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Abstract. The natural killer cell line NK‑92 shows great 
cytotoxicity against various types of cancer. Several types of 
solid tumor cells, however, can effectively resist NK-mediated 
lysis by interaction of major histocompatibility complex 
(MHC) molecules with NK cell inhibitory receptors. To 
generate a eukaryotic expression vector encoding chimeric 
antigen receptor scFv anti-erbB2-CD28-ζ and to investigate 
the expression and action of this chimeric antigen receptor 
in cancer cells both in vitro and in vivo, NK‑92 cells were 
genetically modified with an scFv anti-erbB2-CD28-ζ 
chimeric receptor by optimized electroporation using the 
Amaxa Nucleofector system. The expression of the chimeric 
receptor was evaluated by RT-PCR and immunofluores-
cence. The ability of the genetically modified NK‑92 cells to 
induce cell death in tumor targets was assessed in vitro and 
in vivo. The transduced NK‑92-anti-erbB2 scFv-CD28-ζ cells 
expressing high levels of the fusion protein on the cell surface 
were analyzed by fluorescence-activated cell-sorting (FACS) 
analysis. These cells specifically enhanced the cell death of the 
erbB2‑expressing human breast cancer cell lines MDA-MB-
453 and SKBr3. Furthermore, adoptive transfer of genetically 
modified NK‑92 cells specifically reduced tumor size and lung 
metastasis of nude mice bearing established MDA-MB-453 
cells, and significantly enhanced the survival period of these 
mice. The genetically modified NK‑92 cells significantly 
enhanced the killing of erbB2‑expressing cancer and may be 
a novel therapeutic strategy for erbB2‑expressing cancer cells.

Introduction

Natural killer (NK) cells are important effectors of the innate 
immune system and play an essential role in the body's first 
line of defense against virus-infected and malignant cells (1,2). 
NK cells rapidly recognize different pathogens through a 
variety of activation and inhibition receptors, and mediate 
spontaneous tumor cytotoxicity in a major histocompatibility 
complex (MHC)-unrestricted manner  (3). The importance 
of NK cells in antitumor immunity is further demonstrated 
by the fact that patients with dysfunctional NK cells readily 
suffer leukemia (4). NK cells may be promising candidates for 
cancer cell therapy with the potential to target a wide range 
of malignancies that exhibit defective or altered MHC class I. 
Currently however, no major benefits have been reported from 
the use of original NK protocols, partly as tumor cells have 
developed several mechanisms, including the expression of 
ligands that interact with NK cell inhibitory receptors, thereby 
hampering NK cell function (5). Furthermore, the amplifica-
tion of original NK cells is limited and poorly standardized 
between different research centers.

A novel approach, different to the adoptive transfer of 
endogenous NK cells, involves the permanent IL-2-dependent 
NK‑92 cell line, which mediates strong cytotoxic responses 
against a variety of tumor cells in vitro and in humanized mouse 
models in vivo (6,7), most likely as a result of the absence of 
inhibitory NK cell receptors (8). NK‑92 cells possess the char-
acteristics of activated NK cells but do not harbor Fc-γRIII 
(CD16) and lack the general killer inhibitory receptors (KIRs), 
except KIR2DL4 (8,9), which interacts with human leukocyte 
antigen (HLA) molecules on target cells and inhibits NK cell 
cytolytic activity (10). NK‑92 cells are cytotoxic to tumor cells, 
but have no effect on nonmalignant allogeneic cells. Another 
major advantage of NK‑92 cells in adoptive therapy, in contrast 
to autologous or allogeneic NK cells, is the ease of the mainte-
nance and expansion in culture and the availability on demand 
in standardized quality. Nevertheless, similar to primary NK 
cells, NK‑92 cells show little or no activity against many solid 
tumor cell lines.

In the immunotherapeutic approach, genetically modified 
NK cells were generated with chimeric single-chain variable 
fragment  (scFv) receptors that recognize tumor-associated 
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Ags (TAA). This strategy can enhance tumor recognition by 
primary T cells (11-14) and generate specific killing of tumor 
target cells by NK cell lines (15-18) or primary human NK 
cells (19-21).

The aim of the present study was to investigate the poten-
tial role of genetically modified NK‑92 cells in the therapeutic 
treatment of cancer cells expressing erbB2 (HER2/neu). It 
was hypothesized that the method of introducing genetically 
modified NK‑92 cells into cancer cells may inhibit tumor 
cell proliferation both in  vivo and in  vitro. In contrast to 
parental NK‑92 cells, the genetically modified NK‑92-anti 
erbB2 scFv-CD28-ζ cells specifically and effectively lysed 
erbB2‑expressing human breast cancer cells. Furthermore, 
adoptive transfer of gene-modified NK‑92 cells specifically 
reduced tumor size and lung metastasis of nude mice bearing 
established breast cancer cells, and significantly enhanced the 
survival of these mice. Consequently it is proposed that using 
genetically modified NK‑92 cells could be a potent cell-based 
therapeutic treatment of erbB2‑expressing cancers.

