK cells was 

confirmed by RT-PCR (Figure 2B) because of the presence of 

a 650 base pair DNA fragment. Expression of GET in the NK 

cells was observed by fluorescence microscopy (Figure 2C).

TgF-β1 expression in three breast 
cancer cell lines
The results for TGF-β1 expression in the human breast 

cancer cell lines MCF-7, MDA-MB23, and T47D were 

123.61±10.32 pg/105, 85.72±9.01 pg/105, 37.56±2.64 pg/105, 

respectively. The MCF-7 cell line secreted the highest level 

of TGF-β1, whereas the lowest was in the T47D cell line 

(P,0.001, Table 1). We selected the MCF-7 cell line to 

incubate with TGF-β1.

Transfection of pTar-geT-DnTβrii 
plasmid prevents smad-2 and smad-3 
protein phosphorylation
Western blotting showed that without TGF-β, the parental 

NK cells, NK/pTAR-GET cells, and NK/pTAR-GET-

DNTβRII cells had visible Smad-2 and Smad-3 protein 

expression (Figure 3). After adding TGF-β to the parental NK 

cells, NK/pTAR-GET cells, and NK/pTAR-GET-DNTβRII 

cells, the results showed TGF-β-mediated phosphorylation 

of Smad-2 and Smad3 as determined by Western blotting  

in the parental NK cells and NK-pTAR-GET cells, but not 

in the NK/pTAR-GET-DNTβRII cells (Figure 3). As a 

result, the nucleofection of pTAR-GET-DNTβRII attenuated 

Smad-2 and Smad-3 phosphorylation in the stably transfected 

NK cells after treatment with TGF-β1, suggesting that the 

TGF-β signaling pathways can be blocked by nucleofection 

of pTAR-GET-DNTβRII.

effect of blocking TgF-β signaling in nK 
cells in vitro
To confirm the immunosuppressive effect of TGF-β on NK 

cells, the antitumor activity was compared between parental 

NK cells incubated with or without TGF-β1. NK cells incu-

bated with TGF-β1 showed less cytotoxicity against MCF-7 

cells than those without TGF-β1 (Table 2). All P-values 

were ,0.001. We also compared the killing activity of NK/

pTAR-GET-DNTβRII cells and NK/pTAR-GET cells in 
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vitro, and the killing activity of NK/pTAR-GET-DNTβRII 

cells was higher (Table 3). All P-values were ,0.001. To 

determine if the transfection of pTAR-GET-DNTβRII can 

affect the killing activity of NK cells, we compared the killing 

rate between group 1 and group 5, and found that transfection 

of DNTβRII into NK cells did not change its internal killing 

activity (Table 4). None of the P-values were statistically 

significant (P.0.05).

Discussion
Breast cancer is immunogenic, and infiltrating immune 

cells in primary breast tumors provide important clinical, 

prognostic, and predictive information.13 The immune 

system plays a dual role in breast cancer, both by promot-

ing tumorigenesis through inflammatory pathways and 

by suppressing adaptive immunity and preventing tumor 

formation through active immune surveillance. Notably, 

the presence of immune cells in breast cancers also exerts 

an antitumor effect and predicts a favorable response to 

cancer therapy.14,15 Different types of infiltrating immune 

cells have distinct prognostic and predictive significance. 

As part of this network, nonspecifically acting NK cells, 

antigen-presenting cells, and cells of the adaptive immune 

compartment could, by combining their functions, generate 

persistent antitumor immune memory responses. NK cells 

are important components in bridging innate and adaptive 

immunity. However, immune cells of the tumor microen-

vironment also directly suppress NK cells.

