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interestingly, the NK-92 cells expressing TN receptors were 
better chemo-attracted to the tumor cells expressing TGF-
β. The presence of these modified NK-92 cells significantly 
inhibited the differentiation of human naïve  CD4+ T cells 
to regulatory T cells. NK-92-TN cells could also inhibit 
tumor growth in vivo in a hepatocellular carcinoma xeno-
graft tumor model. Therefore, TN chimeric receptors can 
be a novel strategy to augment anti-tumor efficacy in NK 
cell adoptive therapy.
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MHC  Major histocompatibility complex
NK  Natural killer
NK-92-TN  NK-92 expressing extracellular and trans-

membrane domains of TGF-β receptor II 
with intracellular domain of NKG2D

NK-92-Vector  NK-92 expressing vector

Abstract The capacity of natural killer (NK) cells to kill 
tumor cells without specific antigen recognition provides 
an advantage over T cells and makes them potential effec-
tors for tumor immunotherapy. However, the efficacy of NK 
cell adoptive therapy can be limited by the immunosup-
pressive tumor microenvironment. Transforming growth 
factor-β (TGF-β) is a potent immunosuppressive cytokine 
that can suppress NK cell function. To convert the sup-
pressive signal induced by TGF-β to an activating signal, 
we genetically modified NK-92 cells to express a chimeric 
receptor with TGF-β type II receptor extracellular and 
transmembrane domains and the intracellular domain of 
NK cell-activating receptor NKG2D (TN chimeric recep-
tor). NK-92 cells expressing TN receptors were resistant to 
TGF-β-induced suppressive signaling and did not down-
regulate NKG2D. These modified NK-92 cells had higher 
killing capacity and interferon γ (IFN-γ) production against 
tumor cells compared with the control cells and their 
cytotoxicity could be further enhanced by TGF-β. More 
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NKG2C  NK Group 2 member C
NKG2D  NK Group 2 member D
PCR  Polymerase chain reaction
PE  Phycoerythrin
PMA  Phorbol myristate acetate
PVDF  Polyvinylidene fluoride
RPMI  Roswell Park Memorial Institute
RT-PCR  Real-time PCR
SDS–PAGE  Sodium dodecyl sulfate polyacrylamide 

gel electrophoresis
TGF-β  Transforming growth factor-β
TGF-βR  Transforming growth factor-β receptor
Treg  Regulatory T
VSVG  Vesicular stomatitis virus G
YFP  Yellow fluorescent protein

Introduction

Natural killer (NK) cells are innate immune cells that lyse 
tumor cells in a non-major histocompatibility complex 
(MHC) restricted manner. The capacity of NK cells to kill 
tumor cells is regulated by the inhibitory and stimulatory 
signals transduced by surface receptors. Inhibitory signals 
result from the interaction between NK inhibitory recep-
tors and human leucocyte antigen (HLA) molecules on 
target cells. Engagement of activating receptors by ligands 
expressed predominantly by virus-infected cells or tumor 
cells leads to direct cytotoxicity. Although NK cell ther-
apy is a promising strategy for tumor immunotherapy, the 
reported results of the clinical trials are less impressive 
[1, 2]. The in  vivo function of the adoptively transferred 
NK cells could be inhibited by immunosuppressive tumor 
microenvironment and the insufficient infiltration of the 
NK cells to the tumor sites [3].

Transforming growth factor-β (TGF-β), a cytokine 
produced by tumors and almost all immunologic cell 
types, can regulate proliferation, differentiation, embry-
onic development, angiogenesis, wound healing, and 
other functions in many cell types [4]. TGF-β plays an 
important role in tumor initiation and progression and 
is one of the major immunosuppressive cytokines in the 
tumor microenvironment [5, 6]. TGF-β signals regulate a 
large number of biological processes via activating pro-
tein kinase receptors and SMAD mediators [7]. TGF-β 
induces differentiation of regulatory T (Treg) and Th17 
cells and inhibits B-cell proliferation and immunoglobu-
lin A (IgA) secretion. TGF-β can inhibit the function of 
NK cells and  CD8+ T cells via blocking the cytotoxic key 
proteins, such as perforin and granzymes. Recent studies 
also demonstrate that TGF-β downregulates the activat-
ing receptor NK Group 2 member D (NKG2D) on NK 
cells and  CD8+ T cells thereby inhibits NK cell activation 

[8, 9]. Neutralizing TGF-β enhances  CD8+ T cell and 
NK-cell-mediated anti-tumor immune responses [10].

NK-92 is a highly activated NK cell line which was 
originally established from a non-Hodgkin’s lymphoma 
that had NK cell-like morphology and expressed CD56 
but not CD3 or CD16 [11]. The NK-92 cells do not 
express the inhibitory killer cell Ig-like receptors (KIR) 
and thus exhibit strong cytotoxicity against tumor cells 
that express MHC class I molecules [12, 13]. They can 
be expanded substantially in the presence of interleukin-2 
(IL-2) without the need for allogeneic feeder cells, which 
makes them suitable for adoptive immunotherapy.