Materials and methods

Cell lines and culture conditions. Human breast cancer cell 
lines MDA-MB-453 (erbB2‑expressing) and MDA-MB-231 
(erbB2-negative), provided by the Tumor Laboratory of our 
Hospital, were maintained in Dulbecco's modified Eagle's 
medium (DMEM) containing 10% heat-inactivated fetal 
bovine serum (FBS), 2 mM L-glutamine, 100 U/ml penicillin 
and 100 µg/ml streptomycin. Human erythroleukemic K562 
cells were maintained in RPMI-1640 medium containing 10% 
heat-inactivated FBS, 2 mM L-glutamine, 100 U/ml penicillin 
and 100 µg/ml streptomycin. NK‑92 cells and transduced 
NK‑92-scFv-CD28-ζ cells were propagated in α-Minimum 
Essential Medium negative for ribonucleosides and deoxy-
ribonucleosides. The medium contained 2 mM L-glutamine 
and 1.5 g/l sodium bicarbonate. To produce the final growth 
medium, the following components were added to the base 
medium: 0.2  mM inositol; 0.1  mM 2-mercaptoethanol; 
0.02 mM folic acid; 1000 U/ml recombinant IL-2; adjusted to 
a final concentration of 12.5% horse serum and 12.5% FBS.

Construction of a chimeric antigen receptor carrying erbB2-
specific scFv. The recombinant chimeric antigen receptor 
gene was generated by means of oligo chemic synthesis and 
PCR amplification as previously described (15). The chimeric 
antigen receptor consisted of heavy- (VH) and light-chain 
variable domains (VL) of the erbB2-specific antibody and 
linked by overlap extension with a GS-linker, c-myc tag, CD8a 
(ENST00000283635), CD28 (ENST00000374478) and CD3ζ 
(ENST00000392122) chain. The resulting PCR product was 
re-amplified adding HindⅢ and EcoRI restriction sites and 
cloned into the plasmid PCDNA3.1.

Gene modification of NK‑92 cells. NK‑92 cell genes were 
modified by electroporation using the Amaxa Nucleofector 
system (Amaxa Biosystems, Köln, Germany). In brief, 5x106 
NK‑92 cells were placed in a 0.1 ml electroporation solu-
tion with 4 µg of the PCDNA3.1 plasmid DNA encoding 
the scFv-erbB2-CD28-ζ chimeric receptor. The appropriate 
Nucleofector Program A-024 was selected. Following electro-

poration, the cells were incubated in 2 ml Amaxa recovery 
medium with 1000 IU/ml recombinant human IL-2 for 24 h 
before being used in the experiments. 

Analysis of chimeric antigen receptor expression. For reverse 
transcription-polymerase chain reaction (RT-PCR), total RNA 
was isolated from the NK‑92-scFv-erbB2-CD28-ζ cells using 
the Trizol method. RT-PCR was performed with the 
SuperScript III One-Step RT-PCR System (Invitrogen) using 
the sense primer P1 (5'-CTTAAGCCTATGCAGGTCCAACT 
GCA-3') and antsense primer P2 (5'-CTGAATTCCTAGCGAG 
GGGGCA-3'). 

A total of 5x106 NK‑92-scFv-erbB2-CD28-ζ or NK‑92 cells 
were harvested by centrifugation, washed with PBS twice, and 
then stained with FITC-labeled c-myc tag Ab (SH1-26E7.1.3; 
Miltenyi Biotec, Gladbach, Germany) for 30 min at 4˚C for 
immunofluorescence analysis. Background fluorescence was 
determined by staining cells with an isotype control anti-
body (Ab) followed by a secondary PE-conjugated anti-mouse 
Ig mAb. Fluorescence was analyzed with a FACScan (FACS 
Calibur; Becton, Dickinson and Co., USA).

Phenotyping analysis of cell surface marker expression on 
NK‑92 cells. The phenotyping of cell surface marker expres-
sion on NK‑92-scFv-erbB2-CD28-ζ and parental NK‑92 
cells was determined using FACScan by staining cells with 
PE-labeled Abs specific for CD27 (O323), NKG2D (1D11), 
CD158d (mAb33) and Alexa Fluor 647-conjugated Ab specific 
for CD85 (GHI/75) (all from BioLegend, USA).

Cytotoxicity assay. The ability of gene-modified NK‑92 
cells to specifically kill tumor targets was assessed in a 4 h 
51Cr-release assay. In brief, NK‑92 cells were incubated with 
1x105 51Cr-labeled MDA-MB-453, MDA-MB-231, SKBr3, 
MCF7 and K562 cells at various E/T ratios in triplicate wells of 
a 96-well round-bottom plate (in 200 µl of complete DMEM). 
The percentage of specific release of 51Cr into the supernatant 
was assessed as previously described (22).

Mouse models with modified NK‑92 cells and in vivo antitumor 
activity. BALB/C nude mice (6-12 weeks of age) were bred 
under specific pathogen-free conditions at the Experimental 
Animal Center of the General Hospital of PLA.