TGF-β is normally overexpressed in the tumor microenvi-

ronment and is negatively correlated with tumor progression 

and patient prognosis.16 TGF-β1 can trigger the generation 

of immune-suppressive regulatory T-cells in situ that are 

associated with reduced survival in estrogen receptor-positive 

breast tumors. There is evidence that the inhibitory effect of 

TGF-β signaling on antitumor T-cells can be blocked by use 

of a dominant-negative TGF-β receptor expressed on T-cells 

themselves.17 Increased production of TGF-β may cause 

immunosuppression, extracellular matrix degradation, epi-

thelial to mesenchymal transition, and neoangiogenesis that 

promotes tumor cell invasion and metastasis.18,19 In humans, 

β

β β

Figure 1 expression of Tβri and Tβrii, respectively, in nK cells detected by Facs. 
Notes: (A) expression of Tβri in nK cells detected by Facs. (B) expression of Tβrii in nK cells detected by Facs. (C) PE/fluorescein isothiocyanate controls detected by FACS.
Abbreviations:  FACS,  fluorescence  activated  cell  sorting;  PE,  phycoerythrin; NK, natural  killer; Tβrii, TgF-β  type  II  receptor; Tβri, TgF-β  type  I  receptor; TGF-β, 
transforming growth factor-beta; FITC, fluorescein isothiocyanate.
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circulating TGF-β levels correlate with a poor prognosis 

in several cancer types, and this is related to reduced NK 

cell activity and, in particular, reduced expression of NK 

cells.10,12,20 The purpose of this study was to block the TGF-β 

signaling pathway to modulate the tumor microenvironment 

and improve the antitumor activity of adoptive NK cells 

in vitro.

The canonical TGF-β signaling pathway is activated 

upon binding of TGF-β family members to TβRII.  

In our study, we synthesized the gene for human DNTβRII 

by PCR amplification and constructed the pTAR-GET-

DNTβRII eukaryotic expression vector. DNTβRII does 

not contain the Ser/Thr kinase domain structure; therefore, 

it can also combine with TβRII, but cannot initiate the 

downstream signaling pathways.21,22 In addition, peptide 

chains, which express a high number of DNTβRII, transfer 

to the cell membrane and competitively inhibit normal 

TβRII to block the TGF-β signaling pathways. We tested 

Figure 2 Genetic modification of NK cells with DNTβrii. 
Notes: (A)  Amplification  of  the  DNTβrii gene in a 591 bp Dna fragment. 
(B) electrophoretic analysis showed the presence of a Dna fragment in a 650 bp 
by rT polymerase chain reaction. (C) expression of geT in nK cells observed by 
fluorescence microscopy.
Abbreviations: bp, base pair; NK, natural killer; DNTβrii, dominant-negative TgF-β  
type II receptor; TGF-β, transforming growth factor-beta; RT, reverse transcription.

Table 1 TgF-β1 expression in three breast cancer cell lines

Group TGF-β1 (pg/105) P-value

McF-7
MDa-MB 231
T47D

123.61±10.32
85.72±9.01
37.56±2.64

,0.001

Note: The data are shown as the mean ± standard deviation.
Abbreviation: TgF-β1, transforming growth factor-β1.

β
β

Figure 3 Transfection of pTar-geT-DnTβrii plasmid prevents phosphorylation of smad-2 and smad-3 protein in nK cells. nucleofection with pTar-geT-DnTβrii 
plasmid inhibited smad-2 and smad-3 phosphorylation in TgF-β-treated nK cells. TgF-β-mediated phosphorylation of smad-2 and smad-3 was observed by Western blotting 
in parental nK cells and in nK-geT cells but not in nK-DnTβrii cells.
Abbreviations: NK, natural killer; TGF-β, transforming growth factor-beta; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; DNTβrii, dominant-negative TgF-β type ii  
receptor.
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the expression level of TGF-β1 in MCF-7, MDA-MB231, 

and T47D human breast cancer cell lines by enzyme-linked 

immunosorbent assay. All human breast cancer cell lines 

expressed TGF-β1 in this study, indicating that TGF-β1 

exists in the tumor microenvironment. Expression of 

DNTβRII in the nucleofected NK cells was confirmed by 

RT-PCR and GET fluorescence, and we also confirmed 

that NK cells contained high levels of TβRI and TβRII 

and were therefore highly sensitive to the inhibitory effect 

of TGF-β.