NKG2D is a type II transmembrane-anchored C-type 
lectin-like protein expressed on all NK cells and some T 
cell subsets. It is a key activation receptor of NK cells. 
NKG2D is associated with DNAX-activating protein 
10 (DAP10), which promotes and stabilizes its surface 
membrane expression. NKG2D signal can significantly 
promote the cytotoxicity of NK cells [14]. In the current 
study, we genetically modified NK-92 cells to express 
extracellular and transmembrane domains of TGF-β 
receptor II with intracellular domain of NKG2D (TN 
chimeric receptor). NK-92 cells expressing this chimeric 
receptor are resistant to suppressive TGF-β signaling. 
Most importantly, they can be activated through NKG2D 
pathway by TGF-β, and chemo-attracted to TGF-β-
expressing tumor cells, as well as suppress the differen-
tiation of regulatory T cells.

Materials and methods

Cells and culture conditions

HEK293T cell line, hepatocellular carcinoma cell lines 
SMMC7721, SK-HEP-1, and prostate cancer cell line PC-3 
cells were obtained from American Type Culture Collec-
tion (Manassas, VA) and maintained in Dulbecco-modified 
Eagle medium (DMEM) (Gibco, Carlsbad, CA) containing 
10% heat-inactivated fetal bovine serum (FBS, Biological 
Industries, Israel), 2 mM L-glutamine, 100 units/ml peni-
cillin, and 100 units/ml streptomycin (Gibco, Carlsbad, 
CA). Human NK-92 cell line (gift from Prof. Feili Gong 
at Tongji Medical College of Huazhong University of Sci-
ence and Technology), NK-92-TN, and NK-92-Vector 
cell lines were maintained in minimum essential medium 
alpha (α-MEM) containing heat-inactivated 12.5% horse 
serum (Gibco, Carlsbad, CA), 12.5% heat-inactivated 
FBS (Biological Industries, Israel), 0.1  mM 2-mercaptoe-
thanol (Sigma–Aldrich, St Louis), and 200 U/ml recombi-
nant human IL-2 (Beijing Four Rings Bio-Pharmaceutical, 
China).
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Generation of NK-92 cells expressing chimeric antigen 
receptors

Human cDNA was obtained from peripheral blood. TGF-β 
receptor II and NKG2D were amplified from cDNA by pol-
ymerase chain reaction (PCR) with the primers as follows: 
TGF-β receptor II, forward 5′-GGA TCC ATG GGT CGG 
GGG CTG CTC AG-3′; reverse 5′-TCC ACC CCA TGT AGC 
AGT AGA AGA TGATG-3′; NKG2D, forward 5′-CTA CTG 
CTA CAT GGG GTG GAT TCG TGGTC-3′; reverse 5′-GGA 
TCC TTA AGA TGC ATT TTC TCT ACA TTT G-3′. The pro-
ductions of PCR were fused, digested with BamHI, and 
ligated into the lentiviral vector pRRL-Venus at the same 
restriction enzyme sites. HEK293T cells were cultured in 
10  cm cell culture dishes and achieved 50–80% conflu-
ence 18 h to 24 h later. The recombinant plasmid pRRL-
Venus-TN and three packaging plasmids [ΔR, Rev, vesic-
ular stomatitis virus G (VSV-G)] were co-transfected into 
the cells by 2*HBS and  CaCl2. HEK293T cells producing 
lenti-virus were grown overnight in DMEM, and then, the 
supernatant was taken out and fresh media were added. 
After 20 h of culture, the cultured supernatant was directly 
added to NK-92 cells, and incubated with NK-92 cells for 
20 h at 37 °C. Then, the cells were grown for 48 h in fresh 
NK-92 medium. The infected NK-92 cells were analyzed 
for yellow fluorescent protein (YFP) expressions and sorted 
by FACS Aria™ III flow cytometer (BD Biosciences, San 
Jose, CA).

Flow cytometry

Cell-surface expressions of TGF-βR II and NKG2D were 
determined by fluorescence-activated cell sorter (FACS) 
analysis. Single-cell suspensions of NK-92, NK-92-TN, 
or control NK-92-Vector cells were incubated for 30 min 
at 4 °C with monoclonal antibody (mAb) against TGF-βR 
II (Abcam, Cambridge, MA). Cells were washed twice 
with PBS and then incubated for another 1 h at 4 °C with 
a fluorescein phycoerythrin (PE)—labeled goat anti-
mouse IgG (Multisciences, Hangzhou, China) second-
ary antibody. Cells were washed twice with PBS and 
analyzed with FACS Calibur (BD Bioscience, San Jose, 
CA). For NKG2D expression, NK-92-TN or control NK-
92-Vector cells were collected, washed with PBS then 
counted, and seeded in 96-well-U-bottom plates, in the 
presence of 200 U/ml IL-2 and various concentration of 
TGF-β1. Cells were then incubated with APC-conjugated 
anti-NKG2D mAbs (Biolegend, San Diego, CA). Cells 
were analyzed by flow cytometry on a FACS Calibur 
(BD Bioscience, San Jose, CA). For intracellular staining 
of IFN-γ, NK-92-Vector and NK-92-TN cells were first 
treated with 5 ng/ml phorbol myristate acetate (PMA) and 
50  ng/ml ionomycin (Beyotime, Shanghai, China) and 