Two mouse models were developed to assess the 
ability of genetically modified NK‑92 cells expressing the 
anti‑erbB2‑CD28-ζ receptor to inhibit tumor growth. In the 
first mouse model, 28 BALB/C mice were randomly divided 
into 4 groups with 7 mice in each group. One type of tumor cells 
(MDA‑MB-453 or MDA-MB-231 cells, 2x106) were injected 
into the flanks of BALB/C mice, and one type of NK‑92 cells 
(NK‑92-scFv-erbB2-CD28-ζ or parental NK‑92 cells, 1x107, 
E/T ratio of 5:1) suspended in 0.1 ml of PBS were injected into 
the caudal vein simultaneously. The tumor formation rates for 
each group were analyzed on day 10 (Fig. 1).

In the second model, either MDA-MB-453 or MDA-MB-
231 cells (2x106) were respectively injected into the flanks of 
BALB/C mice to establish the mouse models bearing trans-
plantated tumors. Thirty mice bearing MDA-MB-453 and 30 
mice bearing MDA-MB-231 were then randomly divided into 
6 groups of 10 animals in each group. Mice were treated on 
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days 1, 8 and 15 with either 1x107 NK‑92-scFv-erbB2-CD28-ζ 
or parental NK‑92 cells delivered i.v. (caudal vein) (Fig. 1). 
Serum levels of interferon-γ (IFN-γ) on day 2 and 9 were 
determined by ELISA. Tumor volumes on day 20 were calcu-
lated using the formula: π x length x (width)2 ÷ 6.

Histologic procedures. For each animal, upon euthanasia, the 
hypodermic transplantation block and lung were excised, fixed 
in formalin, embedded in paraffin, and serially sectioned at a 
2-µm thickness. Routine H&E staining was performed at an 
interval of every 10 sections. Immunohistochemichal assay 
(Dako REAL EnVision Detection System, K8010; Dako, 
Glostrup, Denmark) was used to stain the tissues with CD3 
(F7.2.38; Santa Cruz Biotechnology, USA), CD56 (IS628, 
clone 123C3; Dako), NKG2D (14F-2; Santa Cruz), CD16 
(2Q1240; Santa Cruz), for analysis of the infiltration of NK‑92 
cells in the tumor in the unstained paraffin sections.

Statistical analysis. The Mann-Whitney U test, Chi-square test 
and one-way ANOVA in SPSS 10.0 were used for the statistical 
analysis. The Kaplan-Meier test was used to analyze survival 
rates. Values of P<0.05 were considered to indicate statisti-
cally significant differences.

Results

Expression of the chimeric anti-erbB2 receptor in the NK‑92 
cells. A 1803-bp long chimeric anti-erbB2 scFv-CD28-ζ 
receptor was generated by oligo chemic synthesis and PCR 
amplification (Fig. 2A). The expression of anti-erbB2 scFv-
CD28-ζ mRNA was confirmed by RT-PCR (Fig. 2B). A high 
level of the anti-erbB2 receptor was observed in the NK‑92 
cells following staining with a c-myc tag mAb specifically 
recognizing a c-myc tag epitope incorporated into the extracel-
lular domain of the chimeric receptor (Fig. 2C). Cell viability 
ranged between 60 and 90% following electroporation.

Phenotypic characterization of the genetically modified NK‑92 
cells. We investigated whether expression of the chimeric scFv 
receptor had an effect on the NK‑92 cell phenotype. Flow 
cytometry was used to compare the expression of a number 
of molecules expressed by the anti-erbB2-NK‑92 and parental 
NK‑92 cells, including activation and inhibition receptors. 
Based on independently performed experiments, no differ-
ence in the expression of NK‑92 cell markers CD27, NKG2D, 
CD158d or CD85 was noted between the parental NK‑92 and 
the anti-erbB2-NK‑92 cells (Fig. 3). These data indicate that 

Figure 1. The flowchart of the present study: Mouse Model One and Two.
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transfection of NK‑92 cells with the scFv chimeric receptor 
did not phenotypically alter the expression of a number of 
important NK‑92 cell-associated markers.

Antigen-specific cytotoxicity mediated by anti-erbB2-NK‑92 
cells. To determine whether the genetically modified NK‑92 
cells expressing the anti-erbB2 chimeric receptor could 
augment cell death activity against erbB2-expressing targets, 
two human breast cancer cell lines were used. These cell 
lines either expressed erbB2 or were negative for erbB2, and 
underwent cytotoxicity assays with anti-erbB2-NK‑92 cells 
or parental NK‑92 cells. A significant increase in the level of 
cell death in the erbB2‑expressing MDA-MB-453 and SKBr3 
cells by anti-erbB2-NK‑92 cells was observed when compared 
to the control parental NK‑92 cells (MDA-MB-453: E/T 1:1, 
9.52±0.30 vs. 5.35±0.23%, P<0.05; E/T 10:1, 55.92±0.41 vs. 
10.38±0.28%, P<0.05; E/T 20:1, 82.10±0.29 vs. 13.15±0.30%, 
P<0.05) (Fig. 4A); (SKBr3: E/T 1:1, 9.66±0.24 vs. 4.65±0.15%, 
P<0.05; E/T 10:1, 50.52±0.27 vs. 10.54±0.22%, P<0.05; E/T 
20:1, 72.10±0.29 vs. 13.82±0.20%, P<0.05) (Fig. 4C). This 
increased cell death was erbB2 antigen-specific as anti-
erbB2‑NK‑92 and parental NK‑92 cells mediated comparable 
lysis of erbB2 negative MDA-MB-231 (Fig. 4B) and MCF7 
cells (Fig. 4D). In addition, expression of the scFv receptor 
had no impact on the endogenous cytotoxic ability of NK‑92 
cells. The cytotoxicity of the anti-erbB2-NK‑92 and parental 
NK‑92 cells to a NK cell-sensitive target cell line, K562, was 
comparable (Fig. 4E).