Canonical TGF-β signaling refers to signals transduced 

by activation of the latent transcription factors, Smad-2 and 

Smad-3; therefore, canonical TGF-β signaling is synonymous 

with Smad-dependent TGF-β signaling. Ligand engagement 

of TβRII leads to recruitment, phosphorylation, and activation 

of TβRI, which subsequently binds, phosphorylates, and stim-

ulates Smad-2 and Smad-3,21,23 and imbalances in Smad-2/3  

signaling contribute to oncogenic TGF-β signaling.24–26 In 

our study, phosphorylation of Smad-2 and Smad-3 were not 

observed in NK cells modified by DNTβRII compared with 

the TGF-β-mediated phosphorylation of Smad-2 and Smad-3 

as observed using Western blotting in parental NK cells 

and in NK/pTAR-GET cells. This indicates that transfer of 

the DNTβRII vector blocked the TGF-β signaling pathway 

of NK cells at the receptor level. NK cells incubated with 

TGF-β1 exhibited less cytotoxicity toward MCF-7 cells 

compared with those without TGF-β1 (Table 2), suggesting 

that TGF-β1 inhibits the killing effect of NK cells in vitro. 

The killing activity of NK/pTAR-GET-DNTβRII cells was 

higher than that of NK/pTAR-GET cells in vitro (Table 3). 

These results indicate that blocking TGF-β signaling in NK 

cells opposes the inhibitory effect of TGF-β in vitro, which 

is insensitive to TGF-β. However, the results in Table 4 

indicate that transfection of DNTβRII into NK cells did not 

change its internal killing activity. The results also indicate 

that, in the tumor microenvironment of TGF-β, transfection 

of DNTβRII into NK cells enhances its antitumor effect 

by opposing the inhibitory effect of TGF-β in vitro indi-

rectly rather than by enhancing its intrinsic killing activity 

directly.

Conclusion
Our results indicate that DNTβRII plasmid transfer blocks 

the TGF-β signaling pathway in NK cells at the recep-

tor level and that blocking TGF-β signaling pathways  

in NK cells opposes the inhibitory effect of TGF-β in vitro. 

Therefore, blocking the TGF-β signaling pathway enhances 

NK cell adoptive antitumor effects against breast cancer 

in vitro. This outcome perhaps provides a new approach to 

overcome human breast cancer and may become a primary 

focus of development in the future. It may provide better 

quality of life for breast cancer patients and prolong overall 

survival time.
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Table 2 TgF-β1 inhibition and nK killing activity in McF-7 cells

Group Cytotoxicity (%)

1:1 10:1 20:1

With TgF-β1 (nK + McF-7) 
Without TgF-β1 (nK + McF-7) 
P-value

8.27±0.62
13.13±0.85
,0.001

18.02±0.81
33.27±0.96
,0.001

27.34±1.20
47.47±1.53
,0.001

Note: The data are shown as the mean ± standard deviation.
Abbreviations: NK, natural killer; TGF-β1, transforming growth factor-β1.

Table 3 Blocking TgF-β signaling pathway overcomes immunosuppression by TgF-β1 in nK cells in vitro

Group Cytotoxicity (%)

1:1 10:1 20:1

nK/DnTβrii + McF-7 + TgF-β1
nK/geT + McF-7 + TgF-β1
P-value

11.34±1.01
7.35±0.72
,0.001

30.06±1.03
15.67±0.92
,0.001

46.07±1.31
24.98±1.27
,0.001

Note: The data are shown as the mean ± standard deviation. 
Abbreviations: NK, natural killer; TGF-β1, transforming growth factor-β1; DNTβrii, dominant-negative TgF-β type ii receptor.
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Table 4 Transfection of plasmid does not alter nK cell killing 
effects in vitro

 Group Cytotoxicity (%)

1:1 10:1 20:1

nK + McF-7
nK/DnTβrii + McF-7
P-value

13.03±0.67
12.11±0.82
0.131

33.25±0.91
32.17±1.35
0.138

47.08±1.51
45.32±1.30
0.284

Note: The data are shown as the mean ± standard deviation. 
Abbreviations:  NK,  natural  killer;  DNTβrii, dominant-negative TgF-β type ii 
receptor; TGF-β, transforming growth factor-β.
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