with or without TGF-β (Peprotech, Rocky Hill, NJ) in the 
presence of 4 mM Brefeldin A (BFA) (eBioscience, San 
Diego, CA) for 4 h. They were fixed in 4% formaldehyde 
(Sinopharm, Shanghai, China) for 30  min and permea-
bilized with saponin (Sigma–Aldrich, St Louis, MO) for 
15  min at room temperature. Cells were then incubated 
with 0.2 ug APC-labeled anti-human IFN-γ (Biolegend, 
San Diego, CA) in the dark for 30 min at 4 °C. Cells were 
then washed and analyzed with a FACS Calibur (BD Bio-
sciences, San Jose, CA).

For apoptosis analysis, NK-92-Vector or NK-92-TN 
cells were seeded into six-well plates at 2 × 106 cells/2 ml 
in each well. Human recombinant TGF-β1 (Pepro-
tech, Rocky Hill, NJ) was used in treating cells at the 
concentration of 10, 50, and 100  ng/ml. Lethally irra-
diated SMMC-7721 cells were also co-cultured with 
NK-92-Vector or NK-92-TN cells. 24  h later, cells were 
collected and centrifuged at 1000 r/min for 5 min and the 
supernatant was discarded. Cells were suspended gently 
by PBS and counted. 1 × Annexin V bind buffer was pre-
pared. Then, 200 μL of the buffer was added into every 
tube to suspend cells. The mixed solution of 5 μL 7-AAD 
and 5 μl Annexin V-PE (Biolegend, San Diego, CA) was 
added into every tube. After incubated in dark place at 
room temperature for 15  min, 200 μl buffer was added 
into every tube and flow cytometry was performed with a 
FACS Calibur (BD Biosciences, San Jose, CA).

Western blotting

NK-92-TN or control NK-92-Vector cells (1  ×  106/ml) 
were stimulated with TGF-β1 (50  ng/ml, Peprotech, 
Rocky Hill, NJ, USA) for 16–20  h, and the cells were 
collected and extracted for cytoplasm and membrane pro-
teins (Beyotime, Shanghai, China). The extracted proteins 
were separated by SDS–PAGE on 12.5% resolving gel 
and 5% stacking gel. Then, the proteins on the gel were 
transferred onto polyvinylidene fluoride (PVDF) mem-
branes (Millipore, Darmstadt, Germany). The transferred 
membrane was blocked with 5% non-fat milk in PBS at 
4 °C overnight, which was then incubated with primary 
antibody against Smad2 & Phospho-Smad2 rabbit mAb 
(Cell Signaling Technology, Danvers, MA, USA) diluted 
in PBS with 0.1% Tween-20 for 2.5 h at room tempera-
ture. Then, it was washed four times for 10 min each in 
PBS with 0.1% Tween-20 and incubated with horserad-
ish peroxidase (HRP)-conjugated goat anti-rabbit IgG 
secondary antibody (Multisciences, Hangzhou, China) 
for 1.5 h at room temperature. The membrane was then 
washed and developed with the enhanced chemilumines-
cent system (Mutisciences, Hangzhou, China).
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Quantitative real-time PCR analysis

mRNA of NK-92-Vector and NK-92-TN cells was iso-
lated using TRIzol reagent (Invitrogen, Carlsbad, CA). 
Total RNA was reversely transcribed into cDNA. Quanti-
tative real-time PCR (RT-PCR) for CCR1, CCR3, CCR6, 
CXCR3, CXCR4, CX3CR1, NKG2A, NKG2C, NKp30, 
NKp44, and NKp80 was performed using a Mastercy-
cler ep realplex real-time PCR system (Eppendorf, Ham-
burg, Germany) and Absolute qPCR SYBR Green mix 
(Thermo Fisher, Waltham, MA). Primers used were listed 
in supplemental Table 1.

CCK8 proliferation assay

NK92-Vector or NK92-TN cells were seeded into 96-well 
plates at 1 × 105cells/100 ul in each well. Human recom-
binant TGF-β1 (Peprotech, Rocky Hill, NJ) was used in 
treating NK92-Vector or NK92-TN cells at the concentra-
tion of 10, 50 and 100 ng/ml. Lethally irradiated SMMC-
7721 cells were also co-cultured with NK92-Vector 
or NK92-TN cells. A total of 10  μl CCK8 solution was 
added into every well of 96-well plate after culturing for 
24 h. The culture plate was incubated in an incubator for 
2 h. A microplate reader was employed to determine the 
absorbance at 450 nm.