Antigen-specific inhibition of tumor growth mediated by 
anti-erbB2-NK‑92 cells. The ability of genetically modified 
NK‑92  cells expressing the anti-erbB2 chimeric receptor 

Figure 2. Genetic modification of NK‑92 cells with the anti-erbB2 chimeric receptor. (A) Schematic image of the chimeric receptor anti-erbB2 scFv-CD28-ζ. 
The chimeric receptor consisted of the VH and VL regions of the anti-erbB2 mAb joined by a flexible linker, C-myc tag, a CD8-α membrane-proximal hinge 
region (MP), and the transmembrane (TM) and cytoplasmic regions of the human CD28 signaling chain fused to the intracellular domain of human TCR-ζ. 
(B) RT-PCR analysis with primers specific for the chimeric receptor sequence of mRNA from NK‑92-anti-erbB2 scFv-CD28-ζ cells. The position of the anti-
erbB2 scFv-CD28-ζ DNA fragment is indicated. (C) The expression of the chimeric scFv anti-erbB2 receptor in NK‑92 cells was analyzed following staining 
with an FITC-labeled c-myc tag Ab. The dotted line represents transfected NK‑92 cells; solid line represents non-transfected NK‑92 cells.

Figure 3. Phenotypic characterization of gene-modified NK‑92 cells. The 
surface expression of various NK‑92 cell activation/inhibition receptors 
was analyzed by flow cytometry following staining with appropriate Abs. 
There was no significant difference in expression of the following mol-
ecules between anti-erbB2-transfected or parental NK‑92 cells: (A) CD27, 
(B) NKG2D, (C) CD158d or (D) CD85. The dotted line represents transfected 
NK‑92 cells; solid line represents non-transfected NK‑92 cells.
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to mediate antigen-specific inhibition of tumor growth was 
assessed in vivo. In the first experimental model, the tumor 
formation rate of mice in the MDA-MB-453 and geneti-
cally modified NK‑92 cell group was lower than that in the 
MDA-MB-453 and parental NK‑92 cell group (14.29 vs. 
71.43%, P<0.05) on day 10. In contrast, the tumor formation 
rate in the MDA-MB-231 and genetically modified NK‑92 cell 
group was similar to that of the MDA-MB-231 and parental 
NK‑92 cell group (71.43 vs. 57.14%, P>0.05) (Fig. 5A). In the 
second experimental model, MDA-MB-453 and MDA-MB-
231 cells were injected respectively into the flanks of BALB/C 
mice to establish the mouse models bearing transplanted 
tumors. The mice bearing tumors either remained untreated 
or were treated on days 1, 8, 15 with 1x107 genetically modi-
fied NK‑92 cells or parental NK‑92 cells by i.v. (caudal vein). 
The serum IFN-γ level in the mice bearing MDA-MB-453 
tumors that received anti-erbB2 gene-modified NK‑92 cells 
was higher than the level in those mice that received parental 
NK‑92 cells (day 2, 224.63±18.92 vs. 39.68±4.72 pg/ml, P<0.01; 
day 9, 254.34±10.59 vs. 59.90±5.57 pg/ml, P<0.01) (Fig. 5B 
and C).  Mice bearing the MDA-MB-453 tumors that received 
anti-erbB2 gene-modified NK‑92 cells, compared to those that 
received parental NK‑92 cells, had significantly decreased 
tumor volume (0.05±0.02 vs. 0.59±0.12 cm3, P<0.01) (Fig. 5D), 
lung metastasis (0 vs. 30%, P<0.05) (Figs. 5E and  6A and B) 
and increased survival (median survival 75 vs. 22.5 days, 
P<0.05) (Fig. 5F). Mice bearing the MDA-MB-453 tumors that 
received the genetically modified NK‑92 cells had increased 
infiltration of the tumor tissue by lymphocytes (Fig. 6C and D) 
compared to the mice that received parental NK‑92 cells as 
demonstrated by immunohistochemical analysis (Fig. 6E-H). 

These effects were antigen-specific as there were no signifi-
cant differences in mice bearing the MDA-MB-231 tumors 
that received either anti-erbB2 NK‑92 or parental NK‑92 cells.

Discussion

Adoptive transfer of NK cells is gaining much attention in the 
immunotherapy for cancer. Recent results indicate an increase 
in survival in acute myeloid leukemia patients treated with 
alloreactive NK cells (23). In contrast, currently available ther-
apies have no apparent effects on patients with acute lymphoid 
leukemia and most solid tumors. This is due in part to the 
nonspecific nature of these cancers and the HLA-mediated 
inhibitory signals induced by interaction with NK cell 
inhibitory receptors (5). Specifically, NK‑92 cells show greater 
cytotoxic activity than other NK cells against many tumors, 
thus providing a basis for ongoing clinical development of 
NK‑92 cells as an allogeneic cell therapy for adoptive cancer 
immunotherapy (24). An ideal adoptive therapy for cancer 
should consist of the development of robust effector cells with 
specific antitumor efficacy.