Cytotoxicity assays

Cytotoxicity of NK-92-TN cells against tumor cells was 
determined by the lactic dehydrogenase (LDH)-release 
assay using the CytoTox 96 Non-Radioactive Cytotox-
icity Assay kit (Promega, Fitchburg, WI). The assay is 
based on the measurement of lactate dehydrogenase that 
is released upon cell lysis. Briefly, the NK-92-TN and 
NK-92-Vector cells were resuspended in α-MEM com-
plete medium and mixed with tumor cells in U-bottom 
96-micro well plates at various E:T ratios in triplicate. 
Microplates were incubated at 37 °C with 5%  CO2 for 5 h 
and spun for 4 min at 250 g to pellet cells. Supernatant 
(50 μl) was collected from each well and added to 50 μl 
reconstituted substrate mix for 30 min in the dark at room 
temperature. Enzymatic reaction was stopped by add-
ing stop solution. Absorbance was recorded at 490  nm. 
Spontaneous release was determined from wells with tar-
gets only and total release from wells with targets plus 
1% Triton X-100 (Sinopharm, Shanghai, China). Results 
are expressed as percentage of cytotoxicity, using the for-
mula: percentage of cytotoxicity = (experimental-effec-
tor spontaneous − target spontaneous)/(target maximum 
− target spontaneous) × 100%.

Regulatory T cell differentiation

Human lymphocytes were isolated from umbilical cord 
blood using Ficoll density gradient centrifugation (Haoy-
ang Biotech, Tianjin, China).  CD4+ T cells were sepa-
rated by MACS sorting (Miltenyi, Bergisch Gladbach, 
Germany). Cells were cultured at 1 × 106 cell/ml in anti-
human CD3, anti-CD28-coated (1 ug/ml BD Biosciences, 
San Diego, CA) 96-well-U-bottom plates, with recombi-
nant human TGF-β (5  ng/ml Peprotech, Rocky Hill, NJ), 
r-human IL-2 (100 U/ml, Four Rings Bio-Pharmaceutical, 
Beijing, China). NK-92-Vector and NK-92-TN cells were 
harvested, washed with PBS, and seeded with the  CD4+ 
T cells in 96-well-U-bottom plates with an NK/T ratio at 
5:1. RPMI1640 media were added every 2 days with the 
same concentrations of cytokines. After 1 week, the per-
centages of regulatory T cells were analyzed by flow 
cytometry. Briefly, cells were stained with FITC-labeled 
anti-human CD4 and PE-labeled anti-human CD25 (BD 
Biosciences, San Diego, CA) for 30 min at 4 °C. After fixa-
tion and permeabilization, APC-labeled anti-human Foxp3 
(eBioscience, San Diego, CA) was added and incubated for 
30  min at 4 °C. Cells were then washed and analyzed by 
FACS Calibur (BD Biosciences, San Jose, CA, USA). The 
apoptosis of induced regulatory T cells was measured using 
the method described in “Flow cytometry” section. In the 
apoptosis assay, regulatory T cells were also stained with 
PE-labeled anti-human CD127 (Biolegend, San Diego, 
CA) and APC-Cy7-labeled anti-human CD25 (Biolegend, 
San Diego, CA).

Transwell assay for cell migration

1 × 105 SMMC7721 cells were cultured overnight in 600 ul 
DMEM per well in the lower chambers of the transwell 
plates. Anti-human TGF-β1 (Biolegend, San Diego, CA) 
or isotype control (Biolegend, San Diego, CA) was added 
into the lower chambers. Then, 2 × 105 (100 ul) NK-92-TN 
or NK-92-Vector cells were added to the upper chambers. 
24 h later, we counted the number of NK-92-TN and NK-
92-Vector cells in the low chambers by flow cytometry.

Animal model

4–5-week-old athymic nude mice were obtained from 
Shanghai Laboratory Animal Center (Shanghai, China). 
They were kept in a specific pathogen-free facility. All ani-
mal protocols were approved by Institutional Laboratory 
Animal Care and Use Committee of Soochow University. 
2  ×  106 hepatocellular carcinoma SMMC7721 cells were 
injected into nude mice subcutaneously. On day 10 after 
tumor cell inoculation, tumor-bearing mice were treated 
with 3  Gy total body irradiation (0.16  Gy/min), then 
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5 × 106 NK-92-TN or NK-92-Vector cells suspended in 0.1 
ml PBS or PBS alone were injected intravenously. Tumors 
were measured, and tumor volumes were calculated using 
the formula: (length ×  (width)2)/2. On day 28, mice were 
sacrificed and tumors were separated and weighed. The 
tumor infiltrating NK-92 cells were analyzed 5 days after 
adoptive transfer by flow cytometry (7AAD negative and 
YFP positive).

Results

Generation of NK-92 cells expressing chimeric TN 
antigen receptors

To generate human NK-92 cells expressing chimeric TN 
antigen receptor, NK-92 cells were infected with lenti-virus 
expressing pRRL-TN-Venus construct (Fig. 1a) or the con-
trol vector. The pRRL-TN-Venus construct contained the 
extracellular and transmembrane domains of TGF-βR II 
and the intracellular domain of NKG2D. The infected cells, 
denoted as NK-92-TN or NK-92-Vector cells, were sorted 
by FACS, and surface expressions of CD56 (Fig. 1b) and 
TGF-βR II (Fig. 1c) were analyzed by FACS analysis. The 
parental and the infected NK-92 cells expressed high level 
of CD56 (Fig. 1b). As shown in Fig. 1c, the parental and 
the NK-92 cell infected with the vector had only moderate 
levels of TGF-βR II expression (15.7 and 10.6%), while 
NK-92-TN cells expressed high level of TGF-βR II on the 
cell surface (80.4%). The mean fluorescent intensity of 
TGF-βR II was also significantly higher on NK-92-TN cells 
than that on the parental and vector control cells (mean flu-
orescent intensity (MFI): 104, 30.9, and 30.1, respectively). 
These results suggested that the chimeric TN receptors 
were successfully expressed on the NK-92-TN cells.

NK-92-TN cells are resistant to TGF-β-induced 
suppression

To examine whether the TGF-β signaling pathway could 
still be activated in NK-92-TN cells, we analyzed the 
level of smad-2 phosphorylation in NK-92-TN and con-
trol cells. NK-92-TN and NK-92-Vector cells were treated 
with TGF-β overnight. Western blot results indicated that 
smad-2 was equally expressed in both cell lines (Fig. 2a). 
However, the phosphorylation level of smad-2 in NK-
92-TN cells was significantly lower than that in the control 
cells (Fig.  2a). These results suggested that TGF-β could 
not activate the suppressive signaling pathway in NK-
92-TN cells.

TGF-β has been shown to down-regulate NKG2D 
expression in NK cells [8, 9]. To investigate whether 
TGF-β could affect NKG2D expression in NK-92-TN 

cells, flow cytometry was performed to determine the 
expression of NKG2D in NK-92-TN and control cells 
(Fig.  2b). TGF-β1 significantly down-regulated NKG2D 
expression in NK-92-Vector cells in a dose-dependent 
manner (from 33.5 to 22.5%), similar to the parental 
NK-92 cells (Supplemental Fig. 1; from 31.6 to 19.3%), 
while the NKG2D expression remained unchanged in 
both percent of positive cells (from 41.8 to 38.9%) and 
mean fluorescent intensity in NK-92-TN cells with 
TGF-β treatment (Fig.  2b, c). Therefore, these results 
demonstrated that NK-92-TN cells were resistant to TGF-
β-induced suppression. Despite the changes in signal-
ing pathway and NKG2D expression, the proliferation 
(Fig. 2d) and apoptosis (Fig. 2e) of both NK-92-TN and 

Fig. 1  Generation of NK-92 cells expressing chimeric TN antigen 
receptors. a Schematic representation of the TN chimeric recep-
tor. TN chimeric receptor includes extracellular and transmem-
brane domains of TGF-βR II and intracellular domain of NKG2D. b 
Expression of YFP and CD56 in NK92, NK-92-TN, and NK-92-Vec-
tor cells analyzed by flow cytometry using PE-labeled anti-CD56 
antibody. c Expression of YFP and surface TGF-βR in NK92, NK-
92-TN, and NK-92-Vector cells analyzed by flow cytometry using PE-
labeled anti-TGF-βR II antibody. The mean fluorescence of TGF- βR 
II expression was also shown. Data shown are the representatives of 
at least three independent experiments
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control cells were not significantly affected by the TGF-β 
treatment.

Cytotoxicity against tumor cells is enhanced 
in NK-92-TN cells

To investigate the NK-92-TN cells’ cytotoxicity against 
tumor cells, human hepatocellular carcinoma cell lines 
SMMC-7721, SK-HEP-1, and human prostate cancer cell 
line PC-3 were used as tumor targets in the cytotoxicity 

assay. NK-92-TN cells exhibited higher levels of cyto-
toxicity against all three cell lines than the control cells 
(Fig.  3a). When the cells were treated with TGF-β, the 
cytotoxicity of the control cells was either unchanged 
when it was already very low (SMMC-7721 and PC-3), 
or slightly suppressed when it was at a relatively higher 
level (SK-HEP-1). On the other hand, the killing capaci-
ties of NK-92-TN cells against all three tumor cell lines 
were significantly enhanced by TGF-β treatment.