A novel way to enhance NK cell antitumor activity involves 
genetic modification with scFv chimeric receptors that can 
specifically recognize the TAA site. In the present study the 
Amaxa transfection system was used to genetically modify 
NK‑92 cells with an erbB2-specific chimeric scFv receptor. This 
study demonstrated that NK‑92 cells genetically engineered 
with the scFv anti-erbB2 receptor significantly enhanced the 
cytotoxicity of the NK‑92-insensitive human breast cancer cell 
lines MDA-MB-453 and SKBr3, in an erbB2+ antigen-specific 
manner. The expression of the chimeric antigen receptor did not 

Figure 4. Enhanced cytotoxicity of the erbB2‑expressing tumor cells to anti-erbB2-NK‑92 cells. (A and C) Gene modification of NK‑92 cells with the scFv 
chimeric anti-erbB2 receptor enhanced the killing of erbB2‑expressing target cells compared with the parental NK‑92 cells. (B and D) Anti-erbB2-NK‑92 and 
parental NK‑92 cells equivalently killed erbB2-negative target cells at a low level. (E) Anti-erbB2-NK‑92 and parental NK‑92 cells equivalently killed NK 
cell sensitive target K562 at a high level. (*P<0.05, as determined by Mann-Whitney U test). Results are expressed as average ± SEM of triplicates from three 
independent experiments. 
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change the activity of NK‑92 cells against the erbB2-negative 
human breast cancer cell lines MDA-MB-231 and MCF7. In 
contrast, both MDA-MB-453 and SKBr3 cells were effectively 
lysed by the anti-erbB2-NK‑92 cells. There was no difference 
in the expression of several activation and inhibition receptors 

between the anti-erbB2-transfected and the parental NK‑92-
transfected cells, demonstrating that the enhancement of 
cytotoxicity was not associated with these inherent receptors, 
but with the TAA-specific chimeric receptor. Furthermore, it 
was demonstrated that adoptive transfer of anti-erbB2 receptor-

Figure 6. Representative histologic features (H&E staining and immunohistochemisty) of tumors from mice receiving different adoptive NK‑92 cells. 
(A and B) Mice bearing MDA-MB-453 tumor suffered lung metastasis after receiving parental NK‑92 cells. (C) Lymphocytes infiltrated tumor tissues that 
received anti-erbB2 gene-modified NK‑92 cells. (D) Tumors of mice that received parental NK‑92 cells following immunohistochemical staining with an 
antibody specific for CD3 (E, negative), CD56 (F, expressing), NKG2D (G, expressing), and CD16 (H, negative).

Figure 5. Specific inhibition of erbB2‑expressing breast cancer cells by gene-modified NK‑92 cells in tumor-bearing mice. (A) The tumor formation rate of mice 
in the MDA-MB-453 and transduced NK‑92 cell group was lower than that in the MDA-MB-453 and parental NK‑92 cell group on day 10, whereas the tumor 
formation rate was similar between the MDA-MB-231 and transduced NK‑92 cell group and the MDA-MB-231 and parental NK‑92 cell group (7 mice/group). 
(B) MDA-MB-453 and MDA-MB-231 cells were injected into the flanks of BALB/C mice to establish the mouse models bearing transplanted tumors. Mice 
bearing tumors were then treated on days 1, 8, 15 with 1x107 gene-modified or parental NK‑92 cells delivered i.v. (caudal vein). (B and C) Serum IFN-γ levels 
of mice with MDA-MB453 tumors that received anti-erbB2 gene-modified NK‑92 cells were higher than those that received parental NK‑92 cells. (B: day 2, 
224.63±18.92 vs. 39.68±4.72 pg/ml, P<0.01; 10 mice/group) (C: day 9, 254.34±10.59 vs. 59.90±5.57 pg/ml, P<0.01; 10 mice/group). (D) Significantly decreased 
tumor volume (0.05±0.02 vs. 0.59±0.12 cm3, P<0.01; 10 mice/group). (E) Decreased lung metastasis (0 vs. 30%, P<0.05; 10 mice/group). (F) Increased survival 
(10 mice/group) as assessed by Kaplan-Meier test, in mice bearing MDA-MB-453 tumors that received anti-erbB2 gene-modified NK‑92 cells, compared to 
those receiving parental NK‑92 cells. *P<0.05, as determined by Mann-Whitney U test. 
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modified NK‑92 cells could specifically not only decrease the 
tumor formation rate, tumor size and lung metastasis rate, but 
also increased serum IFN-γ levels and enhanced the survival 
rate of mice with erbB2‑expressing tumors.