Fig. 2  NK-92-TN cells are resistant to TGF-β induced suppression. 
a Western blot for total Smad-2 and phosphorylated Smad-2 in NK-
92-TN and NK-92-Vector cells after TGF-β (50  ng/ml) treatment. b 
NK-92-TN and NK-92-Vector cells were treated with TGF-β (10 or 
100  ng/ml), and the expression of YFP and NKG2D was analyzed 
with flow cytometry using APC-labeled anti-NKG2D antibody. c 
Quantitative results of the percentages and mean fluorescent inten-
sity (MFI) of  NKG2D+NK-92 cells. d Proliferation of NK-92-TN and 

NK-92-Vector cells in the absence or presence of TGF-β or tumor 
supernatants was analyzed by CCK8 staining. e Apoptosis of NK-
92-TN and NK-92-Vector cells in the absence or presence of TGF-β 
or tumor supernatants was measured by Annexin V and 7-AAD stain-
ing. Data shown are the representatives of at least three independ-
ent experiments. Results are expressed as mean ± SD. *p < 0.05, 
**p < 0.01, ***p < 0.001
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IFN-γ is an important effector molecule produced by 
NK cells that has anti-tumor activity [15–17]. We analyzed 
IFN-γ production by NK-92-TN and NK-92-Vector cells by 
intracellular staining (Fig. 3b, c). NK-92-TN cells produced 
more IFN-γ than the control cells after PMA and iono-
mycin stimulation. TGF-β1 treatment significantly down-
regulated IFN-γ production by NK-92-Vector cells, while 
the IFN-γ production by NK-92-TN cells was not affected. 
Therefore, the cytotoxicity and IFN-γ production of NK-
92-TN cells were greatly enhanced compared with the con-
trol NK-92 cells.

NK-92-TN cells are chemo-attracted and migrate 
to the TGF-β1-producing tumor cells

TGF-β is one if the major suppressive cytokines in the 
tumor microenvironment. To investigate whether the TGF-
βR-expressing NK-92-TN cells could be attracted by TGF-β 
and migrate to the tumor microenvironment, we estab-
lished an in vitro experimental model. We seeded SMMC 
7721 cells, which expressed high level of TGF-β (data not 

shown) in the lower chamber of the transwell overnight, 
then added NK-92-TN or NK-92-Vector cells in the upper 
chamber (Fig. 4a). The cells were cultured for 48 h to allow 
for migration and the cells that migrated to the lower cham-
ber were counted (using YFP and morphology to distin-
guish between NK cells and tumor cells; gating strategy, 
as shown in Supplemental Fig. 2). The results showed that 
significantly more NK-92-TN than NK-92-Vector cells 
migrated to the lower chamber, and this enhanced migra-
tion was diminished by adding neutralizing anti-TGF-β 
antibodies (Fig. 4b). These results suggest that NK-92-TN 
cells were better attracted by the TGF-β-producing tumor 
cells than the control cells in a TGF-β-dependent manner.

The expression of surface chemokine (Fig. 4c) and acti-
vating/inhibitory (Fig. 4d) receptors was also examined on 
both NK-92-TN and NK-92-Vector cells by real-time PCR. 
The expressions of CCR3, CCR6, CXCR4, CX3CR1, and 
NKG2C were increased, while NKp80 expression was 
slightly decreased on NK-92-TN cells. The overall pro-
file of the receptor expressions suggested increased tissue 
migration and activation of NK-92-TN cells.

Fig. 3  Cytotoxicity against tumor cells is enhanced in NK-92-TN 
cells. a Cytotoxicity of NK-92-TN and NK-92-Vector cells with or 
without TGF-β treatment against SMMC7721, SK-HEP-1, and PC-3 
tumor cells was analyzed by CytoTox 96 non-radioactive cytotoxic-
ity assay. b IFN-γ production was analyzed by intracellular staining 
in NK-92-TN and NK-92-vector cells stimulated with 5 ng/ml PMA 

and 50 ng/ml ionomycin and with or without TGF-β in the presence 
of 4  mM BFA. c Quantitative analysis of percent of IFN-γ+NK-92 
cells. Data shown are the representatives of at least three independ-
ent experiments. Results are expressed as mean ± SD. *p < 0.05, 
**p < 0.01, ***p < 0.001
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Presence of NK-92-TN cells inhibits Treg differentiation

Regulatory T cells can be induced by TGF-β and suppress 
anti-tumor immune response [18]. To examine whether 
NK-92-TN cells could neutralize some of TGF-β and 

inhibit Treg differentiation, we co-cultured the NK-92-TN 
or NK-92-Vector cells with human naïve  CD4+ T cells sep-
arated from cord blood in the presence of TGF-β. After 1 
week, flow cytometry was performed to analyze CD25 and 
Foxp3 expressions to determine the percent of Tregs. After 