The expression of erbB2 on the target cell surface was 
sufficient to enable recognition and lysis by NK‑92-scFv anti-
erbB2-CD28-ζ. MDA-MB-453 cells were resistant to parental 
NK‑92 cells, however could be lysed effectively by NK‑92-
scFv anti-erbB2-CD28-ζ cells due to the expression of the 
erbB2 antigen. In normal adult human tissue, erbB2 expression 
is limited to epithelial cells in the reproductive tract, digestive 
tract, breast, kidney and skin, and is lower in tumors suitable 
for erbB2-directed therapy (25). This specific selection is the 
basis for antitumor strategies using erbB2-directed therapy.

The NK cell is usually described as an essential component 
of the innate immune system that plays an important role in 
the first phase of host defense against tumor development. NK 
cells with normal function naturally avoid malignant trans-
formation. In the present study, genetically modified NK‑92 
cells significantly inhibited erbB2‑expressing MDA-MB-453 
cells from tumor formation in mice, indicating that genetically 
modified NK‑92 cells are useful for the prevention of specific 
cancers. Several studies have shown that gene modification of 
various mouse and human NK cell lines with scFv chimeric 
receptors can specifically enhance their antitumor activity 
both in vitro and in vivo (15,17,26-28). In these studies however, 
the effector cells were regionally administered, which differs 
from the vein administration method currently used in clinical 
settings. In the present study, both parental and genetically 
modified NK‑92 cells were injected into the mice through 
the caudal vein. It was demonstrated that genetically modi-
fied NK‑92 cells specifically infiltrated the erbB2‑expressing 
tumors and increased serum IFN-γ levels and inhibited tumor 
growth of erbB2‑expressing cells.

In patients with malignant disorders, NK cell function can 
be impaired, resulting in a reduced proliferative response and 
reduced cytotoxic activity (29). Consequently, it may not be 
possible to generate suitable autologous effector cells in all 
cases where this is the case. Therefore, clinically applicable 
human cell lines such as NK‑92 may provide a valuable alter-
native. Furthermore, in contrast to retroviral transduction of 
primary cells, individual clones of genetically modified NK‑92 
cells with molecularly defined retroviral insertion sites can be 
generated, thus limiting the risk of insertion mutagenesis and 
oncogenic activation (30). Remaining safety concerns could 
be relieved by inclusion of suicide gene constructs (31,32), 
or irradiation of the cells before in vivo application to block 
proliferation. This has previously been shown not to affect cell 
death activity of unmodified and retroviral NK‑92 cells (10).

NK cell activation not only leads to a dramatic increase 
in cytolytic activity (33), but also produces a large number 
of cytokines that modulate antitumor immune responses. 
Pivotal among these cytokines is IFN-γ. IFN-γ is a pleiotropic 
cytokine capable of influencing both the innate and adaptive 
immune systems (34). The production of IFN-γ by active NK 
cells is critical for IL-12 antitumor therapy (35). Rapid NK cell 
activation is linked to the activation of professional antigen 
presenting cells (APCs), which produce IL-12. In this study, 
mouse endogenous NK cells and adoptive parental NK‑92 
cells could not be sufficiently activated by APCs nor tumor 

cells, whereas anti-erbB2 genetically modified NK‑92 cells 
could specifically recognize erbB2‑expressing tumor cells and 
were therefore directly activated to produce large amounts of 
IFN-γ and achieve an effective antitumor immune reaction.

To achieve high efficient receptor expression in this study a 
non-viral vector system was used. This is suitable for use in the 
laboratory or in the clinical setting compared with viral-based 
systems, due to the attractive aspects such as safety and high 
efficiency. Moreover, expression levels using this method were 
transient, which provides additional safety by reducing the risk 
of long-term autoimmunity associated with prolonged pres-
ence of potentially autoreactive cells (36). Recent studies using 
lentivirus transduction demonstrated long-term and high-level 
expression of GFP in mouse NK cells in vitro without affecting 
NK cell phenotype and function (29). However, there remains 
a risk in using viral-based transduction in vivo, highlighting 
the need for future experiments investigating whether the use 
of lentiviral vectors can increase antitumor effects in humans 
and avoid associated autoimmunity.

One of the limitations in this study is that BALB/C mice 
possess endogenous NK cells, which may have competed for 
important growth factors and impacted both the persistence 
and activity of genetically modified NK‑92 cells. In future 
studies, it would be advantageous to investigate the role of 
genetically modified NK‑92 cells in mice that lack both 
T lymphocytes and NK cells. 

In conclusion, this study reported the generation of a eukary-
otic expression vector encoding chimeric antigen receptor scFv 
anti-erbB2-CD28-ζ. This study achieved a high level of expres-
sion of the receptor in NK‑92 cells, and demonstrated that 
adoptive transfer of these cells could mediate antigen-specific 
tumor inhibition in vivo. These genetically modified NK‑92 
cells were specifically reactive against erbB2‑expressing tumor 
cells and were able to infiltrate tumor tissues specifically to 
inhibit tumor growth. Overall, the results of this study high-
light that use of genetically modified NK‑92 cells is a novel and 
exciting prospect for cancer immunotherapy.

Acknowledgements

We thank Dr Zhiling Wang for providing the NK‑92 cells, 
Dr  Qingmei Liu and Lijun Zhang for assistance with the 
cell culture and microscopic analysis, Liangliang Wu for 
FCM, and Lingxiong Wang for the histologic procedures. 
We acknowledge the assistance of the PLA General Hospital 
Cancer Centre Experimental Animal Facility technicians for 
animal care.

References

  1.	Yokoyama WM, Kim S and French AR: The dynamic life of 
natural killer cells. Annu Rev Immunol 22: 405-429, 2004

  2.	McKenna DH Jr, Sumstad D, Bostrom N, Kadidlo DM, Fautsch S, 
McNearney S, Dewaard R, McGlave PB, Weisdorf DJ, Wagner 
JE, McCullough J and Miller JS: Good manufacturing practices 
production of natural killer cells for immunotherapy: a six-year 
single-institution experience. Transfusion 47: 520-528, 2007.
Trinchieri G: Biology of natural killer cells. Adv Immunol 47: 
187-376, 1989.

  3.	Smith BR, Rosenthal DS and Ault KA: Natural killer lymphocytes 
in hairy cell leukemia: presence of phenotypically identifiable 
cells with defective functional activity. Exp Hematol 13: 189-193, 
1985.



LIU et al:  Inhibition of ErbB2-expressing Breast Cancer Cells102

  4.	Gratwohl A, Brand R, Apperley J, Crawley C, Ruutu T, 
Corradini P, Carreras E, Devergie A, Guglielmi C, Kolb HJ, 
Niederwieser D: Chronic Leukemia Working Party of the 
European Group for Blood and Marrow Transplantation: 
Allogeneic hematopoietic stem cell transplantation for chronic 
myeloid leukemia in Europe 2006: transplant activity, long-term 
data and current results. An analysis by the Chronic Leukemia 
Working Party of the European Group for Blood and Marrow 
Transplantation (EBMT). Haematologica 91: 513-521, 2006.

  5.	Maki G, Tam YK, Berkahn L and Klingemann HG: Ex vivo 
purging with NK‑92 prior to autografting for chronic myelogenous 
leukemia. Bone Marrow Transplant 31: 1119-1125, 2003.

  6.	Tam YK, Miyagawa B, Ho VC and Klingemann HG: Immuno-
therapy of malignant melanoma in a SCID mouse model using 
the highly cytotoxic natural killer cell line NK‑92. J Hematother 
8: 281-290, 1999.

  7.	Suck G: Novel approaches using natural killer cells in cancer 
therapy. Semin Cancer Biol 16: 412-418, 2006.

  8.	Suck G, Branch DR, Smyth MJ, Miller RG, Vergidis J, Fahim S 
and Keating A: KHYG-1, a model for the study of enhanced 
natural killer cell cytotoxicity. Exp Hematol 33: 1160-1171, 
2005.

  9.	Moretta A, Bottino C, Vitale M, Pende D, Cantoni C, Mingari MC, 
Biassoni R and Moretta L: Activating receptors and coreceptors 
involved in human natural killer cell-mediated cytolysis. Annu 
Rev Immunol 19: 197-223, 2001.

10.	Liang X, Weigand LU, Schuster IG, Eppinger E, van der 
Griendt C, Schub A, Leisegang M, Sommermeyer D, Anderl F, 
Han Y, Ellwart J, Moosmann A, Busch DH, Uckert W, Peschel C 
and Krackhardt AM: A single TCR alpha-chain with dominant 
peptide recognition in the allorestricted HER2/neu-specific 
T cell repertoire. J Immunol 184: 1617-1629, 2010.

11.	Zhao Y, Wang QJ, Yang S, Kochenderfer JN, Zheng Z, 
Zhong X, Sadelain M, Eshhar Z, Rosenberg SA and Morgan 
RA: A herceptin-based chimeric antigen receptor with modified 
signaling domains leads to enhanced survival of transduced 
T lymphocytes and antitumor activity. J Immunol 183: 5563‑5574, 
2009.

12.	Zhong XS, Matsushita M, Plotkin J, Riviere I and Sadelain M: 
Chimeric antigen receptors combining 4-1BB and CD28 
signaling domains augment PI3kinase/AKT/Bcl-XL activation 
and CD8+ T cell-mediated tumor eradication. Mol Ther 18: 
413-420, 2010.

13.	Tammana S, Huang X, Wong M, Milone MC, Ma L, Levine BL, 
June CH, Wagner JE, Blazar BR and Zhou X: 4-1BB and CD28 
signaling plays a synergistic role in redirecting umbilical cord 
blood T cells against B-cell malignancies. Hum Gene Ther 21: 
75-86, 2010.

14.	Uherek C, Tonn T, Uherek B, Becker S, Schnierle B, 
Klingemann HG and Wels W: Retargeting of natural killer-
cell cytolytic activity to ErbB2‑expressing cancer cells results 
in efficient and selective tumor cell destruction. Blood 100: 
1265‑1273, 2002.

15.	Schirrmann T and Pecher G: Tumor-specific targeting of a 
cell line with natural killer cell activity by asialoglycoprotein 
receptor gene transfer. Cancer Immunol Immunother 50: 
549-556, 2001.

16.	Muller T, Uherek C, Maki G, Chow KU, Schimpf A, 
Klingemann HG, Tonn T and Wels WS: Expression of a CD20-
specific chimeric antigen receptor enhances cytotoxic activity 
of NK cells and overcomes NK-resistance of lymphoma and 
leukemia cells. Cancer Immunol Immunother 57: 411-423, 
2008.