Fig. 4  NK-92-TN cells are chemo-attracted and migrate to the TGF-
β1-producing tumor cells. a Schematic illustration of the experi-
ments. SMMC7721 cells were seeded in the lower chambers and cul-
tured overnight. NK-92-TN or NK-92-Vector cells were then seeded 
in the upper chamber. After 24h, NK-92-TN or NK-92-Vector cells 
that migrated to the lower chambers were counted by flow cytom-
etry. b Quantitative analysis of the number of NK-92-TN or NK-
92-Vector cells that migrated to the lower chambers in the presence 

or absence of anti-TGF-β antibodies (1 and 5 μg/ml). c Expressions 
of chemokine receptors on NK-92-TN or NK-92-Vector cells, includ-
ing CCR1, CCR3, CCR6, CXCR3, CXCR4, and CX3CR1, were ana-
lyzed by real-time PCR. d Expression of NKG2A, NKG2C, NKp30, 
NKp44, and NKp80 on NK-92-TN or NK-92-Vector cells analyzed 
by real-time PCR. Data shown are the representatives of at least 
three independent experiments. Results are expressed as mean ± SD. 
*p < 0.05, **p < 0.01, ***p < 0.001
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TGF-β induction, about 60% of the  CD4+T cells became 
Tregs (Fig.  5a, b). Coculture with NK-92-Vector cells 
decreased the percent of Tregs, while coculture with NK-
92-TN cells further decreased the percent of Tregs to less 
than 20%. This result indicated that the presence of NK-
92-TN cells could inhibit Treg differentiation.

We further examined whether the apoptosis of the Tregs 
could be affected by coculture with NK-92-TN or NK-
92-Vector cells (Fig. 5c). The apoptotic Treg cells increased 
from 15% to about 20% in the coculture with NK-92-Vector 
cells, while it further increased to about 30% in the cocul-
ture with NK-92-TN cells. This result suggested that cocul-
ture with NK-92 cells could promote the apoptosis of the 
Tregs and the expression of chimeric receptors on NK-92 
cells further enhanced this activity. Therefore, the reduced 
Treg differentiation by coculture with NK-92-TN cells 
could be due to the combined effects of neutralizing TGF-β 
and apoptosis induction of the Tregs.

Adoptive transfer of NK-92-TN cells slightly augmented 
the anti-tumor effect of NK-92 cells in xenograft tumor 
model

To compare the anti-tumor effect of NK-92-TN and NK-
92-Vector cells in vivo, we established a xenograft model 
of hepatocellular Carcinoma by subcutaneously injecting 
SMMC7721 cells (2 ×  106) in BALB/c athymic nude mice. 
Mice were treated with a single intravenous injection of 
PBS, NK-92-TN, or NK-92-Vector (Fig. 6). Tumor volumes 
were monitored (Fig. 6a), and tumor weights (Fig. 6b) were 

determined on day 28. Although the immune regulatory 
role of the NK-92-TN cells could not be achieved in this 
model, the results showed that both the tumor volumes and 
tumor weights could be moderately reduced by NK-92-TN 
cell transfer.

The tumor infiltrating NK-92 cells were analyzed by 
flow cytometry (Fig. 6c, d). The percentages of tumor infil-
trating NK-92-TN cells were significantly higher than the 
percentages of NK-92-Vector cells, suggesting that the NK-
92-TN cells could better infiltrate into the tumors and per-
form their anti-tumor activities.

Discussion

NK cells are vital effector cells of innate immunity and 
play important roles in immune surveillance [19]. Numer-
ous NK cell-based anticancer therapies are currently under 
investigation [1]. However, the clinical trials of NK adop-
tive transfer, either autologous or allogeneic, were largely 
unsuccessful to treat patients with solid tumors [1, 2, 20]. 
This is largely due to the inability of NK cells to traffic to 
the tumor site and the suppressed anti-tumor activity of 
the transferred NK cells in the tumor microenvironment 
[9, 21–23]. There were previous studies expressing domi-
nant negative TGF-βR II on NK cells to render resistance 
to TGF-β [10, 24]. Here, for the first time, we reported a 
chimeric NK cell receptor with the extracellular domain of 
TGF-βR II and the intracellular domain of NKG2D, which 
may help NK cells infiltrate to the TGF-β-high tumor 

Fig. 5  Presence of NK-92-TN 
cells inhibits regulatory T cell 
differentiation. a NK-92-TN 
or NK-92-Vector cells were 
co-cultured with human  CD4+ 
T cells at 5:1 ratio in the pres-
ence of TGF-β for 1 week. The 
percent of regulatory T cells 
was analyzed by flow cytometry 
using PE-labeled anti-CD25 and 
APC-labeled anti-Foxp3 anti-
bodies. b Quantitative analysis 
of the percent of regulatory T 
cells. c Quantitative analysis 
of the percent of apoptotic 
regulatory T cells examine by 
Annexin V and 7-AAD staining. 
Data shown are the representa-
tives of at least three inde-
pendent experiments. Results 
are expressed as mean ± SD. 
*p < 0.05, **p < 0.01, 
***p < 0.001
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microenvironment and convert the suppressive TGF-β sig-
nal to an activating NKG2D signal to facilitate the effector 
function of the transferred NK cells.