17.	Malmberg KJ, Bryceson YT, Carlsten M, Andersson S, 
Bjorklund A, Bjorkstrom NK, Baumann BC, Fauriat C, Alici E, 
Dilber MS and Ljunggren HG: NK cell-mediated targeting of 
human cancer and possibilities for new means of immunotherapy. 
Cancer Immunol Immunother 57: 1541-1552, 2008.

18.	Kruschinski A, Moosmann A, Poschke I, Norell H, 
Chmielewski M, Seliger B, Kiessling R, Blankenstein T, Abken H 
and Charo J: Engineering antigen-specific primary human NK 
cells against HER-2 positive carcinomas. Proc Natl Acad Sci 
USA 105: 17481-17486, 2008.

19.	Boissel L, Betancur M, Wels WS, Tuncer H and Klingemann H: 
Transfection with mRNA for CD19 specific chimeric antigen 
receptor restores NK cell mediated killing of CLL cells. 
Leuk Res 33: 1255-1259, 2009.

20.	Zhang T, Barber A and Sentman CL: Generation of antitumor 
responses by genetic modification of primary human T cells with 
a chimeric NKG2D receptor. Cancer Res 66: 5927-5933, 2006.

21.	Darcy PK, Kershaw MH, Trapani JA and Smyth MJ: Expression 
in cytotoxic T lymphocytes of a single-chain anti-carcinoem-
bryonic antigen antibody. Redirected Fas ligand-mediated lysis 
of colon carcinoma. Eur J Immunol 28: 1663-1672, 1998.

22.	Ruggeri L, Capanni M, Urbani E, Perruccio K, Shlomchik WD, 
Tosti A, Posati S, Rogaia D, Frassoni F, Aversa F, Martelli MF 
and Velardi A: Effectiveness of donor natural killer cell allore-
activity in mismatched hematopoietic transplants. Science 295: 
2097-2100, 2002.

23.	Tonn T, Becker S, Esser R, Schwabe D and Seifried E: Cellular 
immunotherapy of malignancies using the clonal natural 
killer cell line NK‑92. J Hematother Stem Cell Res 10: 
535-544, 2001.

24.	Press MF, Cordon-Cardo C and Slamon DJ: Expression of the 
HER-2/neu proto-oncogene in normal human adult and fetal 
tissues. Oncogene 5: 953-962, 1990.

25.	Imai C, Iwamoto S and Campana D: Genetic modification of 
primary natural killer cells overcomes inhibitory signals and 
induces specific killing of leukemic cells. Blood 106: 376-383, 
2005.

26.	Tran AC, Zhang D, Byrn R and Roberts MR: Chimeric zeta-
receptors direct human natural killer (NK) effector function 
to permit killing of NK-resistant tumor cells and HIV-infected 
T lymphocytes. J Immunol 155: 1000-1009, 1995.

27.	Roberts MR, Cooke KS, Tran AC, Smith KA, Lin WY, Wang M, 
Dull TJ, Farson D, Zsebo KM and Finer MH: Antigen-specific 
cytolysis by neutrophils and NK cells expressing chimeric 
immune receptors bearing zeta or gamma signaling domains. 
J Immunol 161: 375-384, 1998.

28.	Tran J and Kung SK: Lentiviral vectors mediate stable and 
efficient gene delivery into primary murine natural killer cells. 
Mol Ther 15: 1331-1339, 2007.

29.	Piechocki MP, Ho YS, Pilon S and Wei WZ: Human ErbB-2 
(Her-2) transgenic mice: a model system for testing Her-2 based 
vaccines. J Immunol 171: 5787-5794, 2003.

30.	Cohen JL, Boyer O, Thomas-Vaslin V and Klatzmann D: Suicide 
gene-mediated modulation of graft-versus-host disease. Leuk 
Lymphoma 34: 473-480, 1999.

31.	Thomis DC, Marktel S, Bonini C, Traversari C, Gilman M, 
Bordignon C and Clackson T: A Fas-based suicide switch in 
human T cells for the treatment of graft-versus-host disease. 
Blood 97: 1249-1257, 2001.

32.	Russell JH and Ley TJ: Lymphocyte-mediated cytotoxicity. 
Annu Rev Immunol 20: 323-370, 2002.

33.	Hallett WH and Murphy WJ: Positive and negative regulation of 
natural killer cells: therapeutic implications. Semin Cancer Biol 
16: 367-382, 2006.

34.	Uemura A, Takehara T, Miyagi T, Suzuki T, Tatsumi T, 
Ohkawa K, Kanto T, Hiramatsu N and Hayashi N: Natural killer 
cell is a major producer of interferon gamma that is critical for 
the IL-12-induced anti tumor effect in mice. Cancer Immunol 
Immunother 59: 453-463, 2010.

35.	Pegram HJ, Jackson JT, Smyth MJ, Kershaw MH and Darcy PK: 
Adoptive transfer of gene-modified primary NK cells can 
specifically inhibit tumor progression in vivo. J Immunol 181: 
3449-3455, 2008.