TGF-β is a pleiotropic cytokine mediating immune sup-
pression in the tumor microenvironment [25]. TGF-β can 
induce Tregs which can suppress effector T cell function 
[26]. It has also been shown recently that ALL blast can 
induced NK cell dysfunction through the TGF-β/SMAD 
pathway [27]. TGF-β-induced microRNA-183 suppresses 
DAP12 transcription, which is critical for surface NK 
receptor stabilization and downstream signal transduction 
[28]. TGF-β in the tumor microenvironment can cause the 
immaturation and suppression of NK cells and neutralizing 
TGF-β promotes NK function and tumor regression [29, 
30]. The chimeric receptor with extracellular TGF-βR II 
expression can still bind to TGF-β and be attracted to the 
tumor microenvironment. However, since it does not trans-
duce TGF-β signal, the NK cells expressing this chimeric 
receptor are resistant to the suppressive TGF-β signal, and 
instead activated by the TGF-β in the tumor microenviron-
ment. Because of the high-level expression of TGF-βR II 

on these NK cells carrying the chimeric receptors, they 
can also absorb and reduce the level of TGF-β within the 
tumor, which could affect the induction of Tregs and the 
function of the effector T cells, or even endogenous NK 
cells.  CD4+  CD25+ Tregs are reported to inhibit NKG2D-
mediated NK cell cytotoxicity in  vitro, and depletion of 
these cells in vivo significantly promoted NK cell-mediated 
tumor rejection [31]. Our in vitro experiments showed that 
the presence of the NK-92 cells expressing the chimeric 
receptor (TN) indeed could reduce the generation of human 
Tregs (Fig.  5). Therefore, these TN-expressing NK cells 
may not only possess potent anti-tumor capacity, but also 
promote endogenous T and NK cell function after adoptive 
transfer.

Decreased level of NKG2D expression impairs NK cell 
cytotoxicity and IFN-γ production [32]. IFN-γ is predomi-
nantly produced by activated NK cells, and is one of the 
markers for NK cell activation [33]. Both NKG2D expres-
sion and IFN-γ production were down-regulated by TGF-β 
in control NK cells (Figs.  2, 3). However, the NK-92-TN 
cells expressing the chimeric receptors were resistant to 

Fig. 6  Adoptive transfer of NK-92-TN cells augmented the anti-
tumor effect of NK-92 cells in vivo. The BALB/c athymic nude mice 
were inoculated subcutaneously with 2 ×  106 hepatocellular carci-
noma SMMC7721 cells. Ten days later, 5 × 106 NK-92-TN or NK-
92-Vector cells were adoptively transferred, and a tumor volumes and 

b tumor weights were measured on day 28. c Percent of tumor infil-
trating  YFP+NK cells was analyzed by flow cytometry. d Representa-
tive flow cytometry plots detecting  YFP+NK cells were shown. Data 
shown are the average of five independent experiments (including 30 
mice per group). Results are expressed as mean ± SE. *p < 0.05
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TGF-β suppression, with NKG2D expression and IFN-γ 
production unchanged during TGF-β treatment. Although 
the cytotoxicity of the NK-92-TN cells can be enhanced by 
TGF-β (Fig.  3), TGF-β treatment did not up-regulate the 
NKG2D expression or IFN-γ production, suggesting that 
the increased killing capacity could be due to the activa-
tion of NKG2D signaling and other effector molecules. 
The overall profile of the receptor expressions (Fig. 4c, d) 
suggested increased tissue migration and activation of NK-
92-TN cells [34, 35]. However, the changes were not drastic 
(within twofolds). Therefore, the expression of the chimeric 
receptor on NK-92-TN cells may not greatly influence their 
receptor expression patterns other than increasing their 
resistance to TGF-β-induced suppressions and chemotaxis 
towards TGF-β-high tumor areas.

Despite the substantial enhancement of the killing 
capacity of the NK-92-TN cells by expressing the chimeric 
receptors, the in vivo reduction of tumor growth with NK-
92-TN cell adoptive transfer was quite moderate (Fig.  6). 
We only administered one dosage of 5 × 106 cells to match 
the practical cell numbers per kg in adoptive therapy for 
humans. The therapeutic efficacy could be enhanced by 
transferring more cells of multiple dosages. Moreover, the 
immune regulatory function of this chimeric receptor can-
not be examined with the current animal model because of 
the lack of endogenous human NK and T cells. Humanized 
mouse tumor model could be used in the future to fully 
examine the anti-tumor effect of the NK cells expressing 
chimeric TN receptor in vivo.

The current study is based on the NK-92 cell line adop-
tive therapy. Future study of this TN chimeric receptor can 
also be expanded to autologous or allogeneic primary NK 
cells. Our results provided the basis for expressing the chi-
meric TN receptor as a novel strategy for enhancing the 
therapeutic efficacy of NK cell adoptive therapy.
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